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ABSTRACT

To improve communication among Government, industry, and academic re-
searchers in the field of thermodynamics, the Federal Bureau of Mines spon-
sored a Workshop on Techniques for Measurement of Thermodynamic Properties in
August 1979. Participants at the workshop presented 33 papers on the sub-
jects of temperature measurement and control, general calorimetric techni-
ques, low-temperature calorimetry, high-temperature calorimetry, galvanic
cells, ionic solutions, and heterogeneous phase equilibria. A special
invited lecture was presented by E. F. Westrum, Jr., on the resolution of
lattice heat capacity. This Information Circular comprises the proceedings
of the workshop and includes the texts of papers presented and discussion by
attendees.

IResearch Supervisor,

2Chemical Engineer (and Professor of Chemical Engineering, Oregon State
University, Corvallis, Oreg.)
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INTRODUCTORY REMARKS
by

Ralph C. Kirby'

I regret that Dr. Thomas A. Henrie, the Chief Scientist of the Bureau of
Mines, is unable to attend and present his introduction to the workshop. As
much as he wanted to be here, there is an overriding responsibility. Today,
he is giving testimony to a Congressional committee concerned with the Bur-
eau's program.

The Bureau of Mines is proud of its Thermodynamics Group and its contri-
butions, and we plan that thermodynamics will continue to be an important
part of our research and development effort. This workshop represents a new
part of the thermodynamics program and is a change in direction for the num-
ber of ways this group conducts its efforts at transferring the results of
its investigations.

My first knowledge of the Bureau of Mines was in 1949 when I was a stu-—
dent. A chemical engineering thermodynamics course included a long problem
on zinc metallurgy. The key material came from the publications of K. K.
Kelley. The information simply exemplified the work of the Bureau of Mines
in metallurgical thermodynamics, which began in 1930. 1In all there have been
430 publications, including 16 in the well-known series "Contributions to the
Data on Theoretical Metallurgy."

As with all long-term research efforts, there must be periodic assess—
ments of direction. In May 1976, we formed the Ad Hoc Committee on the Role
of Thermodynamics in Metallurgy to

¢ review the role of thermodynamics in past and present
metallurgical research in the Bureau of Mines,

¢ evaluate the usefulness of the present program in
meeting the Bureau's short- and long-range needs, and

e determine areas wheres thermodynamic studies are needed.

The members of the committee were: Dr. Harry C. Allen, Jr., Head of the
Chemistry Department at Clark University; Dr. Marshall M. Lih, Program Dir-
ector for Thermodynamics and Mass Transfer at the National Science Founda-
tion; Frank E. Block, then Research Director of the Reno Metallurgy Research
Center, Chairman of the Ad Hoc Committee; and James A. Barclay, a chemical
engineer on my staff.

Director, Division of Mineral Resources Technology, Bureau of Mines,
Washington, D.C. ‘



One of the committee's recommendations was that a workshop be held, to
be attended by industry and academic people recognized as leaders in the
generation and correlation of thermodynamic data and its application to
metallurgical research. This workshop is the result. For the first time, we
are trying this new path to more effective communication with a specific seg-
ment of the scientific community.

The Bureau of Mines uses many mechanisms for technology transfer,
including

® Bureau publication series o Professional contacts
¢ Technical journals ® Patents

o Professional talks ¢ Demonstrations

e Films ¢ Cooperative agreements
e Facility open houses # Interagency agreements
e Open industry briefings ¢ Fellowships

The addition of this workshop to transfer the technology that we develop
will also give us input for program planning. The workshop should, in part,
result in an examination of the entire U.S. effort in applied thermodynamics
as related to metallurgical research. We hope that it also will be an oppor-
tunity for the Thermodynamics Group to see how its efforts can be molded to
help the Bureau of Mines accomplish its mission.

Since you received your first program in the mail, the Bureau has had a
significant reorganization. It, too, resulted from a reassessment of mis-
sion, roles, and directions. Coupled with a strong program management, our
plan is aimed at maintaining a vigorous research and development program. I
would like to show you how thermodynamics will fit into the new Mineral
Resources Technology program.

The new organization chart shows the integration of metallurgy and
mining technology functions. By addressing the mineral cycle as a unit, this
integration will result in more efficient planning, implementation, and man-
agement of research programs that address the Nation's mineral problems
across the entire portion of the cycle that is the responsibility of the
Bureau of Mines. The Mineral Resources Technology program is under the Min-
erals Research Directorate; other responsibilities of the Directorate are
shown in the chart.
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The goal for the Mineral Resources Technology program is to promote a
sound economy and national security through new and/or improved technologies
for the development of domestic resources of essential minerals. The compo-—-
nents of the program for are summarized in the following list:

Advancing mineral science and technology
- Mineral science base
- Efficient extraction techmologies

Conserving domestic mineral resources
= Maximum resocurce recovery
- Scrap and waste utilization

Developing domestic mineral resources
- Use of plentiful resources
- Substitutes for critical and strategic minerals.

The subprogram objectives for advancing mineral science and technology
under which comes our thermodynamics effort, are

To assure an ample domestic supply of the essential minerals that
provide the foundation of the Nation's economic and overall security

by

Expanding the mineral science base

Developing more efficient mineral extraction technologies

The mineral science base program element can be summarized as follows:

Provides basic scientific information required for development of new
and innovative mineral technologies throughout the mineral cycle.

Provides fundamental data required for mineral technologies
~ Having high impact on national needs

- Potentially important to meeting future national needs

Conducts anticipatory research aimed at helping solve future national
problems

Provides bridge between basic research and use of data in practice

Its major milestones will be:

Develop handbook by 1983 for controlling massive rock failures

Generate thermodynamic data for use in devising energy-efficient
mineral processing sequences

Complete by 1984 fundamental studies on the physical chemistry of
mineral-reagent interactions in sulfide flotation



The mission of the Bureau of Mines is unchanged - to insure the contin-
ued viability of the domestic minerals and materials economy and the mainte—
nance of an adequate minerals base, so that the Nation's economic, social,
strategic, and environmental needs can be better served. The key words are
still "adequate mineral base.” The specific goals are slightly different and
will no doubt continue to change somewhat, depending on future conditions.
Thermodynamics, however, is basic to our research and development efforts,
and we see a continued vital role for it in our efforts to fulfill the
Bureau's mission.

To aid us in our planning, we solicit your input. If anyone has any
comments about whether or not this workshop has been worthwhile to you, or
about the Bureau's thermodynamics program, or about the Bureau's research
program in general, please write to me in Washington, or speak to Mr.
Barclay, who will be here for all 3 days.



SECTION 1.- TEMPERATURE MEASUREMENT AND CONTROL
PLATINUM RESISTANCE THERMOMETRY IN THERMODYNAMIC MEASUREMENTS

by

George T. Furukawa *

ABSTRACT

The standard platinum resistance thermometer (SPRT) is the interpolating
instrument on the International Practical Temperature Scale of 1968 (IPTS-68)
from 13.81 to 903.89 K. The IPTS-68 was designed to be a close approximation
to the kelvin thermodynamic temperature scale within the limits of experimen-
tal uncertainty believed to exist at the time of the adoption of the scale.
The procedure employed at the National Bureau of Standards in the calibration
of SPRT's on the IPTS-68 is described. Except for the extremes of range, the
temperature values of SPRT's are reproducible to about %1 mK. Applications of
SPRT's and other thermometers in thermodynamic measurements in the range of
SPRT's as well as outside the range are discussed.

INTRODUCTION

The "absolute temperature" is basic to the description of thermodynamic
properties. The understanding of the temperature function evolved with the
development of thermodynamics. Temperature is a function that always has the
same value for systems that are in thermal equilibrium with each other. (This
is basic to thermometry and, hence, to the assignment of thermodynamic values
to any system.) The concept of absolute temperature emerged from the study of
Carnot heat engines and upon establishment of the second law of thermodyna-
mics. The temperature function describes the distribution of kinetic energy
in the motion of gas melecules; through statistical mechanics, the temperature
function can relate the distribution of energy among the different degrees of
freedom of any system - gas, liquid, solid, or thermal radiatiomn. For the
temperature function to have numerical values, at least one system in equili-
brium must first be assigned a numerical value; then, in principle, the numer-
ical values of thermodynamic temperatures of other systems can be obtained,
relative to the defining fixed point; by means of Carnot heat engines or other
thermodynamic thermometers, e.g., a gas thermometer. However, the difficul-
ties of realization of accurate thermodynamic temperature measurements have

lTemperature and Pressure Measurements and Standards Division, Center for
Absolute Physical Quantities, National Bureau of Standards, Washington, D.C.



led to the development of practical thermometers and practical temperature
scales, leaving the determination of the differences between the practical
temperature scale and the thermodynamic temperature scale to specialized
laboratories.

In October 1954, the Tenth General Conference on Weights and Measures
adopted the kelvin absolute thermodynamic temperature scale defined by as-
signing the wvalue 273.16 K to the single fixed peoint - the triple point of
water (22)2, replacing an earlier thermodynamic temperature scale based on
assigning a difference of 100° between two fixed points - the freezing and
boiling points of water,. In October 1968, the International Committee on
Weights and Measures adopted the International Practical Temperature Scale of
1968 (34, 35), henceforth to be referred to as IPTS-68. The IPTS-68 has been
designed in such a way that the temperatures measured on it closely approxi-
mate thermodynamic temperatures, the differences being within the limits of
knowledge of the thermodynamic temperatures at the time of the first adoption
of the IPTS-68. Temperatures on the IPTS-68 are more easily and accurately
reproducible than the temperatures on the thermodynamic temperature scale.
The IPTS-68§ replaces the International Practical Temperature Scale of 1948
(38-39), which had replaced the International Temperature Scale of 1927 (10).

The IPTS-68 is based on the assigned values of the temperatures of spec-
ified, reproducible equilibrium states of pure substances (defining fixed
points) and on standard instruments calibrated at these temperatures. Bet-
ween the fixed-point temperatures, interpolation equations relate the indica-
tions of the standard instruments to temperature values of the IPTS-68. The
platinum resistance thermometer is the specified standard instrument from
13.81 K (-259.34° C) to 903.89 K (630.74° C), the platinum 10 pct rhodium
alloy versus platinum thermocouple from 903.89 K to 1,337.58 K (1,064.43° C),
and the optical pyrometer above 1,337.58 K. (Platinum resistance thermom-
eters that meet the IPTS-68 specifications for a standard will be abbreviated
SPRT.) This paper includes a brief account of the procedures employed at the
National Bureau of Standards (NBS) for the calibration of SPRT's on the IPTS-
68, in the range 13.81 K to 903.89 K where a large fraction of thermodynamic
measurements are made, The results of the calibration demonstrate the accu-
racy that can be achieved with SPRI's in calorimetry. The limitations on the
application of SPRT's are described, and the recent gas thermometry data that
show deviations of the IPTS-68 from the thermodynamic temperature are pointed
out.

IPTS-68 IN THE RANGE 13,81 to 903.89 K

The assigned temperatures of 11 equilibrium states that define the IPTS-
68 in the region of the SPRT are listed in table 1. The calibrations of
SPRT's are made at these fixed points to determine the thermometer constants
to be used in the specified interpolation equations. The specified interpo-
lation equations relate the temperature and the resistance ratio:

2ynderlined numbers in parentheses refer to items in the list of references
at the end of the paper,



TABLE 1.- Defining Fixed Points of the IPTS-681

Substance and Assigned value of the
equilibrium state? IPTS-68 temperatur?
T,K | t,” C
3e-H,, TP 13.81 -259.34
Se-H,, BP* (33,330.6 Pa) 17.042 -256.108
Se-#,, BP" 20.28 ~252.87
Ne, BP*>° 27.102 ~246.048
0,, TP 54,361 -218.789
Ar, TP® 83.798 -189.352
0,, cp" 90.188 ~182.962
H,0, TP 273.16 0.01
H,0, BP 373.15 100
Sn, FP’ 505.1181 231.9681
Zn, FP 692.73 419.58

‘Except for the triple points and the equilibrium hydrogen point at
17.042 K, the assigned values of temperature are for equilibrium states at a
pressure of 101,325 Pa (1 std atm). In the realization of the fixed points,
small departures from the assigned temperatures occur as a result of small
deviations from the specified pressure at the point of immersion of the
thermometer. Adjustment is made for these small temperature differences.

2rp = triple point, BP = boiling point, CP = condensation point, FP =
freezing point, and e-Hy = equilibrium hydrogen.

3Hydrogen has 2 molecular configurations (nuclear spin arrangements),
designated ortho and para. The equilibrium composition is temperature depen-—
dent. Equilibrium hydrogen means that the hydrogen has its equilibrium com-—
position at the relevant temperature.

“Fractionation of isotopes or impurities dictates the use of boiling
points (vanishingly small vapor fraction) for hydrogen and neon, and conden—
sation point (vanishingly small 1liquid fraction) for oxygen.

3Good practice dictates that the neon used should have the normal isoto-
pic <composition: 0.905 mol 20Ne, 0.092 mol 22Ne, and 0.0027 mol ZlNe.

5The triple point of argon may be used as an alternative to the conden-
sation point of oxygen.

7The freezing point of tin (Note that t' = 231.9292° C) mav be used as
an alternative to the boiling point of water.
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W(T) = R(T)/R(0° ©C), (1
where R(T) is the thermometer resistance at IPTS-68 temperature T (kelvins)
and R(0° C) is the resistance at 0° C. The SPRT resistor must be annealed
pure platinum, supported in a "strain-free" manner, and have a value of
Ww(100° C) not less than 1.39250, The resistor must be hermetically sealed
ingide a protective sheath filled with dry gas.

Below 0° C, the W(T) relation of the SPRT is given by
w(T) = wx(T) + AW(T) (2)

where W*(T) is the reference function defined by

20
T =) aj[(Inwk(T) + 3.28)/3.28] (3)

J=o
and AW(T) is a deviation function which is a polynomial in T. (The coeffi~
cients a; of equation 3 are given in reference (35). The reference func-

tion was “developed from the results of comparison of SPRT's against gas ther-
mometers.) The range from 13.81 to 273.15 K is divided into four subranges,
each with 1its specified deviation function of the general form

n
AW(T) =_ZO kT (&)

1=

where n<4. In the subrange 13.81 to 20.28 XK, n = 3; 20.28 to 54.361 X, n =
3; 54.361 to 90.188 K, mn = 2; and 90.188 to 273.15 K, n = 4. The coeffi-
cients k; are determined from the deviation AW(T) at the fixed points,
obtained by calibration (see equation 1), and by the requirement that the
first derivative, dAW(T)/dT, be continuous at the junction with the next
higher subrange.

From 0° C to 630.74° C (930.89 K), the values of IPTS-68 temperature t
(defined by t = T - 273.15 K) are defined by

tl tI tl t'

£7 ey 0,085 (1oo° c)(100° c 1JQZI§T§§7_E'_ l]CEEET?ZTHE e
where t' is defined by
W(t)' = R(£')/R(0° C) = 1 + At' + Bt'?. (6)
Equation 6 is equivalent to
et = [Llwen - 1] + §f £ )t -] ¢ (7

100° ¢”"100° ¢
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A+ B x 100° C (8)

]

where o

° 2
and §=-BUOOT O (9
A+ Bx 100 C

(Equation 5 is independent of the SPRT; it is intended to adjust the SPRT
temperature scale, given by equation 6, to be closer to the thermodynamic
temperature scale.) The thermometer constants R(0° C), A, and B are deter-
mined from calibration at the triple point of water, the steam point or the
tin point, and the zinc point. The constants & and & are derived from the
constants A and B according to equations 8 and 9, respectively, When the
steam point (100° C) 1is used in the calibration, the constant © can be
obtained directly from equation 7, i.e.,

a = [W{100° C) - 1]/100° c. (10)
IPTS-68 AS MAINTAINED AT THE NATIONAL BUREAU OF STANDARDS

Above 0° C, the three defining fixed points - triple point of water, tin

point, and zinc point - are employed in the calibration of SPRT's. Below
0° C, the defining fixed points are maintained on capsule-type reference
standard SPRT’s. The IPTS-68 maintained by these capsule-type reference

standard SPRT's will be referred to in this paper as NBS-IPTS-68.
TRIPLE POINT OF WATER

0f the 13 defining fixed points that are specified in the text of the
IPTS-68, the triple point of water, henceforth referred to as TP, is the most
important. It is the single fixed point upon which the kelvin absolute ther-
modynamic temperature scale is defined. Also, it is the fixed point at which
the values of temperature on the thermodynamic scale and on the IPTS-68 are,
by definition, the same. Furthermore, the SPRT temperature scale is defined
in terms of the resistance ratio R(T)/R(0° C); consequently, the accuracy of
every temperature measurement depends on the accuracy of two observations,
R(T) and R(0° C). 1In practice, the R(0° C) may be determined most accurately
from resistance measurements at the TP, i.e., R(TP); hence, the accuracy of
every temperature value depends ultimately on the accuracy of measurements at
the temperature of the TP and on the reproducibility of the TP. In au inter-
comparison of 15 TP cells at the NBS, the averages of temperatures observed
on each cell were within #0.1 mK (22). 1In a recent test of the reproducibil-
ity of readings in TP cells, the spread of the readings obtained over 3 days
on each of eight TP cells was 0.01 mK (23).

R(0° C) is obtained directly from R(TP) by employing equation 6. Since
t' is close to 0.01° C, the term containing the constant B is assumed to be
zero. (B is about -6 x 10~7 for SPRT's:; hence, Bt'?2 is about -6 x 107l.)
The value of A used is 3.98485 x 1073° C, which does not vary by more than
1 x 107%° ¢ for SPRT's. The assigned TP temperature, t = 0.01° ¢, is first
adjusted for the effect of hydrostatic head of water on the temperature where
the SPRT coil is placed in the TP cell. The adjustment amounts to =-0.23 mK
for an immersion depth of 33 cm. (Adjustment is made for the effect of
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hydrostatic head in the zinc and tin point cells also.) The adjusted temper-
ature t 1is then converted to the correspondlng value t' using equatlon 5.
[At £t = 0.00977° C, t'-t is only 4 x 10-%° ¢; however, at t = 231.9681° C
(the assigned value for the tin point), t'-t is -0.0389° ¢ (37).]

FREEZING POINTS OF ZINC AND TIN

The freezing points of zimc and tin are realized by using exceptionally
high purity samples of these metals in tube furnaces that are automatically
controlled to be closely isothermal along the axis. (See reference 27 for
details of the design and operation of the furnace.) Both zinc and tin
samples have been purified by =zone-refining techniques and are nominally
99,9999 pct pure. The freezing-point cells of each metal have been found to
agree within 0.1 mK (24-25, 37). Normally, the SPRT's are calibrated during
the first 50 pct of the freeze, during which time the temperature change is
not more than 0.2 mK. The complete freeze duration is 14 to 16 hours. The
hydrostatic head corrections for the NBS zinc and tin point cells are +0.5
and +0.4 uwK, respectively.

OXYGEN POINT

The SPRT's are calibrated at the oxygen point by a comparison method in
terms of reference standard SPRT's, using a copper block apparatus which is
maintained as nearly isothermal as possible close to the oxygen point. The
temperature scale on the long-stem—type reference standard SPRT's for the
oxygen—-point calibration 1s made to be consistent with that of the capsule-
type reference standard SPRT's that maintain the NBS-IPTS-68 scale in the
range 13 to 90 K. The results of repeated measurements on 'check SPRT's"
show the standard deviation of the oxygen point calibration to correspond to
*0.16 mK (27). (See the section on check SPRT's.)

13,81 K TO 90.188 K RANGE (NBS-IPTS-68)

In the range from 13.81 to 90.188 X, the IPTS-68 is based on the average
of four national temperature scales (1, 9 36, 40) and on the selected IPTS-
68 wvalues for the defining £fixed p01nts Each of the national scales,
defined in terms of reference standard SPRT's calibrated against gas
thermometers, is highly reproducible. The differences between the IPTS-68
and the individual national scales were published (2) to allow the use of the
national scales and these differences to give a close approximation to the
IPTS-68. The NBS-IPTS-68 was formulated using the NBS-1955 scale (29, 40)
and these pub- lished differences (2, 34). Except for the triple point of
oxygen, which is at present being investigated, all of the fixed points in
the range 13.81 to 90.188 K have been realized in terms of the NBS-IPTS-68 at
the National Bureau of Standards (13). [Instead of the boiling point of
oxygen, its alternative, the triple point of argon, was realized (21).]
After all of the fixed points have been thoroughly investigated, a new NBS-
IPTS-68 scale based on fixed points could be developed. However, since a new
IPTS is not far in the future, the new NBS scale will most likely be based on
the new IPTS to avoid having an NBS scale that is used for only a short
duration.
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There was recently published (41) an intercomparison of IPTS-68 main-
tained in various national laboratories. Some of these scales are based,
either partially or wholly, on the defining fixed points. The results of the
intercomparison showed that differences in the realization of the fixed
points contribute much to the differences in the national scales. Figure 1
shows the deviations of the realized fixed points of various laboratories
from the NBS-IPTS-68 (12-14, 19-20, 41). 1In terms of the fixed points and

their assigned values, figure 1 shows that the NBS-IPTS-68 tends to be
"colder" at 90 K and "hotter" at 13 K. The fixed points that have been rea-
lized at the NBS are plotted as CSD , which tend to agree with the data of
other laboratories.

At the time the IPTS-68 was formulated, an international comparison
indicated that the NBS-1955 scale had lower values at the boiling point of
oxygen and higher values at the triple point of e-H, than previously believed
(2, 34). For example, 90.18 K was the designated oxygen point on the NBS-
19555 but the comparison gave the value 90,1781 K as the oxygen point on the
NBS~1955. In a recent publication, the oxygen point on the NBS-1955 scale
was reported as 90.1815 K (14). 1Tt seems that the suggested shift for the
NBS- 1955 scale was in the wrong direction. The corresponding shifts
(approximate) at the other fixed points, based on published values for the
fixed points on the NBS-1955 scale, are plotted in figure 1 (symbol (X)) as
NBS-68 minus NBS-55, where NBS-~68 is the temperature on the NBS~1955 to which
the shift would have been made (2, 34). The plot shows that if this "error"
in the "hotness" of the NBS-1955 scale had not been incorporated in the
formulation of the NBS~IPTS-68, the NBS scale based on the reference standard
SPRT's would be within about 1 mK of the recently realized fixed points.

CALIBRATION OF SPRT's

There are two types of SPRT's received at the NBS for calibration, the
long-stem type and the capsule type. The calibration tables for long—stem-—
type SPRT's are normally furnished for the range -183 to 631° C in W versus
t. The calibration tables for capsule-type SPRT's are normally furnished for
the range 13 to 500 K in R versus T, because the R(0° C) of capsule-type
SPRT's 1is expected to be determined less often. This means that the users'
instruments must be calibrated in terms of the NBS resistance wunit to be
consistent with the R versus T tables. With the W versus t tables, the
principal requirement of the users' instruments is that they be calibrated to
yield readings that are '"linear."

Calibration of Long—Stem SPRT's

Prior to calibration, all long-stem SPRT's received at the NBS are nor-
mally annealed for about 4 hours at 480° C. This removes most of the strains
in the SPRT caused by thermal quenching and mechanical actions (5). After
annealing, the SPRT's are removed from the furnace and allowed to cool in air
at ambient conditions. The rapid cooling of the SPRT's from 480° C by such
procedures does not quench in significant amounts of strain (5). The cali-
bration measurements are then obtained at the fixed points in the following
sequence; TP, zinc point, TP, tin point, TP, oxygen point, and TP. Normal-
ly, six SPRT's are calibrated in a batch. For SPRT's that are used only
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above -50° C, the last two calibration measurements {(oxygen point and TP) are
omitted. The W value is calculated using the R(TP) reading immediately after
the respective zinc, tin, oxygen point reading. The range of the R(TP)
readings must be 0.75 mK or less; if not, the SPRT is reannealed and recali-
brated. If the R(TP) readings of the second set are not within a 1-mK range,
the SPRT is considered unstable and not suitable as an IPTS-68 standard. The
average standard deviation of the R{TP) readings of 213 SPRT's that were
calibrated between July 1972 and July 1974 was %0.15.

It has been shown recently that the state of oxidation of platinum wire
of the SPRT is dependent upon the temperature, the oxygen pressure inside the
sheath, the thermal history, and time (6, 8). Even at room temperature
detectable changes take place. Since the platinum oxide has higher resis-
tance than platinum, oxide formation tends to increase the resistance of the
SPRT. 1If the SPRT is heated to a temperature where the oxygen dissociation
pressure of the platinum oxide is above the oxygen pressure in the sheath,
the platinum would become free of oxide; however, the oxide begins to form
when cooled to lower temperatures. This effect imposes a limitation on the
precision that can be achieved with the SPRT's above room temperature when
the oxide dissociation becomes detectable. For long-stem-type SPRT with 0.3
atm of dry air sealed in the sheath, the reported results suggest that
observed values of R(TP) can differ by as much as 4 ppm(l mK) depending upon
the thermal history and time (6). However, the effect of the changes in the
state of oxidation of the SPRT can be reduced by obtaining W from two read-
ings with as nearly the same oxidation state as possible (7). Hence, as
mentioned earlier, the W values are calculated from the R{TP) reading immedi-
ately after the zine, tin, or oxygen point reading. From the values of
W(zZN), W(SN), and W(0,) the calibration constants of the SPRT are calculated
according to equations 6 and 4, and then the calibration tables are calculat-
ed using the constants.

Calibration of Capsule-Type SPRI's in the Range 13 to 90 K

The calibration of the capsule-type SPRT's in the range 13 to 90 K is
carried out using a liquid helium cryostat. Details of the design and opera-
tion are given in references 26 and 37. Within the cryostat, the temperature
of the copper block in which 6 SPRT's (2 reference standards and 4 test
SPRT's) can be installed is successively controlled, as nearly isothermally
as possible, at 16 temperatures including the 6 defining fixed-point tempera-
tures in the range 13 to 90 XK. The test SPRT's are calibrated by comparison
in terms of the working reference standard SPRT. The second reference stan-—
dard SPRT is used as a check and is calibrated in terms of the working refer-
ence standard SPRT in the same manner as the test SPRT's., The 16 observa-
tions are analyzed by a least squares method to obtain the best values at the
6 fix-point temperatures (13.81, 17.042, 20.28, 27.102, 54.361, and 90.188

K). Figure 2 shows the differences, obtained during a 2 1/2-year period,
between the computed values of temperatures at the temperatures of intercom-
parison of the two reference standard SPRT's. TExcept for a few possible

errors of recording of observations, the deviations are within 0.2 mK above
about 20 K; the scatter increases to Il or 2 mK below 20 K.
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The calibration constants for the capsule SPRT are calculated according
to equation 4 from the best values of W at the 6 low-temperature fixed points
and the calibration data above 90.188 K. (See reference 26 for details,)
Calibration tables are calculated from the constants at 0.1 K intervals from
13 to 90 K and at 1 K intervals above 90 K.

Check SPRT's

In a calibration laboratory, it is extremely important that its own meas-
urement errors be small enough so that the decisions of the users of the
calibrated instruments would not be affected by those errors. This means
that the measurement process of the calibration laboratory must produce
results that always lie within these allowable limits of measurement error.
(The SPRT calibration laboratory is constantly seeking procedures to improve
its measurement accuracy and to eliminate possible accidental calibration
errors.) To establish the wvalidity of a single calibration on a new SPRT,
i.e., that the variability of the measurements is the same and that the cali-
bration process is not drifting or has not abruptly shifted, there must be
redundant measurements of a control or check SPRT. Any abrupt shift in the
calibration of the check SPRT would indicate that there may be problems with
the fixed-point devices or with the measurement instrument, or that the check
SPRT was accidently "bumped." The long record of measurements on the check
SPRT gives information on the limits of calibration of any new SPRT. (These
considerations are very similar to the testing of a new calorimeter with a
substance on which the results are well established., The difference is that
the test is made with every batch of SPRT's that is calibrated.)

The procedure that is employed to monitor the calibration of every batch
of SPRT's is as follows: Different long-stem—type check SPRT's are assigned
to the =zinc point, tin point, and oxygen point measurements. These check
S8PRT's are measured also in the TP cell to obtain the resistance ratio W. 1In
the cases of the tin and zin point measurements, the freeze is initiated
using the check SPRT and the first equilibrium readings are obtained on the
check SPRT. This is followed by calibration of the test SPRT (usually six).
After all of the test SPRT's are calibrated, the check SPRT is read again in
the freezing-point cell. The second reading with the check SPRT for the
given freeze must not differ from the first by more than 0.5 mK. Usually the
difference is not more than 0.1 or 0.2 wK. Also, the readings should be
consistent with those obtained in earlier freezes.

With the oxygen-point apparatus and with the cryostat used for the cali-
bration of capsule-type SPRT's from 13 to 90 K, a second reference standard
SPRT is calibrated in terms of the working reference standard SPRT in the
same manner as the test SPRT's. Readings at the TP are always obtained on
the long-stem-type check SPRT's with the calibration of every batch of
SPRT's. The standard deviations of the values of W of the check SPRT's
obtained from July 1972 to July 1974 were %0.28 mK, 20.30 mK, and #0.16 mK
for the zinc, tin, and oxygen point calibrations, respectively. The results
on the check SPRT used in the calibration of capsule-type SPRT's in the range
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13 to 90 K were shown in figure 2.

Repeatability and Stability of Calibration

The measurement data with the check SPRT's give information on the re-
peatability of calibration measurements at each of the fixed points. Hence,
to test the repeatability of complete calibrations, a long-stem-type SPRT was
repeatedly calibrated {(including the annealing step) in seven successive
batches of calibrations. The sequence of calibrations of this ''test" SPRT
was varied in each batch of SPRT's so that the location of the calibration on
the freezing plateau of the =zinc- and tin-point cells was varied for the
SPRT. The ranges of the values of W at the zinec, tin, and oxygen points
corresponded to about 2.2, 0.8, and 0.7 mK, respectively; the estimated stan-
dard deviations corresponded to *0.75, %0.25, and *0.23 mwK, respectively.
The values of the estimated standard deviations for calibrations at the tin
and oxygen points are comparable to the observations with the check SPRT's;
however, the estimated standard deviation obtained for the zinc-point cali-
bration is higher than that obtained with the check SPRT for the zinc point.
These observations were reproduced in another type of experiment to be de-
scribed next.

As part of the NBS Measurement Assurance Program (MAP) on platinum re-
sistance thermometry, a set of three SPRT's was furnished to various parti-
cipating laboratories for comparison of calibrations with the NBS.3 While
the SPRT's were at the participating laboratories they were subjected to the
annealing temperatures (450° to 480° C) and to various temperatures (about
-180°, 0°, 232°, and 420° C) that were employed in the calibration; while at
the NBS the SPRT's were annealed and then recalibrated. Therefore, in the
intervals between the calibrations at the NBS the SPRT's were exposed to a
wide range of temperatures, including the higher temperatures where they were
"annealed," In addition, the SPRT's were subjected to the usual handling
process of shipment. The examination of eight intervening calibrations that
were obtained at the NBS showed ranges and estimated standard deviations
comparable to those for repeated calibrations for the single SPRT that were
described above. These results suggest that the treatments to which the MAP
SPRT's were subjected did not significantly affect the thermometers any more
than if the SPRT's had remained at the NBS laboratory and been used. Also,
the results show that, when properly used, a SPRT can give temperature values
within %1 mK over most of the range. Further work is needed to determine the
source of the relatively larger imprecision at the zinc point. This may be
related to the oxygen-activated cycling effects mentioned earlier.

Deviation of IPTS—68 From the Thermodynamic Temperature

Recent gas thermometry measurements above 0° C at NBS (28) show the

3Note that the Measurement Assurance Program is similar to the concept of the
Calorimetry Conference samples initiated at the time of the organization
of the Conference (1947), where the measurements could be used for com-
parison or for calibration of calorimeters.
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thermodynamic temperature to deviate from the IPTS-68 (fig.3). The deviation
is close to 81 mK at 460° C. It seems that the IPTS-48 is closer to the
thermodynamic temperature than the IPTS-68. For the lower temperatures,
table 2 compares the National Physical Laboratory (United Kingdom) gas ther~-
mometer values (NPL-75) with the IPTS-68 values at the fixed points (4). As
seen, the gas thermometrv values are lower. A method similar to that de-
scribed by Douglas (16) may be used to convert existing experimental thermo-
dynamic values on one temperature scale to the basis to another temperature
scale,

Recently the 1976 Provisional 0.5 K to 30 K Temperature Scale (17) was
adopted to reduce the known irregularities in the IPTS-68 between 13781 and
27.102 K and in the %He and “He vapor pressure scales at the lower tempera-
tures. This scale, designated EPT-76, was designed to join the IPTS-68 smoo-
thly at 27.102 K and to be consistent with the various magnetic scales and
the gas thermometry values. The values assigned on this scale to the fixed
points in the IPTS-68 range are given in table 2. It is expected that when
the new IPTS is adopted (possibly 1986) adjustments for these various differ-
ences will be included and the scale will be extended below 13.81 K.

TABLE 2, — Values of temperatures at the fixed points
on the 1PT5-68, NPL-75, and EPT-76 K

Fixed
point IPTS-68 NPL-75 EPT-76
Ne, BP 27.102 27.0979 27.102
Ne, TP 24.561 24,5591
e-H,, BP

(1 atm) 20.28 20.2714 20.2735
e-H,, BP
(25/76 atm) 17.042 17.0357 17.0373
e-H,, TP 13.81 13.8039 13.8044
BP=Boiling point TP=Triple point

APPLICATIONS OF CALIBRATED SPRT'S

The results of multiple calibrations show that when SPRT's are properly
handled the calibrations at the fixed points can be reproduced to about *1
mK. Between the fixed points, a comparison of some SPRT's shows a maximum
spread of less than 1 mK (32) above 0° C." Between 90 and 273 K, the spread

“Although different SPRT's, if calibrated perfectly, will agree exactly at
the fixed points, they will show variations in the indicated temperatures
at intermediate points. These variations are often referred to as
nonuniqueness of the IPTS-68.
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is believed to be close to 2 mK (3)., When only the observations close to the
fixed-point temperatures are used, the NBS calibration data on the capsule-
type SPRT's give a maximum spread of 1.7 mK between 20 and 90 K and about 3
mK between 13 and 20 K. The lack of measurement sensitivity contributed to
the spread below 20 K.

Thermometry is used in thermodynamic measurements to determine the temp-
erature or the temperature change. 1In experiments where the SPRT is used to
determine the temperature change, the temperature is determined as part of
the measurement. In experiments where the temperature change or temperature
difference is to be determined, the highest temperature resolution is desir-
ed. The sensitivity of the SPRT is sufficient for direct application in most
measurements where the experiment permits fairly large temperature change (1°
C or more). Where small temperature changes are involved, SPRT may not have
the desired resolution. For measurements in a limited temperature range,
thermistors or other resistance thermometers may be suitable, or a thermopile
may be better suited. 1In experiments where two sources of power are compared
by thermometry (or differential thermometry), the highest temperature resolu-
tion is also desired. Temperature controls require high temperature sensi-
tivity.

In the description of thermodynamic properties (e.g., enthalpy or en-
thalpy change of a chemical process) the error in temperature must be small
enough to have an insignificant effect on the property. For most thermodyna-
mic measurements, an accuracy of the "absolute" temperature of *0.0l1 K on
the IPTS-68 is adequate. (The relation between the thermodynamic temperature
and the IPT5-68 is known to about 0,002 to 0.01 K, depending upon the temper-
ature, see references 4 and 28.) However, to achieve an accuracy of #0.01 K
the resistance of the SPRT must be determined with an accuracy of 0.001 ohm,
or about 1 part in 26,000 at 0° C, To be certain that such accuracy is con-
sistently achieved, regular calibration of instruments and check measurements
are required. The simplest procedure to monitor the temperature measurement
process is to include in the schedule of measurements the measurement of
stable reference resistors of suitable value. The history of measurements on
the reference resistors will yield information on the precision of resistance
measurements and, hence, on that of the thermometry. If the resistance of
the thermometer can be determined as a multiple of its resistance at some
known temperature (usually 0° C), the demands on the instrumentation will be
appreciably reduced.

The calibrated SPRT can be used to calibrate other SPRT's. For example,
in a low-temperature adiabatic calorimeter the sample vessel can be replaced
by a copper block with wells to calibrate a number of capsule-type SPRT's in
terms of a calibrated SPRT. The calibration of long-stem-type SPRT's or
other types of resistance thermometers in terms of a calibrated SPRT in fluid

baths is a standard procedure in many laboratories, However, care must be
taken to design the apparatus so that the test thermometers and the reference
SPRT will be at the same temperature. Usually, a “temperature equalizing"

copper block with wells for the thermometers is used with the bath, The
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copper block is thermally lagged from the bath (e.g. a brass jacket that can
be evacuated) to damp the effect of temperature fluctuations in the bath
fluid. As a check on the calibration, the position of the test SPRT's and
the reference SPRT should be changed and recalibrated, or a calibrated check
SPRT should be used. With SPRT's, calibrations near the fixed points are
sufficient; however, if the thermometers are not SPRT's, then the comparison
calibrations may be necessary at smaller intervals of temperature. (Even
SPRT's a least squares treatment of many observations can yield a more reli-
able W versus T relation.) The calibrations must be made so that the temper-
ature units (size of the degrees) of the working thermometer are the same as
those of the SPRT.

For high-temperature drop calorimetry in the region 631° to 1,064° C the
platinum-10 pect rhodium alloy versus platinum thermocouple is used because
the IPTS-68 in this range is defined by the thermocouple. The uncertainty of
temperature measurements is about 0.1 to 0.3 K under optimum conditions
(30, 33). It has been shown in recent measurements with specially designed
platinum resistance thermometers that reproducibility of 0.03 or 0.04 K can
be achieved in the 631° to 1,064° C region (11, 18). Such thermometets
should improve the precision of relative enthalpy measurements in the range.

CONCLUSION

The results of calibrations at the NBS and literature data show that
temperature values obtained with SPRT's agree with each other within *1 mK
over most of the specified temperature range. The SPRT's can be used
directly in thermodynamic measurements and may be used to calibrate working
thermometers. Temperature values given by the working thermometers must be
consistent with those of the IPTS-68 (i.e., of an SPRT) in its range.

The future of measurements with SPRT's is bright. Instruments are now
available, such as the Cutkosky a-c bridge (15) and the d-c comparator bridge
(31), where measurement precision of seven or eight digits can be achieved
with SPRT's of R(0° C) = 25.5 ohms. (At these levels of measurement, the
insulation resistance of leads and thermometer coil support must be 10% ohms
or higher.) This means that small temperature changes can be determined
more precisely. Also, the measurements at the lower temperature limit of the
SPRT scale can be made more precise. These instruments can be used to advan-
tage with high-temperature SPRT's (which must have a lower resistance because
of the lower insulation resistance of the coil form at high temperatures);
for example, with an SPRT of R(0° C) = 0.25 ohm they give a resistance meas-
urement precision that corresponds to about 0.05 mK. When the various possi-
bilities of automatic measurements, testing, and calibrations are added, the
instrumentation of thermodynamic measurements seems endless.

“Although different SPRT's, if calibrated perfectly, will agree exactly at
the fixed points, they will show variations in the indicated temperatures
at intermediate points. These variations are often referred to as
nonuniqueness of the IPTS-68.
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PRACTICAL THERMOMETERS AND TEMPERATURE SCALES

by

B. W. Mangum1

ABSTRACT

Since thermodynamic temperatures are very difficult to measure, a practi-
cal scale of temperatures approximating the thermodynamic temperatures at sev-—
eral fixed points, with a prescribed procedure for interpolating between those
points with standard instruments, was developed. The latest version of the
practical scale is the International Practical Temperature Scale of 1968
(amended edition of 1975) (IPTS-68), the lowest temperature of which is at the
triple point of hydrogen. In 1978, a provisional scale (EPT-76) extending
from 0.5 K to 30 K was promulgated by the International Committee of Weights
and Measures in order to correct the lower end of the IPTS-68 and to extend it
to lower temperatures, This new scale and its realization are discussed. The
application of these scales is through suitably calibrated practical thermome-
ters such as thermistors and other resistance thermometers, electronic and
nuclear paramagnetic thermometers, nuclear quadrupole resonance thermometers,
and several other less widely used thermometers. A discussion is given of
some of the advantages and limitations of some of these practical thermome-
ters, with special emphasis on thermistors.

INTRODUCTION

The temperature which is referred to in thermodynamic equations and which
is the desired observable in thermometry and in various other thermodynamic
investigations is the thermodynamic temperature T. Unfortunately, thermo-
dynamic temperatures are very difficult to measure accurately. As a result,
an internationally agreed upon practical scale of temperatures approximating
the thermodynamic temperatures at several "fixed points," with a prescribed
procedure for interpolating between those points with standard instruments,
was developed. The practical scale has been revised over the years, and the
latest version is the International Practical Temperature Scale of 1968 (amen-
ded edition of 1975) (IPTS-68) (llﬁlg)z. The lowest temperature of this scale

lTemperature Measurements and Standards Division, Center for Absolute Physical
Quantities, National Measurement Laboratory, National Bureau of Standards,
Washington, D.C.

2Ynderlined numbers in parentheses refer to items in the list of references at
the end of the paper.
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is the triple point of hydrogen at 13.81 K. Since it had become evident that
the low-temperature end of the IPTS—68 and the helium (YHe and 3He) vapor
pressure scales were inconsistent with each other and differ considerably from
thermodynamic temperature, it was deemed prudent to have a provisional
practical scale, which corrects the lower end of the IPTS-68 and extends it to
lower temperatures, in use until a new Intermational Practical Temperature
Scale could be adopted. 1In 1978, such a provisional scale extending from 0.5
K to 30 K was promulgated by the International Committee of Weights and
Measures.

The application of the temperature scales is through suitably calibrated
practical thermometers such as thermistors, germanium resistance thermometers,
rhodium-iron resistance thermometers, carbon resistance thermometers, capaci-
tance thermometers, mnoise thermometers, quartz crystal thermometers, elec-—
tronic salt thermometers, nuclear magnetic resonance thermometers, nuclear
quadrupole resonance thermometers, and/or diode thermometers. The different
types of thermometers have their own special advantages and limitations, of
course, which make them particularly suited for certain applicatioms and not
for others. Stability is a feature of special concern for all thermometers.

In the next section, we will discuss the new low-temperature provisional
scale, its objectives, and its realization. Then, in the following section,
we will discuss some of the practical thermometers most widely used for the
determination of temperatures on the provisional scale and on the IPTS-68.
Some of their advantages and limitations will be given.

THE 1976 PROVISIONAL 0.5 K to 30 K TEMPERATURE SCALE

The NBS acoustical thermometer measurements, from which the NBS Provi-
sional Scale of 1965 (2-20 K) (lﬁ) was derived, were the first measurements to
show that the 1958 “He scale was in error Subsequently, magnetic thermometry
additionally showed that the liquid helium vapor pressure scales and the IPTS-
68 were inconsistent with each other, Because of the evidence that the helium
vapor pressure scales and the low-temperature end of the IPTS-68 were not only
inconsistent with each other but also indicated temperatures that differed
from thermodynamic temperatures, the Comité Consultatif de Thermométrie (CCT)
proposed to the Comité International des Poids et Mesures (CIPM) in 1976 that
a provisional practical temperature scale be recommended for use in the range
of 0.5 K to 30 K until a new International Practical Temperature Scale could
be adopted. Subsequently, a provisional scale was derived and was promulgated
in 1978. It is called "The 1976 Provisional 0.5 K to 30 K Temperature Scale"
(6, 10) and temperatures on this scale are denoted by T;;. The scale itself
is denoted by EPT-76, which is an abbreviation for the French title "Echelle
Provisoire de Température de 1976 entre 0.5 K et 30 K."

The objectives that were striven for in deriving the scale were three-
fold. Firstly, the scale should be thermodynamically smooth in the sense that
the second and higher derivatives of T;g with respect to T should be zero or
small. For thermometer calibrations, this is especially important where the
EPT-76 and the IPTS~68 join, Secondly, the EPT-76 should be continuous with
the IPTS-68 at 27,1 K. Thirdly, within the constraints of the first two con-
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ditions, temperatures on the EPT-76, T,g, should agree as closely as possible
with the thermodynamic temperature.

The EPT-76 1is defined in terms of several specified reproducible
equilibrium states between phases of pure substances and in terms of the
superconductive transition points of several pure metals (16), reference
points to which values of temperature have been assigned. Table 1 gives the
defining reference points and the values of temperature assigned to them,
Realization of the EPT-76 is provided by the defining temperature reference
points and by interpolation between them by any of a variety of methods,
Values of T;¢ may also be obtained from specified existing laboratory scales.
The four approved methods for realizing the EPT-76 over all or part of its
range are

1. Through the use of a "thermodynamic" interpolating instrument, such
as a gas thermometer or a magnetic thermometer, which has been calibrated at
one or more of the defining reference points.

TABLE 1. -~ Reference points of the EPT-76
Reference point Assigned
temperature
T7e, K
Superconducting transition point of cadmium. . . . 0.519
Superconducting transitiom point of zinec . . . . . .851
Superconducting transition point of aluminum . . . 1.179 6
Superconducting tramnsition point of indium . . . . 3.414 5
Boiling point of "Hel. . . . . . . . . . . . ... 4.222 1
Superconducting transition point of lead . . . . . 7.199 9
Triple point of equilibrium hydrogenz. c e e e e 13.804 4
Boiling point of equilibrium hydrogen at a
pressure of 33 330.6 pascals (25/76 std atm) 2. . 17.037 3
Boiling point of equilibrium hydrogenl’2 e e e 20.273 4
Triple point of meon3, . . . . . . . . . . . . . . 24,559 1
Boiling point of neont>2>3 L. 27.102

lpoiling point under a pressure of 101 325 Pa (1 std atm).

2These are the 4 lower defining points of the IPTS-68. {Note
that the values of temperature assigned to these points in
EPT-76 are not the same as those assigned in IPTS-68).
The term equilibrium hydrogen means here that the hydrogen
should have its equilibrium ortho-para composition at the
relevant temperature.

3The 2 neon points are for neon with the natural isotopic
composition of 2.7 mmol of 2lNe and 92 mmol of 22Ne per
0.905 mol of 20Ne.
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2. For temperatures above 13.81 K, the scale may be realized through the
use of the IPTS-68, as realized at the National Physical Laboratory (NPL), and
the differences given in table 2,

TABLE 2, - Differences between the EPT-76 (T,.) and the IPTS-68 (Tqq)
as realized at the National Physical Laboratory (NPL)

Tes | Tes"T76|| Tes | Tes~T7e|| Tes | Tes T7s

K mK K mK K mk
13.81 5.6 19.0 7.4 24.5 2.1
14.0 4.6 19.5 7.3 25.0 1.6
14.5 3.0 20.0 6.9 25.5 1.1
15.0 2.0 20.5 6.4 26.0 .7
15.5 2.2 21.0 5.8 26.5 .3
16.0 2.6 21.5 5.3 27.0 .0
16.5 3.6 22.0 4.8 27.1 .0
17.0 4.6 22.5 4.2 28.0 .0
17.5 5.6 23.0 3.7 29.0 .0
18.0 6.5 23.5 3.2 30.0 .0
18.5 7.2 24.0 2.7

3. For temperatures below 5 K, the scale may be realized through the use
of the 1958 “He vapor pressure scale, or below 3 K, through the use of the
1962 JHe vapor pressure scale, and the difference given 1in

TABLE 3. - Differences between the EPT-76 and the helium vapor pressure
scales (the 1958 "He scale and the 1962 3He scale)
Tsg,62 | Tse,627T76 || Tss,62 | Tss,627T76

K mK K mK
0.5 -1.7 2.6 -5.5

6 ~2.0 2.8 ~5.9

.8 -2.5 3.0 -6.3
1.0 -2.9 3.2 -6.6
1.2 -3.3 3.4 -6.8
1.4 -3.6 3.6 -7.0
1.6 -3.9 3.8 -7.0
1.8 =4.1 4.0 -7.1
2.0 -4.3 4.2 -7.1
2.2 4.6 4.5 -7.1
2.4 -5.0 5.0 -7.1

NOTE - T58,62 means Tg, below 1 K, Tg, and Teg

between 1 K and 3.2 K, and Tgg above
3.2 K.
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4. Through the use of any of the existing laboratory scales for which
the differences from the EPT-76 are given. (See tables 4 and 5. Differences
between the magnetic scales and the EPT-76 and between the NPL-75 gas thermom-—
eter scale (2) and the EPT-76 are mnot given here.)

TABLE 4. - Differences between the NBS provisional temperature scale
2-20 K (1965) (Tygg 9-9g) and the EPT-76 (T,g)

Tngs 2-20° | TNBs 2-20"T76!| TnBs 2-20  |TNBS 2-20~T76
'Y e K mk
2.3 2.1 11.0 -1.0
2.8 -1.1 12.0 .2
3.2 1.0 13.0 -1.8
4.2 2.5 14.0 -2.2
5.0 3.0 15.0 -.6
6.0 1.7 16.0 .9
7.0 4.8 17.0 1.7
8.0 2.2 18.0 -.9
9.0 ~1.5 19.0 -.2
10.0 -2.1 20.0 +7.0

IThese temperatures are very close to the actual tempera-
tures{acoustic points) at which the NBS 2-20 scale is
defined.

TABLE 5. - Differences between the NBS version of the IPTS-68 (TNBS“GB)
and the EPT-76 (T,¢)

Typs-68 |TnBs-68"T76 Tyes-68 | Twes-68"176|| TnBS-68 | INBS-687176
K mK K mK K mkK
13.8 1.7 19.0 4.9 24.5 2.9
14.0 1.8 19.5 4.9 25.0 2.5
14.5 2.1 20.0 4.9 25.5 2.1
15.0 2.0 20.5 4.8 26.0 1.7
15.5 2.2 21.0 4.7 26.5 1.3
16.0 2.4 21.5 4.6 27.0 1.1
16.5 3.0 22.0 4.5 27.5 1.1
17.0 3.5 22.5 4.2 28.0 1.1
17.5 3.9 23.0 4.0 29.0 1.1
18.0 4.4 23.5 3.7 30.0 1.0

18.5 4.8 24.0 3.4
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Thus, if thermometers have been calibrated against either the IPTS-68,
the NBS version of the IPTS-68, the NBS 2-20 provisional scale, or any of the
other specified laboratory scales, those thermometer calibrations can be put
on the EPT-76 by making the appropriate corrections at the calibration points
as given in the tables. Any calibration table for interpolation between the
corrected temperature points (on the EPT-76) would have to be recalculated, of
course, by use of the appropriate formulae.

Since a gap in temperature between 7.2 K and 13.8 K exists in the distri-
bution of reference points of the EPT-76, the direct calibration of secondary
resistance thermometers, such as germanium and rhodium-iron thermometers, is
not realistic. Consquently, a 'thermodynamic" interpolation instrument such
as a magnetic thermometer or a gas thermometer is required for the practical
realization of EPT-76 over all or certain parts of its range.

The various laboratory scales from which the EPT-76 may be realized, over
the range in which the laboratory scales are defined, refer to scales main-
tained by sets of calibrated germanium or rhodium-iron resistance thermometers
in various standards laboratories.

It should be noted that the EPT-76 is not an International Practical
Temperature Scale and that it does not replace the IPTS~68 in the region of
overlap. Nevertheless, its use is preferred for those applications in which
smoothness with respeect to thermodynamic temperature is desired or required.

It is possible that there may be some slight ambiguities produced by the
different methods of realizing the EPT-76. These would arise because of pos-
sible internal inconsistencies among the different methods. Although such
ambiguities and incomsistencies would not be acceptable for an International
Practical Temperature Scale, it was thought that the advantages of having a
working scale which is thermodynamically smooth and whose temperatures are in
better agreement with thermodynamic temperature than is the IPTS-68, would
outweigh these minor disadvantages.

Inaccuracy of the EPT-76

The uncertainty of the EPT-76 reference points and temperatures deduced
from the helium vapor pressure is estimated to be 2 mK for the neon and hydro-
gen points, 1 mK for the lead point, 0.5 mK between 4.2 K and 0.9 K, and 1 mK
for temperatures below 0.9 K. The ambiguities in the realizations of T, that
may arise as a result of using the different recommended methods of realiza-
tion are also believed to be comparable with these numbers, The inaccuracy
that one also wants to know is that relative to the thermodynamic temperature.
The NPL-75 gas thermometer scale is the best approximation available to ther-
modynamic temperatures, and a comparison (2) of it with the EPT-76 indicated
that T,¢ probably deviates from thermodynamic temperatures in a systematic way
at temperatures above about 10 K, In this range, the thermodynamic tempera-
ture is thought to be lower than Tyg, with a maximum deviation of about 4 mK
at 27.1 K. At temperatures below 10 K, it is thought that T; and thermo-
dynamic temperatures are equal to within the uncertainties of the realization
of the EPT-76 because of the equality at those temperatures of the EPT-76 and
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the NPL-75 gas thermometer scale and of the EPT-76 and the magnetic scales.
In addition to the uncertainty estimates of EPT-76 relative to the thermo—
dynamic temperature, it is estimated that the slope of T,; with respect to
thermodynamic temperature is unity to within 0.5 mK, i.e.,

d (T75 -~ T) < *5% 107"
dT

PRACTICAL THERMOMETERS

What are practical thermometers? Practical thermometers are those that
are convenient and fairly easy to use, do not require elaborate and complicat-
ed measuring equipment, do not require the expertise of a thermometrist or of
an expert in a particular field of endeavor, are reproducible, are readily
available or easily constructed, and are not terribly expensive. In this
section, a brief review of some of the general characteristics of some practi-
cal thermometers is given, but it is not intended to be comprehensive, and
certainly not all of the published data on the types of thermometers discussed
here will be referenced.

Magnetic Thermometers

The usual magnetic thermometer is one that is based on the paramagnetic
susceptibility X of a weakly interacting system. Ideally, such a system would
obey Curie's law

X = C/T (1)
where C is the Curie constant. In real systems, magnetic interactions are
always present, causing departures from Curie's law and eventual magnetic
ordering at a sufficiently low temperature. In some cases, however, the

departures from Curie's law are slight because the samples are magnetically
dilute,

Two different types of magnetic thermometers are available, the choice

dependent on the temperature range of interest. One type makes use of the
electronic paramagnetism of a sample, and the other type makes use of the
nuclear paramagnetism. The ratio of the sensitivities of magnetic thermo-

meters based on the electronic and on the nuclear paramagnetism is given
approximately by the relation

(Bohr magneton/nuclear magneton)2 = (1,800)2 ~» 3 x 108,
Thermometers Based on Electronic Paramagnetism
Thermometers of this type are useful practical thermometers over the
temperature range 0.005 K to 10 K, with no single thermometer suitable for use
over the entire range.
A magnetic thermometer usually comsists of a set of mutual inductance

coils in which a paramagnetic salt, selected for the temperature range of
interest, is located, The susceptibility, ¥, of the salt is related to the
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mutual inductance of such a system, measured in terms of the setting N of a
mutual inductance bridge, by the equation

ax = N - N (2)

where Nn (bridge setting for empty coils or with salt at infinite tempera-
ture) and a are constants. The susceptibility of the salt for ellipsoidally
shaped samples is given by

X =C/(T, + A+ Y/T) (3)

so that

N = Ny + A/ (T + A+ Y/T). (4)

The constants Nw and A depend on the coil system, the mutual inductance
bridge, and the salt. The constants A and Y represent the deviations of the
susceptibility from Curie's law and are a function of the salt, its crystal-
line state, its orientation if a single crystal, and the external morphology
of the sample. 1In general, these constants are determined by calibration at
known temperatures. C 1is the Curie constant (NAngzs(S+1)/3k), Ty, is the
temperature derived from the magnetic data, g is the spectroscopic splitting
factor, B is the Bohr magneton, S is the effective spin, k is Boltzmann's
constant, and Np is Avogadro's number. An alternative formulation of equa-
tion 4 is

N =N, + A/T_ + B/T2 + C/T3_ + ... (5)
m m m

which in many cases is a more convenient form to use,.

For certain salts in which the magnetic interactions are weak, the coef-
ficients of the 1/T? and 1/T3 terms have been calculated and the validity of
the results checked by experiments. Examples of salts with weak interactions
are cerous magnesium nitrate (7-8), Ce,Mg3(NO3);,°24H,0 (CMN), and neodymium
ethyl sulfate (9), Nd(C,HgS0,)3*9H,0 (NES). CMN has a useful temperature
range from about 5 wK to 3 XK and NES from about 15 mK to 10 K, as truly prac-
tical thermometers.

Other salts that are suitable for magnetic thermometers are chromic po-
tassium alum, CrK(s0,),*12H,0 (CPA), chromic methylammonium alum, CrCH;NH5e
(50,),*12H,0 (CMA), manganous ammonium sulfate, Mn(NH,)},(S0,),*6H,0 (MAS),
gadolinium sulfate, Gd,(S0,)3*8H,0 (GS), gadolinium metaphosphate glass,
Gd(P03) 3 (GP), and gadolinium molybdate, Gd,(Mo0,); (GM).

Figure 1 gives a comparison of the GP and NES temperature scales (9) as
an example of the type of results that one can obtain with magnetic thermo-
meters. The temperatures T,, referred to in figure 1 are the acoustically
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determined temperatures, which have recently been recalculated by Plumb (13),
taking into account at each isctherm the term quadratic in pressure.

The maximum sensitivity of a magnetic thermometer usually obtained by the
mutual inductance technique ranges from about 1 uK at 0.005 K to 0.1 mK at 10
K. The repeatability of temperature measurements using a magnetic thermometer
can be € 0.1 mK. The smallest uncertainty that can be expected is dependent
on the salt and on the temperature range and is approximately 0.1 mK to 1 mK.

In addition to the ac mutual inductance technique for the measurement of
temperature via the paramagnetic susceptibility of salts, there is also a
technique involving a superconducting quantum interference device (SQUID)
magnetometer. This measures the magnetization of the paramagnetic salt in a
small dc field and is highly sensitive.

Thermometers Based on Nuclear Paramagnetism

Magnetic thermometers based on nuclear paramagnetism are useful over the
temperature interval 100® X to 1 K. As stated above, ideal paramagnetic sy-
stems do not exist and magnetic ordering will always occur at some character-
istic temperature depending on the strengths of the interactions. For exam-—
ple, although CMN is magnetically very dilute and its interactions are thought
to be purely dipolar in nature, it nevertheless orders magnetically at ap-
proximately 2 mK. For magnetic thermometers for use at lower temperatures,
systems with even weaker interactions are required and since nuclear magnetic
moments are about 1,000 times smaller than electronic ones, nuclear paramag-
nets are an obvious choice. For these types of thermometers, Curie's law is
expected to be a good approximation down to temperatures of the order of 1 uK.
For example, the nuclear spins in metallic copper, which are expected to order
magnetically at about 0.1 uK, make a useful thermometer above about 1 UK,

Nuclear magnetic thermometers require the existence of a nuclear spin
temperature, which can exist only if the spins are in equilibrium. The time
required for spins to attain equilibrium among themselves is known as the
spin-spin relaxation time, T,. The time required for the spins to come into
equilibrium with the lattice, or actually the conduction electrons, is char-
acterized by the spin lattice relaxation time, T;. Since a thermometer should
respond repidly to changes in temperature, nuclear spin systems with short T,
are required, and, for this reason, only metals are used.

Although the nuclear susceptibility and magnetization obey Curie's law,
the nuclear susceptibility is approximately 10~% times smaller than electronic
susceptibilities and, hence, is much more difficult to measure precisely. Two
different practical techniques are used for measuring temperatures with nu-
clear magnetic thermometers (lz), superconducting device magnetometers, and
nuclear magnetic resonance.
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A variety of superconducting devices, including the SQUID, have been made
for magnetization measurements, and an important feature of all of them is
that the devices respond to magnetic flux, with the response perlodlc in the
flux quantum. With the appropriate c1rcu1try, approximately 10~ 3 of the flux
quantum ¢g (¢ = h/2e = 2 X 107 Wb or 2 X 1077 gauss cm?) can be detect-
ed. Such high sensitivity is ideal for measuring very weakly paramagnetic
samples.

Nuclear magnetic thermometer samples are usually high-purity copper or
platinum (99.9999 pct pure). With SQPID magnetometers, copper samples, and a
magnetlc 1nduct10n of about 5 X 107'T, a temperature resolution of about 1
part in 10% at 1 mK is possible, Special precautions must be taken with these
systems, however, to reduce stray pickup. Another limitation of the technique
involving superconducting device magnetometers is that they are very sensitive
to any magnetic impurities, especially those of electronic origin.

Nuclear magnetic resonance (NMR), either continuous wave (cw) or pulsed,
offers a way of avoiding the stray contribution problem without going to great
precautions as far as sample purity and background are concerned. The great
sensitivity (and advantage) of this method comes from the fact that the spec-
trometer is in resonance with the precessing nuclear spins of interest and the
signal is produced by only those spins that satisfy the resonance condition.
Thus, impurity spins make no contribution to the signal. One common method of
detecting NMR involves measuring the detuning of a spectrometer's '"tank" cir-
cuit by the nuclear magnetization of the sample as this is being driven by a
rotatlng magnetic field at the Larmor frequency given by wy = YBg. This
is the cw method. Another method of detecting the NMR is by observing the
voltage induced in the receiver coil of a crossed-coil system due to the
nuclear magnetization that has been tipped by a pulsed rf magnetic field in
the transmitter coil, where the pulsed field is at the resonant frequency.
This is the pulsed NMR method. The temperature of the spin system is deduced
from the strength of the absorption in cw measurements or from the amplitude
of the signal picked up in the receiver coil for pulsed measurements. These
signals are proportional to the reciprocal of the spin temperature. The
thermometer is calibrated in the region from 0.1 X to 1 K.

One very important feature of the pulsed NMR method is that the tempera-
ture measured is the nuclear spin temperature of the sample just prior to the
measurement. Although equilibrium times for the thermometer sample may be
long, only about 10~"% second is required to measure the temperature by pulsed
NMR, compared to approximately 30 seconds for ¢w measurements. Since a fast
recovery time of the electromics is required for the pulsed NMR, it is neces-
sary to have a low Q system. As a result, the cw method i1s more sensitive
than the pulsed method, but the simplicity in measuring the temperature by the
pulsed method makes it very useful.

The sensitivity and repeatability of the NMR methods are about 0.1 mK or
better at 100 mK. The inaccuracy of NMR temperature measurements range from
about 0.1 mK to 1 mK over the region of 0.02 K to 1 K; preseantly, it is rather
uncertain at lower temperatures.
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Nuclear Quadrupole Resonance Thermometers

Nuclear guadrupole resonance (NQR) is just nuclear magnetic resonance in
the absence of magnetic fields. Muclei with spin I *> 1 possess electric
quadrupole moments which, through interactions with electric field gradients
produced by valence electrons and by the surrounding ions in the crystalline
lattice, cause a splitting of the nuclear energy levels in the absence of a
magnetic field. It is the temperature variation of these splittings, and
hence of the resonance frequency, that gives rise to NQR thermometry. This
technique was first suggested almost 30 years ago by Dean and Pound (4).

An NQR thermometer has the outstanding feature that once the frequency-
temperature relationship has been determined for a suitable sensor material,
such as KClOj, that calibration will apply to all other samples of that
material provided that the material has been prepared with consistent purity.
This, then, eliminates the need to individually calibrate each thermometer as
is required for most practical thermometers. Another advantage 1s that
frequency, the thermometric parameter in NQR, can be easily and accurately
measured, and the thermometer can be easily made a part of an automated system
for temperature monitoring and control. Through the use of standard frequency
broadcasts by NBS, the accuracy of the frequency counter used in making
measurements can be easily checked.

The interaction of the nuclear electric quadrupole moment of 35%¢1 (1 =
3/2) of KCl0g with the nonhomogenecus field, produced mainly by the valence
electrons but with some from the surrounding ions, produces a splitting of the
I = 3/2 energy level into two energy levels, each degenerate with respect to
the sign of the magnetic quantum number, m;g. These energy levels are
separated by an energy hv, where the frequency VvV is given by

- fngz

(6)

v

where e is the electronic charge, Q is the nuclear electric quadrupole moment,
qzz 1s the component of the field gradient tensor along the principal
axis, and h is Planck's constant, The effects of an asymmetric electric field
have not been considered here.

It has been found that fluctuations in the orientation of the electric
field gradient tensor due to torsional vibrations of the Cl03 group of KClO;
account for the temperature dependence of the NQR fregency at low temperatures
through changes in the values of the qg,,. Above 80 K, however, this does
not adequately account for the variation since an expansion of the lattice
occurs and the molecular vibrations cannot be approximated by harmonic
oscillators. As the lattice expands, the distance between the ions
increases, causing an additional decrease of q,, and an increase in the
sensitivity of the thermometer.
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For KCl03, the NQR of 35C1 has been studied from about 10 K to 470 K
(18). 1t was found that the resolution and accuracy of temperature measure-—
ments can be about *1 mK in the range from 50 K to 470 K. The sensitivity at
several temperatures throughout the range 10 K to 470 K is given in table 6.
Since the width of the 35C1 NQR line is approximately 500 Hz, at a resonant
frequency of ~28 MHz, a determination of the center of the line to only 1 pet
(or 5 Hz) gives 1 mK sensitivity,

TABLE 6. - Sensitivity of the KClO,; NQR thermometer
T, Sensitivity
K kHz /K
15 0.109
30 0.674
60 1.965

100 2.907
150 3.563
200 4.072
250 4.586
290 5.057

The reproducibility of pure strain-free samples of KC103 is < * 1 mK near
300 K. This is as expected since the NQR frequency is an intrinsic property
of the material. Over the entire range of 10 K to 470 X, the inaccuracy of a
temperature measurement using this thermometer ranges from about 1 mK to 10
mK, depending on the temperature.

Resistance Thermometers

There are numerous types of resistance thermometers, but I shall discuss
only three types and, even then, only briefly.

Rhodium—-Iron Thermometers

Resistance thermometers consisting of an alloy of rhodium containing 0.5
at., pct iron have been developed over the past few years for use over the
range 0.1 K to 300 K. They were developed primarily to provide an alternative
to germanium thermometers. Although their sensitivity is much less than that
of germanium thermometers below 30 K, being about 1.5 pct/K at 20 K and about
12 pct/K at 1 K, their repeatability or long-term stability is very good, and
this offers a tremendous advantage. At 20 K, a repeatability of about * 0.3
mK over about a 2-year period has been observed (15). Thus, these appear to
be good practical thermometers on which to maintain the practical temperature
scales.

The resistance values of thermometers commercially available are nominal-
ly 20 ohms, 47 ohms or 100 ohms at 273 K. The resistances are still suffi-
ciently large at low temperatures that their voltage sensitivity at acceptable
measuring currents (500 uwA) 1is superior to that of the platinum thermometer
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below 20 K and is comparable to that of the platinum thermometer at higher
temperatures. For a 500-uA measuring current, typical voltage sensitivities
are 300 WV/K at 1 X and 90 WwV/K at 4.2 K.

The uncertainty of the rhodium-iron thermometer increases below 1 K,
becoming about 10 mK at the lowest end of the temperature range,

Germanium Thermometers

Germanium resistance thermometers (GRT's) are small and have a high sen-
sitivity, features that are required for most low-temperature thermometry, and

they have been used extensively over the past decade or so. In fact, they
have been used as the secondary thermometers on which basic thermometry re-
sults are retained. They have also been used extensively to transfer basic

thermometry results to other laboratories, and to compare different laboratory
scales, Nevertheless, many of them exhibit instabilities upon thermal cycling
to room temperatures from 20 K or 4.2 K. Such effects are more important at
the former, higher, temperature. As examples of the stabilities that can be
expected of the GRT's upon thermal cycling, figures 2 and 3 present histograms
of results of two investigatioms (3, 5). Figure 2 gives the results of Besley
and Plumb (3) on 100 thermal cycles of 30 GRT's between 20 K and 300 K, with
the reproducibility of the GRT's being evaluated at 20 K. The irreproducibil-
ities ranged from 0.1 mK to 20 mK. The GRT's behavior on cycling fell into
five groups: (1) stable-—GRT reproducible to #0.5 mK, (2) drifting-- resis-
tances drifted continuously, some increasing and some decreasing, (3) jumping-
~sudden jumps in resistance, either increased or decreased, (4) bimodal--erra-
tic, and (5) irregular--no pattern to the changes but irreproducibilities many
times greater than the measurement precision. Overall, 50 pet of the GRT's
were reproducible to within *0.5 mK and 90 pct to within *2 mK.

Figure 3 summarizes the results of Durieux (5) on 15 GRT's over 3 years;
only slightly more than half of the GRT's studied had changes of 2 mK or less
at 20 K. For short-term stability upon thermal cycling without demounting,
Durieux found that about 85 pct were reproducible to within #2 mK. Prior to
Durieux's investigation, 3 of the 15 GRT's had changed by equivalents of 25
mK, 30 mK, and 45 mK at 20 X.

The above tests showed that changes in calibration are a serious problem
in germanium thermometry and that it is necessary to check them repeatedly.
For most of the GRT's, repeatability is € * 0,5 mK at 4.2 K but somewhat worse
than that at 20 K. For selected GRT's, the inaccuracy can be as small as 0.1
mK to 0.5 mK at 20 K.

Another problem of which to be aware is that of the ac-dc effects (1).
Resistance values may be different if measured by ac and dc techniques

(R4 (T) > R,.(T)). Gemerally, such differences are negligibly small below 35

35 K, but they can be rather large above this temperature. For example, at
75 K the equivalent difference (Tdc - Tac) may be as large as 60 to 100 mK.
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In general, GRT's have a useful temperature range of 0.01 K to 100 K,
although several GRT's will be required to cover the range. GRT resistance
values are usually between 30 ohms and 5,000 ohms at 4.2 K. Their sensitivity
is very good over limited ranges, and usually lies somewhere in the range of 3
pct/K to 15 pet/K at 20 K.

Thermistor Thermometers

Thermistors are ceramic semiconductors that exhibit large changes in
resistance with small changes in temperature. They are small, rugged devices,
composed primarily of manganese and nickel oxides, with dopants, and have a
large negative temperature coefficient of resistance, The temperature range
in which they are suitable thermometers is from about 1 K to 1,300 K, but very
little information is available on applications below 0° C. The values of
their resistances at 300 K vary from about 102 ohms to 10° ohms. Thermistor
thermometers are available in various shapes and sizes, but the discussion
here will be limited to bead-in-glass probes and disks (with passing reference
to flakes), which are typical of other forms of thermistors in most of their
characteristic features,

The sensitivity of thermistor thermometers is about 4 pct/K at 300 K and
increases with decreasing temperature. Since they are commercially available
at sizes as small as 0.1 mm in diameter, thermistor thermometers can have
small masses and a relatively fast thermal response time (a few milliseconds
in liquids). Flake thermistor thermometers are very useful for measurement of
temperature changes since they also have a small mass and a short response
time. The stability or reproducibility of the flakes as a function of time,
however, is not good.

Although thermistor thermometers have been widely used in various appli-
cations, no precise testing of their reproducibility had ever been conducted
until the study at NBS (19) over the past few years. A comprehensive investi-
gation of some 135 thermistors, 65 bead-in-glass probes and 70 disks, in each
of three constant-temperature baths (at 0° C, 30° C, and 60° C) was performed
for about 2 years. The thermistors were in the baths continuously, and their
resistances were monitored periodically with a resistance resolution equiva-
lent to 1 mK or better. Beads having nominal resistances of 2 kohm, 10 kohm,
15 kohm, and 30 kohm and disks having nominal resistances of 1 kohm, 2 kohm, 5
kohm, and 10 kohm at 25° C were obtained from six manufacturers for the inves-
tigation. Those resistance values were selected in order to have representa-
tive sampling of units of the major different compositions.

The behavior of the thermistors falls into four categories: Stable,
drifting linearly with time, drifting exponentially, and irregular. TFigure 4
shows the typical exponential behavior of a disk at 60° C. Figures 5 and 6
and table 7 summarize the results of the investigation,

From these results, it appears that each manufacturer is producing very
uniform lots of thermistors of a given resistance value, with variability,
however, among different lots, It is also clear that bead~-in-glass probes are
much more stable than disks and should be selected for precision thermometry.
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TABLE 7. - Thermtstor drift rates, mK/100 days
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From precision thermometry investigations that we have conducted using
bead-in-glass probe thermistors, it is clear that one can select units that
have a repeatability of € *0.5 mK at 300 K and that have an inaccuracy of < %1
mK for temperatures below approximately 400 K over a period of about 2 years.

In a related investigation of thermistor thermometers, we have studied
the dependence of the stability of bead and disk sensors upon time spent at
100° C, for a total time at 100° C of about 4,000 hours. The only time they
were not at 100° C was when their resistances were being measured at the se-
quence of temperatures -40° C, 0° C, 30° C, 60° C, and -40° C. RKesistances of
disks generally changed a large amount and exponentially with time, while that
of the bead-in-glass probes underwent a much smaller change. Only 11 disks
and 12 beads, a total of 23 thermistors from 4 manufacturers, were involved in
this study, however. The results are summarized in table 8.

TABLE 8. - Stability of 11 disk and 12 bead—-in-glass probe thermistors heated
for approximately 4,000 hours at 100° C

Equivalent temperature change, ° C
Resistance,
kohm Disks Bead~in-glass probes
2 ~0.25 ~0.003 - 0.02
10 ~0.25 - 1.5 ~0.01 - 0.02

An investigation of the stability of bead and disk thermistor thermom-
eters upon thermal cycling from about 25° C to 300° C and to 125° C, respec-—
tively, is currently underway at NBS. No results are yet available from this
study.

CONCLUSIONS

In this paper, I have attempted to present in a concise way the fundamen-
tals of the 1976 Provisional 0.5 K to 30 K Temperature Scale, its objectives,
and methods of its realizaton. 1In addition, an attempt was made to give a
brief review of the salient features of some practical thermometers used over
parts of the range 0.005 K to 1,400 K.
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FUTURE OF QUARTZ RESONATOR THERMOMETRY
by

F. L. Walls?

ABSTRACT

This paper will attempt to predict the future of precision thermometry
based on quartz crystal resonators used as thermal sensors. At present,
quartz resonator thermal sensors exhibit considerable hysteresis after temper-
ature cycling and, therefore, are not generally used for precision thermome-
try. However, we have shown that the sensors can be used to detect tempera-
ture fluctuations of approximately 20 UK over many seconds, Moreover, major
advances in quartz resonators, including new crystallographic cuts, hold prom-
ise of producing quartz resonators with greatly reduced hysteresis. These new
advances will be discussed in terms of their implication for thermometry from
=100 to 400 K. A new technique for utilizing quartz resonators for thermal
measurements will be discussed in detail. It is expected that a few of these
improved resonators will become available for testing within a few months.

INTRODUCTION

Experimental thermodynamics can be said to be a study of thermometry as
much as a study of fundamental properties of macroscopic systems, The present
accuracy limit of temperature measurements near 300 K is of order 50 to 100 uk
and is obtained using platinum resistance thermometers (14).2 Thermistors
used as thermal sensors yield a resolution of approximately 10 MK and a temp-—
erature stability of order 1 mK/100 days (4, 19). Quartz crystal thermometers
presently have a temperature resolution of order 2 uK; however, they are
plagued by hysteresis effects due to thermal shock and cycling. Several new
experimental quartz crystal resonators show promise of achieving temperature
resolutions of less than 1 WK with daily variations of less than 10 uK and
greatly reduced thermal shock and/or cycling-induced hysteresis.

1Frequency and Time Standards Group, National Bureau of Standards, Boulder,
Colo.

2Underlined numbers in parenthese refer to items in the list of references at
the end of the report.
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The development of a convenient thermal sensor with 1-UK resolution
would provide an important new tool for many areas of science, especially
thermodynamics. This paper will review the background, problems, and capabil-
ities of present quartz crystal resonators used as thermal sensors, describe
new advances in resonator design and fabrication which are likely to lead to
much greater accuracy, and finally, describe some of the methods of using
quartz crystal resonators as thermal sensors.

PRESENT STATUS OF QUARTZ THERMAL SENSORS

Quartz crystal resonators have long been known for their stable resonance
frequency. Present high-quality commercial quartz-controlled oscillators have
achieved frequency stabilities of order 3 x 10-13,

The potential for using a quartz crystal resonator to obtain a high-
resolution digital thermometer has long been recognized (7-9, 11, 15). In-
deed, Smith and Spencer in 1962 used a high-quality quartz resonator as the
frequency-determining element of an oscillator and obtained a temperature
resolution of approximately 5 MK for a 10-s measurement time and a drift of
less than 100 MK per hour, illustrated in figure 1 (15). The frequency depen-
dence was approximately 74.6 ppm/K and was relatively linear from -20° C to
+100° C. Presently available quartz thermometers are considerably more linear
than the results obtained in references 15 and 9 (fig. 2). However, they
suffer from thermal stress effects which result in spurious temperature read-
ing of order 10 mK following thermal cycling (fig. 3). This apparent temp-—
erature typically drifts approximately 10 mK over several days immediately
following a temperature shock of many degrees. Because of these hysteresis
effects, quartz crystal resonators have generally not been used in precision
thermometry where temperature cycling is required. An additional problem for
using the commercial quartz sensors for WK resolution thermometry is the large
heat conduction along the sensor cable. This can be overcome either by re-
placing the sensor cable or by very careful heat sinking of the sensor cable.
The advantages of these sensors are that they dissipate only a few uW, they
are easily made into a digital thermometer whose output can be manipulated
with great precision using microprocessors, etc., and they have a thermal time
constant of less than 1 s. Measurements made with these sensors indicate a
temperature resolution approaching 2 BK and a drift of less than 100 pK/day
(17).

Figure 4 shows the temperature versus time behavior of a single-stage
oven that employs one commercial quartz crystal as the thermal sensor for
controlling the heater power and a different quartz sensor for detecting tem-
perature changes. These data were obtained after the system had operated on
temperature for 2 days in order to allow some of the thermal-shock-induced
transients to die out. Figure 5 shows the fractional temperature fluctuations
for the single-stage oven, as measured by the quartz thermometer using experi-
mental electronics (17). Note that for the averaging time of 1 s, the approx-
imate thermal time constant for the sensor, the temperature resolution is
approximately 3 MK, while at averaging times of 10 s it 1is approximately 30
uK. It is expected that temperature stabilities of order 2 MK could be ob-
tained for times of many minutes in a two-stage oven if great care is used in
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heat-sinking the sensor cables. A resolution of 2 WK is probably close to the
limit dimposed by stress relaxation in this type of sensor.

NEW DEVELOPMENTS 1IN QUARTZ RESONATORS

Stress—-induced frequency transients have received considerable attention
in the past 5 years because they are responsible for much of the frequency
instability of high-precision quartz crystal resonators used in frequency
control (1, 10, 16-17), It appears likely that they are responsible for the
thermal hysteresis as well as the noise in quartz sensors. In the past 2
years, great strides have been made in designing crystallographic cuts that
are less sensitive to stress, and to new mounting techniques that help to

minimize temperature (i.e., stress) induced transients (2-3, 5-6, 12, 17).

For example, a fifth-overtone, 5-MHz quartz resonator has a temperature
sensitivity of approximately Av/v = 10‘8/K, yvielding a linearized sensitivity
of ~ Av/v = lO_S/K, 10 K away from turnover. Since the frequency stability of
such precision units is Av/v = 10‘13, one would expect to achieve temperature
resolution of 0.5 MK; however, the thermal-transient-induced response is Av/v
= 10-° dT/dt, requiring that dT/dt be less that 10'8 K/s in order to achieve
this 1-pK temperature resolution and stability. Most ovens and test systems
do not have the low-temperature transients required to use AT cut resonators

for temperature sensors,

The new SC3 cut resonators (2-3, 12, 17) have a measured transient res-
ponse which is 50 to 100 times smaller than that for AT cuts. Therefore,
dr/dt of only 0.5 to 1 x 10-7 K/s is required in order to resclve 1 HK. SC
cut resonators are therefore excellent candidates for thermal sensors. These
new SC cut resonators have another very interesting feature; namely, they can
be made to oscillate on both the B and ¢ mode simultaneously (13). The C mode
can be made with Av/v = 10-%/K? + 10-7 dr/dt, while the B mode has a linear
response of Av/v ~ 2.5 x 10-°/K, with a so-far-unmeasured transient response.
It may be possible to use the C mode as the frequency reference for the micro-
processor—based counter measuring the frequency of the B mode. With such a
system, temperature resolutions of approximately 0.1 uK are contemplated.
Using only the B mode temperature resolution of 1 MK over hours, and 10 to
20 UK per day resolutions appear likely. Precision SC cut resonator should be
commercially available within 9 months.

Additionally, we have been studying the thermal transient process. From
measurements on AT and SC cut resonators, it appears that the aging which

leads to apparent frequency temperature drift can be greatly reduced by apply-
ing an exponentially decaying thermal sign wave to the final temperature. This

process anneals out the bonding stress, thereby reducing the hysteresis effect
observed in all resonators to date.

Aging rates in the frequency of the C mode of an SC cut resonator are

3For SC and AT cuts, see reference 1.
“Private communication from S. R. Stein, €. M. Manney, Jr,, and G. M.
Kielian, National Bureau of Standards, Boulder, Colo.

y
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dropped from approximately lO'lO/day (~10-" K/day) to approximately 10'11/
day (~10~° K/day) after a 2-hour annealing cycle. Normally, such an improve-
ment in the aging rate would require more than 40 days. The effect on the B
mode has not been measured vyet.

A new approach to reducing bonding and plating stress is shown in figure
6 (2-3). The oscillating quartz resonator is the center portion of part C,
shown in the cross section. The resonator is fixed at the ends between two
auxiliary plates, DL and D2. Dl and D2 carry the resonator electrodes, which
are separated by ~20 M from resonator C. This design greatly increases the
isolation between the resonator ¢ and the bonding points. This technique has
been applied to precision SC cut resonators, yielding frequency stablities of
order 1 x 10=°7, which should make thermal sensors with resolutions of 0.1 HK
at 100 s possible,

The application of such technology to the 1LC cut used in the present
commercial quartz thermometer (9) or the Y cut used by Smith and Spencer (15)
could yield a thermal sensor with resolution of order 0.1 MK, a linearity of
order 10 mK/100 K, and a daily stability of order 20 UK.

DISCUSSION OF MEASUREMENT TECHNIQUES

The traditional method of using a quartz crystal as a temperature sensor
is to make it the frequency-determining element in a oscillator (fig. 7). The
output frequency of the oscillator is then compared with a very stable refer-
ence, vyielding a difference frequency dependent on temperature. For the
resonator of reference 9, the frequency derivation is linear to approximately
* 0.01 pct over the range from 0° to 200° C. AT cut and C mode SC cut reso-
nators have a cubic frequency dependence on temperature which can be locally
linearized. To achieve enough resolution to detect 1 WK changes in tempera-
ture, it 1is necessary to detect frequency changes of order 10 to 100 HHz. To
resolve 100 pHz with a direct-counting scheme requires a counting time of
10" s, or 2.4 hours. The same resolution (100 MHz) can be obtained in 10 s
by deterodyning the temperature-controlled oscillator down to 1,000 Hz and
measuring its period with a resolution of 1 us, which is easily done using a
frequency synthesizer. Such a scheme gives a direct digital readout of temp-
erature which 1is easily processed.

The practical problem of such a circuit is that the electrical phas%
around the oscillating loop must be maintained extremely stable--of order 10—
radians——in order to achieve MK stabilities. This, in turn, requires that the
sensor cabie be held mechanically very stable and that its temperature be held
constant to ~1 K. It is very likely that much of the spurious temperature
fluctuations observed with quartz sensors have been due to phase changes along
the sensor cable because of mechanical and/or thermal disturbances.

Figure 8 shows the block diagram of a new technique for locking an oscil-
lator to a quartz crystal where the electrical phase length of the sensor

cable ig relatively unimportant (16). Phase modulation sidebands at ) are
impressed upon a carrier frequency originating from a frequency source. The

carrier frequency probes the quartz crystal resonance, while the modulation
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sidebands are reflected off a virtual short since they lie ocutside the crystal
resonance. Lf the frequency source is detuned from the resonance frequency of
the crystal, amplitude modulation at £; results. The phase of the amplitude
modulation relative to the impressed phase modulation depends on whether the
frequency source is higher or lower than the quartz crystal, thus enabling one
to electronically steer the frequency source to the center of the quartz cry-
stal resonance. The important new aspect here is that the phase of the carri-
er frequency, v,, 1is measured relative to that of the modulation sidebands

at voi 167 Hz, so that the phase change due to changes in electrical length of

the sensor cable is reduced by approximately 10° relative to the traditional
simple oscillator scheme described above. This technique has been used to
obtain a frequency stability of 7 x 107" using a 5-MHz SC cut crystal, which
is nearly five times better than that obtained previously {(16}. T1If the SC
crystal had been operated away from its turnover point, this would correspond
to a temperature resolution of approximately 0.07 uK.

Using this new technique, the author believes that temperature resolu=-
tions of much less that 1 pK, perhaps even as good as 0.1 UK, will be achieved
in the near future. It appears that this temperature resolution should be
obtainable from approximately 100 to 400 K and perhaps higher.

The above analysis and measurements have primarily addressed temperature
resolution without regard to absolute reproducibility. At the present level
of technology and understanding, it is likely that hysteresis effects follow-
ing large temperature excursions will remain at least an order of magnitude
above the best resolutions obtainable with the same devices. Therefore, it
seems appropriate to suggest that, whenever possible, calorimetry experiments
be designed to operate at constant temperature and constant heat loss, and
that one measure the heat input necessary to maintain constant temperature.
This would appear to have great advantages in terms of maintaining thermal
gradients constant in space and time, and minimizing thermal transients, both
of which make the measurement of temperatures to UK resolutions extremely
difficult.

CONCLUSTION

It has been shown that the present commercially available quartz crystal
thermometer 1is capable of achieving a temperature resolution in excess of 20
UK over many seconds, provided care is taken in heat sinking the sensor cable
and thermal cycling is avoided. Thermal cycling of the sensor by 100 K typi-
cally causes a spurious temperture reading of order 10 mK, which dies away in
several days. Temperature stability of presently available quartz thermome~
ters and also AT cut resomnators normally used for frequency control applica-
tion is typically dominated by residual mounting and/or plating stress which
changes under thermal shock. New quartz resonator crystallographic cuts and
new mounting techniques provide resonators that have thermal-shock-induced
transients of order 50 times smaller than traditional resonators. It has been
proposed to use these new quartz resonators, which were originally designed
for frequency control, as thermal sensors. Calculated resolution based on the
best achieved frequency stability at the temperature turnover point indicates
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an ultimate temperature resolution in excess of 0.1 MK if the same frequency
stability can be achieved away from the temperature turnover point.

The traditional oscillator scheme of using quartz crystal resonators as
thermal sensors was briefly described, and the most serious cause of spurious
temperature readings due to practical electronic problems was discussed. A new
technique with several orders of magnitude smaller spurious readings due to
electronic problems was described, and preliminary results were presented.

Finally, it is suggested that whenever possible, calorimetry experiments
should be designed to operate at nearly constant temperatures, thereby reduc-
ing temperature measurement problems due to thermal cycling, changing gradi-
ents, etc. Instead of measuring temperatures during a process, one measures
the amount of heat necessary to maintain constant temperature in the presence
of a known constant heat leak. Under such conditions it was predicted that
effective temperature resolutions of much better that 1 MK can be achieved in
the near future.
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PANEL DISCUSSION ON
TEMPERATURE MEASUREMENT AND CONTROL

E. F. Westrum, Jr.: How do the IPTS-68 and IPTS—48 compare with the thermo-
dynamic scale?

G. T. Furukawa: At the National Bureau of Standards, Dr. L. A. Guildner has
been conducting gas thermometry. His published results on the differences
beween IPTS-68 and the thermodynamic temperatures between 0° and 460° € and
the differences between IPTS-68 and IPTS-48 show that the IPTS-48 is closer
than the IPTS$-68 to the thermodynamic temperature in the range. The scales
are compared in my paper. Dr. Guilder now has measurements above the aluminum

point (660° C). The latter work has not been published,

E. F, Westrum, Jr.: Is the temperature scale better on the IPTS-68 than on
the IPTS-48 in the region from the normal boiling point of oxygen to the trip-
le point of water?

G. T. Furukawa: I am not aware of any gas thermometry work in the region 90-
273 K, published since the formulation of the IPTS-68. The IPTS-68 in the
region is based principally on the gas thermometry work at the National Physi-
cal Laboratory (United Kingdom, 1965) between 90 and 273 K and the National
Research Gouncil (Canada, 1968) between 70 and 373 K, which agree quite close-
ly. There is no correlation between IPTS-48 and IPTS-68 below 90 K because
the lower temperature limit of the IPTS~48 was 90 K. However, the Natiomal
Bureau of Standards had a provisional scale, referred to as NBS-1955, from
about 12 to 90 K. 1In the formulation of the IPTS-68, the NBS-1955 scale was
averaged with the other national temperature scales, and the average and the
NRC gas thermometry scale between 70 and 373 K were combined to generate the
IPTS-68 reference function, As mentioned earlier, the NRC and the NPL gas
thermometry scales in the region 90-273 K are in close agreement. The differ-
ences between the IPTS-68 and the NBS-1955 are tabulated in NBS Monograph 126
(1972) on platinum resistance thermometry.

E. F. Westrum, Jr.: I would like to ask Bill Mangum about rhodium-iron ther-
mometers., Are they available; can they be cycled, are they useful for calori-

metry; is the Bureau of Standards doing anything on this?

B. W. Mangum: The rhodium-iron thermometers were developed primarily as a
replacement for the germanium resistance thermometers and are available. They
were found to be exceedingly stable during a 2-year period of time that Rusby,
NPL, studied them. He found that the reproducibility over that time was some
0.3 mK, The thermometers were cycled from 20 K to room temperature and back.

NBS is looking at them now; they are being compared with germanium thermome-
ters and with some noise thermometers. There is a comparison going on right

now at NBS, and the results look very good., To describe the rhodium- iron
resistance-temperature behavior, polynomials of high degree must be used;
also, the resistors must be calibrated at very short intervals. But they
really are very good. The main disadvantage of rhodium-iron resistors, in my
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opinion, 1is that they are fairly large, maybe 4 cm long. They are not as
small as the germanium thermometers, but they are usable up to 300 K.

E. F. Westrum, Jr.: How about the thermal and electrical cycling of the ther-
mistors?

B. W, Mangum: I did not specify the currents or the voltages applied to them,
but current was not flowing through them continuously, so they were electri-
cally cycled. However, we were using maximum currents of only 10 microamps,
which cases very small heating. We saw no effects. If measurements were made
with 10 microamps and repeated several months later, at either 30° or 60° C;
for beads, I do not think any effect would be observed. There would probably
be an effect if you put high currents through them. It might cause an expan-
sion around the leads, so that the leads for the bead would in fact become
separated from the thermistor materials. That certainly would be true for the
disks. I guess I didn’'t answer Dr. Westrum's question concerning the thermal
cycling of a few specially treated thermistors {which had been kept at 300° C

for 6 months), which were used in the range from 0 to 100° C, i.e., they were

just normally cycled in use, show that over a 3-year period they drifted by no
more than 0.5 mK per year.

M. W. Chase: How do the temperature scales compare below 90 K?

G. T. Furukawa: There 1is no correlation between 48 and 68 scale below 50 K,
just 1n tabulation. TFirst of all, the IPTS 48 scale started from 90 K up.
The National Bureau of Standards had a provisional scale in the region of
about 12-90 K. There is no comparison between IPTS 48 and 68 in the region of
50 K. There is in our platinum resistance thermometry monograph 126 a tabula-
tion of difference between the NBS 55 and the IPTS 68.

E. F. Westrum, Jr.: Are there plans for an extension of IPTS scale? In other
words, is it planned to have an IPTS 78, or 88 in the future?

B. W. Mangum: The next version of the IPTS is scheduled for 1985 to 1987.
There will be a temperature symposium, the Sixth Temperature Symposium, to be
held in the spring of 1982 in Washington. That is really sort of a prelude to
getting the new scale in order.

L. D. Hansen: What are the advantages of quartz probe over a thermistor
probe?

F. L. Walls: The built-in resolution of quartz ec¢rystal thermometers is much
higher. If you look at the noise in thermistors, they bottom out at about 10
vk, whereas we have been able to look at the correlation between temperature
fluctuations and crystal resonator performance on the 1- to 2-l1k range which
would have been masked out by the thermistor noise.

B. W. Mangum: What is the cost of the electronic equipment needed for your
measurements?
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F. L. Walls: Perhaps on the order of $10,000. But the new SC cut resonators
are only available as a prototype from a university in France, Raymond Besson
is fabricating them, and I think we are the only group in the United States
that has ever looked at them. Hopefully, they will be available commercially
within 1 year, being manufactured by a company in Switzerland. It is really
speculation, but I assume that the resonators will be available, and then the
electronics, including the sophisticated counters, for less that $10,000,
perhaps even as low as $4,000.
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SECTION 2.- CALORIMETRIC TECHNIQUES

THERMODYNAMIC PROPERTY MEASUREMENTS MADE AT THE
BARTLESVILLE ENERGY TECHNOLOGY CENTER

by

Bruce E. Gammon! and William D. Good?

ABSTRACT

The Bartlesville Energy Technology Center maintains personnel and equip-
ment for determining and/or predicting thermodynamic properties of fossil-
fuel-related organic compounds. These measurements are made so that the prop-
erties may be specified over the range of temperature and pressure that may be
encountered in utilizing such materials,

Calorimetric techniques are described for (1) bomb calorimetry, (2) solu=-
tion calorimetry, (3) condensed-phase heat-capacity calorimetry, and (4)
vapor-flow calorimetry.  State~property measurements are described for (1)
vapor pressures, (2) the pressure, volume, temperature surface, (3) the
velocity of sound, temperature, pressure surface, and (4) gas solubilities at
high pressures. Techniques for spectroscopic measurements and for statistical
mechanical calculations are discussed, The relative region of the thermo-
dynamic surface probed by these methods is identified and discussed.

INTRODUCTION

For many vyears, the Bartlesville Energy Technology Center has maintained
laboratories devoted to the measurement of the thermodynamic properties of

substances associated with petroleum and other fossil fuels. Many of our
efforts are dedicated to systematic studies of pure '"key'" compounds within
significant organic chemical families to provide sufficient data for chemical

equilibria calculations through the well-known relationship

AG® = -RT 1n K, (1)

where K is the equilibrium constant. For these efforts, our concern has been
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to supply data for the left side of this equation. Of course, most applica-
tions require appropriate mixing data to relate the activities in K to desired
concentrations. Recently we added facilities to provide vitally needed data
on mixtures encountered in technologies under development for the extraction
and processing of fossil fuels.

For pure-compound studies, enthalpies of formation are derived from con-
densed-state combustion-calorimetry experiments for reactions such as

kC + (n/2)H, + mX > C H X , (2)
k'n m

where X is a heteroatom and the reactants and products are in their "standard
states." To determine the entropy and Gibbs energy change for such reactions
and to relate the results to other regions of the phase diagram, other proper-
ties are measured over the ranges shown on the simple phase diagram in figure
1.

Starting from the lower left corner of figure 1, adiabtic calorimeters
are used to measure the heat capacity of the stable crystalline form from
sufficiently near-—zero Kelvin, for use of Debye extrapolation, up through the
solid-solid transitions (not depicted in the figure), then up through the
triple point, and finally along the saturated liquid line to a point where the
vapor pressure may be as high as 2 atm or where the temperature reaches 150°
C. Enthalpies and temperatures of transition are also determined in this
process, These results are used to derive values of the conventional entropy,
Gibbs energy, and enthalpy relative to =zero Kelvin.

Two different 1laboratories provide information to relate the entropy,

etc,, of the condensed state at low pressures with that of the vapor, and
ultimately the ideal gas. We have equipment to measure vapor pressure from
0.0l mm of mercury to as high as 3 atm. It provides data to determine the

enthalpies and entropies of sublimation and vaporization via the Clapeyron
equation. In addition, a vapor-flow calorimeter is used to measure enthalpies
of vaporization and vapor heat capacities at pressures from about 1/8 to 2
atm.

The ultimately obtained values of the thermodynamic properties for the
ideal gas state are compared with statistical mechancially derived values
based on spectroscopic data. In some cases, the experimental data are used to
derive a correction function for statistical mechanical terms that are not
amenable to direct evaluation for large molecules. The products from this
procedure are functions for describing the thermodynamic properties of all
members in the compound families in the low-density-gas state from zero Kelvin
to experimentally inaccessible high temperatures where the molecule becomes
too unstable and/or too reactive for direct experimental measurements. Such
high temperatures are encountered in many reservoir and processing conditions,
and thermodynamic data are needed to estimate complex reaction equilibria.
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FIGURE 1. - Regions of application of experimental techniques in the (P,T) phase diagram. C.
and Po are heat capacity and pressure respectively at saturation, WPT is velocity
of sound at constant P and T, and T, and T_ are melting and critical temperatures
respectively.
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Most processes are operated at high pressure, and as an extension to the
measurements at lower pressures, we have two methods primarily designed to
study different features of the properties in compressed fluids, namely PVT
and velocity of sound (WPT) measurements to pressures as high as 400 bars.
These are shown in the upper right region of figure 1. Both techinques have
been applied to low-molecular-weight substances. The critical points of high-
molecular-weight substances are at temperatures too high for pure compound
studies; however, studies on low-molecular-weight compounds serve to supply
information on the compressed states of other substances through various
statistical mechanical and empirical theories for fluids.

Figure 1 does not indicate our studies in mixtures, but some of the
methods mentioned above have been or can be used for mixtures. In addition,
we have recently developed equipment for determining the solubilities of gases
in compressed fluids and the associated vapor and liquid compositions. We
also have equipment devoted to the calorimetry and densimetry of solutions, as
well as the calorimetry of absorption by solids from solutions.

Qur present studies are devoted to determining (1) the properties of
polycyclic ring compounds of hydrocarbons and similar compounds containing N,
0, and 8; (2) the properties of compounds with high heats of combustion per
unit volume; (3) the properties of materials from coal conversion process
streams; and (4) the thermodynamics of micellar solutions and fluid-solid
interaction in tertiary oil recovery systems.

In the past, systematic studies have been made on hydrocarbons with as
many as 20 carbon atoms. The families include alkanes and alkemes and their
adducts to simple ring systems. Additionally, systematic studies have been
made on compounds similar in structure to the hydrocarbons, but that contain
either nitrogen or sulfur as heteroatoms. Other studies include those on
organic fluorine compounds and on the organic derivatives of the lighter
elements (B, Al, Si, Cl). Some limited studies were performed on the organic
derivatives of lead and manganese. Finally, systematic studies have been made
on the state properties of low-molecular-weight compressed fluids.

In the discussion that follows, our methods for the various measurements
are briefly described.

COMBUSTION CALORIMETRY

The basic method consists of determining the energy released from a
reaction such as

CulipSp* (n + m/2 + 2p)0p + nCO2 + m/2 H20 4 pH2SOy. (3)

The energy released by the process is deduced from the temperature rise pro-
duced by the reaction when it is carried out in a calorimetric vessel with a
known heat capacity and measured extraneous sources_of energy. The instrument
used in this work has been described (l&,_gg,_gg).s It contains a combustion

3Underlined numbers in parentheses refer to items in the 1list of references
at the end of this paper.

A
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vessel which may be rotated end over end and about its cylindrical axis to
insure that all of the internal parts of the bomb are bathed in a solution
selected to produce a well-defined final state of reaction products. The
rotation feature is particulary important for substances that burn to form
acids, solids, and species of mixed oxidation states.

Until recently, the temperature rise of the calorimetric vessel was
determined with a platinum resistance thermometer and an associated Mueller G-
2 bridge, which employed a telescopically observed, mirrored galvanometer.
Presently, the temperature rise of the system is automatically and equally as
well determined with a quartz thermometer, which uses a desktop computer-
controlled electronic counter with a high-stability (<5 x 10-0 per day) time
base. The quartz thermometer inherently gives an integrated average of the
temperature as a function of time, and by using averages of the temperature
from 100-s intervals, corrections for heat leak and mechanically generated
energy are made easily.

Simply implemented but clever sample partitioning and sealing schemes
have been essential in the successful use of the rotating-bomb calorimeter for
a variety of compounds. Techniques developed and often used employ sealed
polyester bags (14) and sealed ampoules of borosilicate plass, soft glass, and
quartz (17, 20-21). Characterization of the sample and its products is essen-
tial; carbon dioxide is quantitatively recovered from each experiment to check
and sometimes supplant determinations of the mass of sample used in the ex-
periments. A sampling of the chemical schemes devised for burning organic
compounds containing heteroatoms can be seen in the following: For sulfur
compounds, nitrogen was introducted in the bomb (17) to promote the oxidation
of sulfur to the hexavalent state. Good and Mansson (18) burned organoboron
compounds by mixing them with a fluorine-containing combustion promoter and by
including hydrofluoric acid in the bomb solution se that a well-defined aque=-

ous solution was obtained containing hydrofluoric and fluoroboric acid. A
similar technique was used for organosilicon compounds and elemental silicon
by Good and coworkers (16). Other notable examples include the burning of

lead tetramethyl (19) and manganese decacarbonyl (15) in the presence of
nitric acid solution to give final solutions containing metal nitrates,

CONDENSED-PHASE HEAT CAPACITIES

For application of our results to chemical thermodynamics, we obtain
conventional entropies of pure substances with adiabatic calorimeters. Mea-
sured values of the heat capacities and enthalpies of tramsition, AH;, are
used to obtain the conventional entropies,

T
S = é CP/T ar + (8H /T;) + . . . ., (4)

where the T;'s are for the various condensed-phase transitions of the sub-
stance under study. FEnthalpies and Gibbs energies relative to zero Kelvin are
also derived. Sample purities are determined in studies on the melting tran-
sitiom.
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The essential features of the adiabatic calorimetric equipment for heat
capacity studies from near zero to 423 K have been described (24, 32). 1In the
capacity studies from near zero to 423 K have been described (EE,ZEZ). In the
present configuration, calorimeters are used in any one of four different
cryostats, which provide the requisite refrigeration, vacuum insulation, radi-
ation shields, and adiabatic shields for the calorimeter and its associated

electrical leads. Three-action electronic temperature controllers for the
adiabatic shields and equipment for temperature and energy measurements are
provided from two essentially identical stations. The temperature in each

calorimeter is measured with a platinum resistance thermometer which is mount-
ed in a reentrant well within the calorimeter. Measured values of the energy
are supplied to the calorimeter and sample through a resistance heater which
is bifilarly wound on the same mica cross as the platinum coils in the resis-
tance thermometer. For the thermometry and energy measurements, the necessary
currents and potentials are measured using standard direct-current potentio-
metric methods, which employ suitable NBS-calibrated standard resistors and
emf cells.

We are currently developing a microcomputer-controlled system that is
expected to require very little human Iintervention for the calorimetric meas-—
urements. It will employ a high-resolution, AC-resistance bridge for tempera-
ture measurements and computer—controlled sources for current, timing, resis-
tances, and potential in the energy measurements. Sufficient internal and
random access computer memory will be available for making the necessary cor-
rections to the results and for making decisioms such as the rate and duration
of heating required for the system, when the system is sufficiently near equi-
librium, etec.

In conjunction with the adiabatic calorimeters, we also use a differen-
tial scanning calorimeter (Perkin-FElmer DSC )" for preliminary studies in
pure compounds, and for determining heat capacities and heats of transition
with moderate accuracy. This instrument has been used to study many chars and
coal-derived fluid distillates. We expect to exploit this versatile instru-
ment for many other applications in the future.

VAPOR PRESSURE

Two different sets of equipment are used for the precise determination of

vapor pressures below 3 bars. One uses ebulliometers (27, éé,.§§) to reflux
the substance under study and a standard of known vapor pressure under a com-
mon helium atmosphere. The boiling temperatures of the two substances are

determined, and the vapor pressure is derived from the vapor pressure of the
standard, water, or benzene. The ebulliometers have provisions for determin-
ing the difference in the beiling and condensation temperature; this provides
a useful test of the purity of substance. This method 1is used at pressures
from 70 to 2,026 mm Hg and at temperatures from 15 to 200° C. The other

*Reference to specific manfacturers, brands of equipment, or trade names 1is

made for identification only and does not imply endorsement by the U.S.
Department of Energy.
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is a novel development of a piston-pressure gage (7, 9, 28). One end of a
piston cylinder assembly is evacuated, and the other is exposed to the
pressure produced by the sample. Varied pressures are determined from the
angle at which the piston of known mass and cross section must be tilted
relative to the horizontal to obtain a balance of force against that produced
by the pressure. This system is used to measure vapor pressures from 0.0l to
40 mm Hg and at temperatures from -60° to 200° C. 1In both systems, the sample
temperatures are measured with platinum resistance thermometers.

The vapor pressure data are used to obtain values of the enthalpies of
vaporization from the Clapeyron equation. In such evaluations, the data are
represented by a suitable vapor—pressure equation derived with least-squares
procedures that employ weighting functions consistent with the experimental
errors 1in the data.

VAPOR-FLOW CALORIMETRY

The equipment used for these measurements is commonly refered to as a
nonadiabatic flow calorimeter and has been well described (25, 37, 39). It
has been used to determine heats of vaporization at temperatures from 15° to
165° C and at pressures from 1/8 to 2 bars. In such measurements, a suitable
amount of vapor is collected over a measured period of time from a well- insu-
lated boiler supplied with accurately determined electrical power. During
this process, the pressure and temperature in the boiler are held constant at
set and determined values, and the liquid 1level is maintained constant by
addition from an auxiliary container of fluid maintained at the same tempera-
ture as the boiler,

Vapor-heat-capacity measurements have been made in the apparatus at tem-
perature from 25° to 250° C. For these measurements, power is supplid to the
boiler to produce desired vapor-flow rates to a second secton of the appara-
tus, where the temperature rise is determined across a second resistance
heater energized at a measured constant power in the flowing gas stream; the
input temperature of the flowing stream to the second heater is regulated, and
resistance thermomoeters mounted in the gas stream are used to measure the
temperature rise produced across the heater, After small corrections for
minor effects, these results are used to extrapolate the observed heat capa-
city to infinite flow rate and thus to eliminate effects from heat leaks. The
methods used in the electrical measurements are similar to those used in the
condensed-phase heat capacity work.

The measurements provide heats of vaporization at varied temperatures
corresponding to vapor pressures from 1/8 to 2 bars and values of C_, along
isotherms at pressures corresponding to the vaporization pressures. From
these results, the heat capacities at zero pressure are determined, and second
virial coefficients B are derived for the equation of state,

PV = RT(1 + B/V), (5)

with the Clapeyron equation and from
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Lim(dC_/3P) = ~T(d2B/dT?). (6)
pro P

Both of these derived properties, C) and B, serve as important tests and
sources of adjustment for statisticaf mechanical calculations involving both
the intramolecular and the intermolecular potential functions.

MOLECULAR SPECTROSCOPY AND STATISTICAL
THERMODYNAMIC CALCULATION

The results from this laboratory provide important extrapolations of the
thermodynamic properties to high temperatures, Also, procedures have been
developed in this laboratory for correlating the significant intramolecular
force constants and structure of molecules; these correlations are used in
predicting the thermodynamic properties of substances for which measurements
were not made (34).

Two different spectrometers are used in this lagboratory. A far~-infrared
spectrometer with a gas cell and a laser Raman spectrometer are used primarily
to determine the fundamental wave numbers in the vapor phase. The use of
vapor spectra for the thermally significant low wave numbers is essential id
the statistical mechanical calculation for the ideal gas state.

For the interpretation of the spectra and statistical mechanical calcula-
tions, well-established, but very detailed and complex, procedures are used in
deriving the suitable information for the partition function. Basically,
calculations are made assuming the molecules behave as rigid rotators, with
harmonic oscillators for the internal modes of vibration. The subsequently
derived values of the heat capacity, enthalpy, entropy, and Gibbs energy in
the ideal gas state may not agree with the experimental thermodynamic data,
and the differences are used as a basis for adjusting barrier heights to in-
ternal rotation and to establish empirical functions for contributions from
anharmonicity, vibrational-rotational interaction, and centrifugal distortion.

The final functions produced from this process usually include values of
the Gibbs energy function, (G°-HJ)/T; the enthalpy function, (H-HJ)/T;
the enthalpy, H°-H3; the entropy, S°; the heat capacity, CB; the
standard enthalpy of formation, AH}; the standard Gibbs energy of forma-
tion, AGf; and the logarithm of the equilibrium constant of formation,
logip Kg. These are for the ideal gas at 1 atm and are tabulated to at
least 1,000 K. ©Extensive tabulations of these data from this laboratory may
be found in a series of publications by Scott and coworkers (10, 33, 35).

PVT

For PVI measurements, the experimental method (1, 6, 8) is very accurate
and simple to use and is faster than most PVT methods. It employs mercury in
contact with the sample, which requires a minor correction that may appear
objectionable; the use of mercury does not cause significant uncertainties,
however. The equipment is designed to operate at temperatures from =35° to
350° C and at pressures from 3 to 400 bars. For the density determinations, a
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calibrated screw injector is used to force mercury into a pressure vessel
which contains a weighed amount of sample in an interior cell. The interior
cell is completely immersed in mercury and has an opening on its lower end so
that the sample container is subjected only to simple compression, and not to
distortion from pressure imbalance. The pressure of the mercury is transmit-
ted to a piston pressure gage through a high-pressure manometer, and the sam-
ple temperature is measured with a platinum-resistance thermometer.

The results are presented as values of pressure, density (p), and temper-
ature and are used to graphically derive virial coefficients and the (P, p, T)
locus of the vapor-liquid saturation line. Numerical procedures (22) are used
to derive the functions (H-H°), (G-G°), and (S-S°) where the superscript zero
indicated ideal gas values at 1 atm.

The measured surface, along with the graphically derived virial coeffi-
cients and the thermodynamic functions derived from numerical integration,
provides important test data for statistical mechanical functions and for
equations of state devised to fit state property data of fluids,

VELOCITY-OF-SOUND (WPT) MEASUREMENTS

The velocity of sound equipment (12-~13) is designed to operate with
fluids at temperature from -175° to 300° C and at pressures from subatmospher-
ic to 400 bars. This equipment can be operated at much lower temperatures
than that for the PVT work. As a complement to recent PVT work done at
Bartlesville (5), it was used to extent the state properties in ethylene down
to the triple point.

The instrument used for this work 1s a double-crystal interferometer,
which may be operated at any of the odd harmonics of the 500-kHz quartz cry-
stals. The sound wavelength and thus the velocity are determined from lengths
of a fluid column in acoustic resonance between the two crystals. The pres-
sure and temperature are measured with a piston gage and a platinum resistance
thermometer, respectively. Provisions are also made for determining the den-
sity of the fluid with limited accuracy; these density values facilitate cor-
rections and provide an essential measure of the state of the fluid in regiomns
where the pressure is a slowly varying function of density.

Some elaboration on the use of velocity of sound for state property mea-
surements is made here because the method is not widely used, and its unique
features and limitations are not generally recognized. The velocity of sound,
W, may be related to other state properties through either of the following
equations:

Wi = (3p/3p)p + (T/C,) [(1/0)(3p/3T) )7 (7

W2y = (3G/3P) 2(3%/912) 8
(3%2¢/8T%)(9%¢/0P?) — (Td%G/0pAT)? ®)
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where M and G are molar values of the mass and Gibbs energy, and the deriva-
tives 1in the second equation are taken along isotherms and isobars, A
comparison of the second equation with those for other commonly measured
thermodynamic functions (S, H, E, p, P, and T) reveals that the velocity of
sound is unique in giving measures of second derivatives of G with respect to

P and T. In these comparisons, one must recognize that experimental heat
capacities are determined by numerical differentiations. The dependence of
the velocity of sound on the second derivatives of G provides a stringent
constraint to derived equations of state. Results for helium (11) were used

to show that WPT data alone could be used to derive an equation of state,
which accurately reproduces PVI data both within and, to a surprising extent,
outside the range of the WPT measurements.

To insure that equilibrium values of the velocity of sound are obtained,
measurements must be made as a function of frequency to correct for nonadiaba-
tic effects., 1In fluids, the most troublesome of these is the frequency depen-
dence of the heat capacity, which requires determination of temperature and
density-dependent relaxation times and of the contributions to C; from the
vibrational modes of the molecules that fail to reach equilibrium during
acoustic compression and rarefication cycles. An example can be found in the
work on methane (13).

COMPRESSED GAS SOLUBILITY

The equipment for this work was designed to determine the solubilities of
hydrogen in coal-derived fluids. Tt is installed in a special hazardous
material laboratory to meet current safety standards. The design is similar
to that of Prather and coworkers (31). The liquid under study is held in a
stirred autoclave at temperatures as high as 425° C. The sample is subjected
to measured pressures of hydrogen of up to 4,000 psi, and after suitable time
for equilibration, vapor and liquid samples are withdrawn into small sampling

vessels. The mass, the low pressure volumes of the gas, and the composition
of the samples are determined to obtain solubilities and vapor-liquid composi-
tions, The composition of the samples is determined with gas-liquid chroma-

tography and mass spectral analysis by a separate laboratory dedicated to the
analysis of fossil-fuel-related materials.

Recent work with this system includes studies with tetralin, a Cfour-
component recycle solvent, and coal 1liquids derived from the SRC process.

SOLUTION AND ADSORPTION CALORIMETRY
AND DENSIMETRY OF SOLUTIONS

The measurements in this laboratory are devoted to the study of surfact-
ant and cosurfactant systems in brines. These studies are made to provide

fundamental knowledge of these systems for tertiary oil recovery. The equip-
ment used in these measurements 1is commercially avalable, though with some

modifications, and it 1is operated at 15° to 75° C at ambient pressure.

Enthalpies of dilution are made in a modified LKB microcalorimeter. It
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is a heat-conduction-type flow calorimeter (26) with a power resolution of 0.2
Pw. This instrument has been used to study the heats of dilution of surfacant
systems to gain understanding of the effects of temperature, cosurfactants,
and salts on the formation of micelles (gjﬁ).

The flow system and a second LKB microcalorimeter operated in the batch
mode have been used to study the enthalpies of adsorption and desorption of
surfactants on solid substrates to gain an understanding of their interaction
with reservoir surfaces. Several properties are of interest in these studies:
enthalpy of adsorption, the amount adsorbed, the surface area of the solid,
the reversibility of the adsorption, and the kinetics of the adsorption pro-
cesses.

A third set of commercial equipment (SODEV) was recently obtained for
determining the densities and the heat capacities of solutions. The densities
are determined by a vibrating-tube method (30), and the relative heat capaci-
ties are determined by a microcalorimetric flow method (29). The heat capaci-
ties are to be used in extrapolating enthalpy data and in deducing micelle
structures from the temperature variations. The density information is to be
used in obtaining the partial molar volumes for determining changes in struc-
ture that occur in transitions of the surfactants from monomers to micelles.
The effects of salts and cosurfactants are of particluar interest.

The calorimetric equipment in this laboratory produces a voltage versus
time for the inference of the desired thermodynamic properties. The results
are often displayed on integrating strip-chart recorders for interpretation,
but efforts are underway to collect and reduce this information into a desktop

computer, which employs a digital voltmeter on the voltage output of the cal-
orimeters.

SUMMARY AND FUTURE EFFORTS

The framework of this presentation was chosen to present methods for
providing measured and predicted chemical thermodynamic information on organic
compounds. Our results are referred to in the ideal gas state where, for
correlation purposes, the intermolecular effects are eliminated; however, this
is not the only focus of our work. The different research methods are used to
address questions important for general understanding of the properties under
study. The bomb calorimetry studies are principally concerned with under-
standing the changes in chemical-bound energies that arise from variations in
the molecular structure; conjugated systems, strained structures, and struc-
tures with strong steric interactions are of particular importance. The sig-
nificant structural features from these studies may not always coincide with
those that would be chosen for our other studies. In studies of some phase
transitions of solids and in spectroscopic studies, the internal degrees of
freedom, with barriers comparable to the thermal energies, are the features
that require significant effort for their understanding. In studies of lat-
tice effects in solids and of state properties in fluids, the internal struc-
tural features become less important, and the gross features of intermolecular
potentials and of molecular shape become important,
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It is evident in the foregoing presentation that our efforts on mixtures
have been limited. This has been from a lack of resources for such studies
and not from a lack of interest in their needs. In addition to our current
mixture work, we are considering additional PVT studies in mixtures to answer
fundamental questions about the phase behavior of fluids near the vapor-Iliquid
phase boundary.

Our current equipment and procedures are suitable for many compounds that
are candidates for study; however, we are currently making or planning im-
provements to our instruments to facilitate additional studies. Improved
methods are needed for obtaining vapor spectra and enthalpies of sublimation
and/or vaporization on high-molecular-weight compounds. Efforts are being
made to extend the high-temperature range of the present vapor-pressure equip-—
ment, Methods for lower pressure measurements are being considered. New
systems are being devised to obtain spectra on heated vapors to obtain suffi-
cient vapor densities for the currently used spectrometers,

Efforts are being made to develop accurate methods that require smaller

samples and thereby reduce the demands required for synthesis and purification
of compounds,

Finally, in many of our measurements, we are developing equipment for
automatic and more rapid methods of acquiring the data. The availablility of
inexpensive microcomputers and of plug-to-plug compatible research-grade mea-
suring instruments employing IEEE 488 interfacing has greatly facilitated
developing these systems.
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RECENT DEVELOPMENTS IN CALORIMETRIC INSTRUMENTATION:
APPLICATION TO PROBLEMS OF ENERGY STORAGE AND RECOVERY

by

L. D. Hansenl, J. J. Christensenl, D. J. Eatoughl, and R. M. Izatt!

ABSTRACT

Four major developments in calorimetric instrumentation have been made at
the Thermochemical Institute at BYU during the last few years: (1) micro (<5-
ml) reaction vessels and improved controllers have been developed for the
isothermal calorimeter, (2) micro (<3-ml) reaction vessels and methods for
heat loss correction for such vessels have been developed for the isoperibol
titration calorimeter, (3) a controlled-plate design and a high-pressure flow
cell have been developed for the isothermal calorimeter, and (4) a heat con-
duction calorimeter with a peak —~to-peak noise level of 0.1 uw has been devel-
oped. All of these instruments are commercially available.

Each of these instruments has found recent application to problems of
storage or recovery of energy. The isothermal solution calorimeters are being
used for the study of heats of wetting of rock surfaces with crude oils and
surfactant solutions. The micro isoperibol calorimeter is being used as an
analytical tool in environmental studies on sulfur and nitrogen compounds.
The high-pressure flow calorimeter is being used to measure heats of mixing of
both volatile and viscous fluids, and the data so obtained are being used to
develop better methods for predicting vapor-liquid equilibria. The heat con-
duction and controlled-plate calorimeters are being used to study mechanisms
of energy loss and corrosion in Dbatteries.

INTRODUCTION

Calorimetric methods have come of age during the past decade. Prior to
this decade a calorimetric experiment usually began with the design and con-
struction of the calorimeter. Today there is a wide range of commercially
available calorimetric equipment which can be readily adapted to the needs of
most investigators. Most of the recent developments in calorimetric instru-
mentation that have been made at the Thermochemical Institute at Brigham Young
University have in fact been modifications or improvements of existing commer-
cial designs (2-4, 12-13), While this does not mean that the modificationms
required a minor effort, much less effort was required than would have been

1Brigham Young University, Provo, Utah.
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required to begin without the commercially available equipment as a starting
point.

The object of this paper will be to present a series of problems in the
area of energy storage or retrieval and then to demonstrate how we have appli-
ed calorimetric methods to find solutions to these problems. Since a modifi-
cation of an existing commercially available calorimeter was required for most
of the studies, the description of the modifications and the reasons for our
specific choice of a calorimetric technique will be discussed as part of the
solution to each problem presented.

TERTIARY OIL RECOVERY

Any approach to the problem of tertiary oil recovery must involve an
understanding of the surface interactions among the rock in the oil-bearing
formation, the crude c¢il, and the solution which is being used to remove the
oil, ' Titration calorimetry has been shown to be a rapid way to study the
adsorption of organic compounds on solids (8). Adsorption isotherms and heats
of adsorbtion are quickly and easily determined with good accuracy by this
method.

Continuous titrations in an isoperibol titration calorimeter of suspen-
sions of crushed rock with surfactant solutions in oil or water quickly showed
that some of the reactions required several minutes to reach thermal equili-
brium., Because of the time required for the system to reach equilibrium (5-15
min) between additions of titrant, the isoperibol calorimeter was not suitable
for this work., Because of the vigorous stirring required to maintain the rock
in suspension, the available heat conduction calorimeters were also not suita-
ble. We therefore chose to continue the work using the isothermal solution
calorimeter {2) in a discontinuous titration mode, Two features made the
Tronac isothermal calorimeter ideally suited to this work. First, the long-
term flat baseline makes it possible to study slow reactions, and, second, the

vigorously stirred reaction vessel makes the study of suspensions of solids in
liquids possible.

The use of surfactant-cosurfactant systems for tertiary recovery of oil
from fields has been proposed and is currently being evaluated by many labora-
tories and firms. The interaction between such surfactant systems and field
rocks and/or dissolved minerals is not yet well understood. Using igothermal
titration calorimetry we investigated the interaction of ca?+ and Mg2+ with a
long-chain sulfonate surfactant, S, and the binding of the surfactant to
field core samples (sandstone and carbonate) in the presence and absence of
Ca?* and Mg?* at 25° C. The results indicate that the Ca®*-S~ system forms a
bridge complex binding the sulfonate to the carbonate core.

Micellization of the surfactant system was studied by dilution of 0.08 M
and 0.02 M solutions of the surfactant into water using a previously described

techniqué-(l). The cmc was found to be 0.32 £ 0.09 wM, and the heat of micel~
lization was calculated to be 0.30 * 0.15 kcal/mole., Dilution of the micelles

to a concentration below the cmc results in a heat of -0.05 * 0.09 kcal/mole

4
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for the 0.08 M solution. Interaction of ca?* and Mg2+ with the surfacant was
studied by titration of 0.08 M surfactant solution into either MgCl, or CaCl,
solutions. The concentrations of the salts ranged from 0.3 wM to 3.0 mM. No
precipitates were formed in any of these titrations., The AH values for the
overall reactions

M¥* + 287 = Ms, (1)
were 0.20 and -0.10 kcal/mole for Ca2* and Mg“*, respectively.

Adsorption of the surfactant and the metal ions into core rock samples
could be conveniently studied by titration of solutions of the salts or the
surfactant{(0.08 M) into a suspension of 2 g of finely crushed ore in 50 ml of
water. Sharp end points were seen, corresponding to quantitative interaction
with adsorption sites on the core sample. Results are summarized in table 1.
The adsorption is endothermic in all cases. Two apparent adsorption sites
were seen for the interaction of the surfactant with the carbonate core
sample, as summarized in table 1 and illustrated in figure 1.

TABLE 1. - Calorimetric results for adsorption of
salts or surfactant in water by core samples at 25 C

Observed end

Adsorbant Core sample point, mmole/g AH, kcal/mole adsorbant
Sur factant Carbonate 5.9 ¥ 0.5 0.9 = 0.1
12.8 £ .9 2.3 * .3
Sandstone 12.1 £ 1.8 1.2 £ .8
Ceramic too weak to measure
CaCl, Carbonate 22.8 £ 0.7 .21 * .05
Sandstone 20.4 £ 2.0 A6 12
Ceramic 21, * 3, .21 £ .05
Surfactant Carbonate + 7.2 1.0 -.76 £ .18
3 mM CaCl,, —- .30 * .16
Sandstone + —_— .20 £ .05
3 my_ CaC12.
Carbonate + —_— .53 .4
3 mM MgCl,.
Sandstone + - .3 0+ .2

3 mM MgCl,.
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Finally runs were made to investigate complexes that might form in a
system containing surfactant, salt, and core sample by titration of the sur-
factant (0.08 M) into a suspension of the core sample in MgCl2 or CaCl2 solu-
tion, (table I). 1If interaction of the surfactant with the core samples is
independent of the salt, an initial heat of about 1 kcal/mole should be seen,
and an endpoint should be evident similar to that observed in the system with
nc added salt. If the surfactant binds to the core by displacing ca?* or
Mg2+, or if the surfactant binds the metal ion but not the core, a smaller
endothermic heat would be expected., The exothermic heat observed for initial
binding of the surfactant to carbenate core in the presence of ca’+ (figure 1)
indicates that none of these mechanisms predominate and suggests a complex is
formed that is not present in any of the two-component systems. We postulate
this involves the formation of a

- 2+ Carbonate

5 ve Ca '** core

bridged complex, with the CaCly, carbonate core system only.

The study illustrates how the details of surface chemistry in such sys-
tems may be probed using titration calorimetry. We have also shown that
hydration effects involved in the formation of oil-external or water-external
micelle systems with sulfonate surfactants and alcohol cosurfactants may be
studied using calorimetry (5).

DETERMINING CHEMICAL SPECIES 1IN AIRBORNE PARTICULATE MATTER

While extensive determinations of the eclemental composition of airborne
particulate matter have been made and can now be done routinely with automated
equipment, little information 1is available concerning the exact chemical
species and compounds present. This is especially true of the minor inorganic
components. Interestingly enough, it is these same minor components that
cause concern when released to the atmosphere. Specific information on the
compounds present 1is extremely important in understanding the environmental
impact of fossil fuel combustion because the behavior of an element in the
environment can differ markedly with oxidation state and with the other
species with which it is combined. Specifically we have been interested in
identifying acids, bases, and the S, N, and As species present in airborne
particulate matter produced by the smelting of metals and the combustion of
fossil fuels.

The Tronac model 450 micro isoperibol titration calorimeter (12-13) has
proven to be an extremely useful tool for these studies. A titration with
K2Cr207 solution followed by an injection of BaClo solution and then by an
injection of sulfamic acid solution suffices for the determination of S(IV),
other reducing agents, sulfate, and nitrite (14-15). Figure 2 shows schema-
tically the data collected. All of the acid-base active species present in a
water extract of the particulate matter can often be determined in a separate
experiment using the same model of calorimeter with the addition of a set of
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FIGURE 2. - Calorimetric titration curve for determination of S(1V), sulfate, and nitrite.

micro pH electrodes to the reaction vessel (6). The titrants in this case are
HC10, and NaOH solutions. Figure 3 shows the data collected on a sample of
airborne particulate matter collected in New York City.

The advantage of the titration calorimetry approach are (1) freedom from
interferences, (2) rapidity, (3) ability to handle submilligram samples, and
(4) the equipment is portable and relatively inexpensive. Because the thermo-
gram produced by titration calorimetry provides data on both the amount (end
points) and the identity (AH) of the substance undergoing reactiomn, it 1is
essentially free from interferences. The direct injection enthalpimetric
determinations of sulfate and nitrite are interference-free because of the
specificity of the reagents used. Since a titration and an injection can be
run in about 20 minutes, the method 1is fast enough for routine work. The
detection limit of the method depends mainly on the AH value for the analyti-
cal reaction. Typically it ranges from about 30 nanomoles (AH~40 kj/mole) to
about 3 nanomoles (AH~400 kj/mole) in 2 ml of solution. Development of a
micro isoperibol titration calorimeter has made this analytical application of
calorimetry possible.
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PREDICTION OF VAPOR-LIQUID EQUILIBRIA FOR NONIDEAL,
MULTICOMPONENT MIXTURES

Designers of separation equipment for the chemical process and petroleum
industries need accurate vapor-liquid equilibrium (VLE) data, often at a vari-
ety of conditions. Although large amounts of such data are available in the
literature, one frequently finds that data are not available for the substan-
ces to be separated or for the conditions at which a design must be made. 1In
such a situation the designer must either make new measurements of VLE data at
appropriate conditions or estimate the required data by means of some data
correlation or model., Because of the difficulties associated with obtaining
good VLE data experimentally, especially at extreme conditions, the designer
often turns to estimation methods to get his data.

The use of semitheoretical models to fit existing VLE data and to extra-

polate to other conditions is common (16). Models of this type generally
involve one or more adjustable parameters, the values of which must be
determined by curve-fitting experimental data. The usual method for doing

this is to curve-fit either the activity coefficients or the gE data derived
from the VLE data (1). However, reliable VLE data are relatively scarce for
temperatures above 100° C and almost nonexistent above 200° C.

An alternative approach to the problem of estimating VLE data has been
developed by Hanks and coworkers (9). 1In this method a model for the excess
Gibbs energy, gE, is first assumed. ‘Then an algebraic expression for the
hE, the heat of mixing, is derived by use of the Gibbs-Helmholtz relation:

hE = TZ 3(gE/T) (2)
aT P,x

The parameters of the assumed free—energy model are then determined by fitting
the algebraic expression for hE to a set of experimental hE data. These

parameters are then used in the gE model to calculate activity coefficients
and thence VLE data.

This method has been shown to be valid for isothermal binary systems,
isobaric binary systems, and isothermal-isobaric ternary systems (9, 17-18).
It has also been used to predict high-temperature VLE data from low- to
medium- temperature hE data (10). A variety of types of mixtures have been
treated including those involving aromatic hydrocarbons, aliphatic

hydrocarbons, and alcohols (9-10, 17-18).

This technique represents a rather significant simplification of the VLE

data prediction process because accurate hE data may be readily obtained at
moderate temperatures and because experimental hE data are not required over

the entire temperature range. Also in many instances the hE data are more
easily obtained than the gE data.

In figure 4 this method is illustratd for the cyclohexane(l)-n-heptane-
(2) system at 25° C, The model assumed for gE in this case is embodied in




60 I | I
o
50 _
3 40 i
£
= 30f -
Y
3 20 -
m "N
< 101 ~
| 1 | |
0 X
1.0 | —1— .
O Experimental
0.8k — Calculated |
0.6 -
Y1
0.4~ -
0.2~ ~

0 | | | ]
o 0.2 04 0.6 08 1.0
X1
FIGURE 4. - Comparison of calculated and experimental data for cyclohexane(1)-n-

heptane(2) system at 25° C, Curves calculated from the NRTL model,
Yy is the mole fraction of (1) in the vapor, and X, in the liquid.

89



90

the Renon and Prausnitz Nonrandom Two Liquid (NRTL) equation, which has three
adjustable parameters. In the upper graph the selid curve is curve-fitted to

the hE data to determine the three adjustable parameters. These parameters
are then used in the activity coefficient equations to compute the binary VLE

data as shown in the lower graph. Another example of the method is shown in
figure 5 for the system toluene(l)-butanol(2) at 25° C. In this case the
Continuous Linear Association Model (CLAM) equation is used.

There are numercus models for gE in the literature, many of which provide
excellent curve-fits of experimental VLE data. However, in using the h”-VLE
prediction method described above, the application of the Gibbs-Helmholtz
relation imposes a rather severe constraint upon these g models since they

must also fit the h™ data. Some models can meet this additional constraint
only over limited ranges of their parameters, while some cannot meet it at
all. Our results for over 30 hydrocarbon-hydrocarbon binary systems indicate

that either the NRTL equation or the LEMF equation {(NRTL equation modified by
Marina and Tassios) gives VLE predictions from heats of mixing of better that
5 pct. For over 35 hydrocarbon-alcohol systems the CLAM equation was found to
give VLE data better tham 5 pct.

These results reveal the price one must pay to gain the simplicity of the
hE-VLE prediction method. It is that one must first choose a model which is

capable of simultaneous gE and hE data representationm. This in turn
raises the question of how to select such a model. This question is not easy
to answer. At present, work is in progress in our laboratories to find a

suitable hE—gE model which will work for alcohol-alcohol mixtures and
other systems with various types of complex physical and chemical interac-
tions. We are also using the same approach to pursue the problem of predict-
ing liquid-liquid equilibrium in multicomponent mixtures. In order to do
this, hE data on many different systems under a variety of conditions of P
and T must be collected.

By modifying the reaction vessel of the Tronac model 550 isothermal calo-
rimeter, we were able to construct a calorimeter to meet our needs. Substitu-
ting a coil of stainless steel tubing for the reaction chamber and coupling
this coil to two high-pressure pumps with programmable delivery capability
resulted in an isothermal high-pressure flow calorimeter (3). The unit re-
tains all of the desirable operating characteristics and advantages of previ-
ous isothermal instruments (2, 4) while offering the additional advantage of
operating as a flow instrument at pressures up to 400 atm with programmable
solvent delivery rates, For example, binary, isothermal, and isobaric heat-
of-mixing curves over the mole fraction range 0-1 are automatically produced
in one continuous, 2 to 3 hour run at any temperature and pressure in the
ranges of 0 to 70° C and 1 to 400 atm, respectively. The data can be printed
out in digital form and/or obtained as a strip chart recording which is the
differential heat of mixing curve.

The main component of the calorimeter are the reaction vessel containing
the isothermal plate and the mixing and equilibration coil, the flow circuit
which contains the high-pressure pump and the flow controller programmer, the
water bath, and the isothermal control unit. A block diagram showing the main
components of the unit is given in figure 6.
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The precision and accuracy of the calorimeter have been determined by
both electrjcal and chemical calibrations. Three chemical systems, HC1Oy-
NaOH, HC1l04-TRIS, and n-hexane-cyclohexane, were investigated over a wide
range of flow rates and pressures. The results obtained showed that the calo-
rimeter achieved an accuracy of *0.2 pct in the mean of several runs and a
precision of 0.8 pct or less in any individual measurement point during a
run. The rates of heat production in these runs were in the range of 1 to 5
mw.

This calorimeter thus can measure both heats of reactions and heats of
mixing at constant temperature and pressure over a wide range of concentra-
tions, flow rates, temperatures, and pressures. The lack of any dependence on
the heat capacity of the solution makes the method particularly applicable to
systems involving nonaqueous solvents and concentrated solutions which may
undergo large heat capacity changes. In addition, no correction is necessary
for heat exchange between the calorimeter and its enviromment. The calorime-
ter can be programed to automatically generate data as a function of composi-
tion over a given period of time.

BATTERY PROCESSES

Chemical batteries are probably the most convenient way of storing energy
for many purposes. The wide range of sizes, chemistries, and applications of
batteries is testimony to this. Currently available batteries have problems,
however, which prevent or limit their usefulness in certain applications. All
batteries are subject to internal self-discharge which may significantly
decrease the efficiency of the battery for energy storage over long time per—
iods. Rechargeable batteries which are cycled repeatedly between charged and
discharged conditions are subject to a variety of chemical changes which
eventually lead to battery failure. A third problem which can be serious in
some batteries is dissipation of heat during the charging and/or discharging
portion of the cycle, All of these problems are amenable to study by calori-
metric methods.

The isothermal plate calorimeter, which was designed at BYU (3) and is
now commercially available, has been used to study thermal effects during
charge-discharge cycling of batteries. Among other applications, the data so
collected will be used in designing extremely large batteries (in the megawatt
range) for load leveling in electric power generating plants. This isothermal
plate calorimeter is particularly useful for this type of measurement because
fairly large heat flow rates can be measured (up to about 1.5 watt), the noise
level is low (* 20 uw peak-to—peak), and there is little limitation on the
shape or size (up to about 7.5 by 15 cm) of battery that can be studied. 1In
concept, this calorimeter is extremely simple since it consists only of an
isothermal plate on which the battery rests and the associated circuitry which
is used to measure the energy flow rate necessary to maintain the plate in an
isothermal condition.

The study of internal self-discharge in batteries, particularly those
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destined for very-long-life applications, requires a much lower detection
limit on heat effects. For example, a l-Uw internal power leakage can shorten
the expected lifetime of a battery by as much as 10 pct in some long—-term,
low— power applications such as cardiac pacemakers and remote data stationms.
Since the batteries in some of these applications are expected to last 10
years, this is a difference of a full year. Because of this requirement, that
is, a detection limit less than 1-uw, we specifically designed a calorimeter
for studying this type of battery (11).

The calorimeter is now commercially available (19). It is a twin-cell
differential heat flow instrument as shown schematically in figure 7. The
calorimeter has a peak-to-peak noise level of less than 0.3 Hw on an open
circuit battery measurement in which the two sides cannot be matched exactly.
Peak-to-peak baseline noise is reduced to about *0.1 uw if the heat capacity
of the compartment used as a reference can be carefully adjusted to be the

same as the compartment containing a battery by insertion of an aluminum
block.

The calorimeter consists of an aluminum block 15 cm wide, 17 cm high, and
30 cm long with a tapered channel 10 cm wide, 10 cm deep and 25 cm long cut
into it; four wedges of 2.5-em-thick aluminum placed in the channel; and four
thermoelectric measuring devices (Cambion Model 1052) which are mounted on the
aluminum wedges together with two battery holders made of thin aluminum. The
large aluminum block assembly was suspended by 0.6-cm bolts in the center of
the watertight box which was then submerged in a Tronac Model 405 water bath
controlled to * 0.0002° C. Two pipes, sealed around holes in the box cover,
give access through the water bath to the battery holders. During a measure-
ment, the holes in the box cover and the battery holders are covered with
aluminum plates to prevent heat transfer by air currents or radiatiom.

The outputs from the two sets of thermoelectric devices are connected
with opposing polarities so that the effects of any temperatue fluctuations in
the block are canceled in the output. The difference in the output voltages
of the two compartments, which is proportional to the difference in the rates
of heat production in the two compartments, is filtered with a simple R-C
filter (time constant=6 min), amplified by a Keithley Model 150B amplifier,
and recorded on a strip chart recorder.

Table 2 gives the results obtained for a series of open-circuit heat
dissipation measurements on batteries of various kinds, shapes, and sizes.
These results clearly show the capabilities of the calorimeter as well as the
reproducibility of open-circuit heat dissipation in a set of supposedly iden-
tical batteries,

Calorimetric measurements of open-circuit heat dissipation of batteries
may not accurately reflect that a primary chemical reaction is occurring in
the battery with a consequent loss in ampere-hours available. Processes such
as crystal growth, evaporation of liquids, curing of plastics and cements, and
mechanical strain release can produce a change in the total energy content of
the battery and, hence, an output signal to the calorimeter. These changes
are not significant in determining battery life unless they lead to mechanical
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FIGURE 7. - Cross section of twin-cell differential heat flow calorimeter. 1, Access tubes
and covers; 2, temperature-controlled air bath with electronics inside; 3, covers
onblock compartments; 4, temperature-controlled water bath; 5, watertight stain-
less steel box; 6, aluminum heat sink block; 7, thermoelectric sensors; 8, bat-
(Reproduced from reference 11 by permission of
The Electrochemical Society.)

tery holder.
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TABLE 2. - Open—circuit battery measurements
Ampere- Power Number in
Battery type hours Volts Uw sample

Mercury, HgO/Zn, pacemaker

st Toviuvrnrnnnnnonnsannas 1 1.4 4.1 0.1 2
Mercury, HgO/Zn, pacemaker

gset IL...i.veuiencnnvnesnanns 1 1.4 7.5 £ 0.3 2
Alkaline, Mn0O,/Zn, penlight.. 2 1.5 46 2 2
Mercury, HgO/Zn, penlight.... 2 1.4 68 %5 2
Carbon-Zn, penlight.......... 1 1.5 15 1
Ag0/Zn watch battery set I... 0.16 1.5 7 *1 8
Ag0/Zn watch battery set II.. 0.16 1.5 10.2 £ 0.4 3
Ag0/Zn watch battery set III. 0.16 1.5 13 =1 5
Lithium-iodine pacemaker

7= s A 1.2 2.7 5 f1 2
Lithium-iodine pacemaker

set Il..vvenncnnnnannenanns 1.5 2.7 30 +5 2
Lithium-iodine pacemaker

set IIT.....cviniirinennnns 3.0 2.7 6 *2 2
Ypeviaticns are the standard deviation with respect to the mean between

batteries.
failure of some battery component. Calorimetric experiments can be done to

determine the magnitude and source of most of these effects by measuring the
heat output of each battery component separately. Open-circuit heat dissipa-
tion is also typically a function of age as shown in figure 8, and this must
be taken into account in interpreting these kinds of data.
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RESOLUTION OF LATTICE HEAT CAPACITIES!
by

Edgar F. Westrum, Jr.?

ABSTRACT

Evaluation of the electronic (e.g., Schottky), magnetic, structural
order—disorder, and other types of transitions and excess heat capactiies and
other themodynamic contributions in the solid state usually rests upon an
identification of the normal vibrational contribution of the vibrational modes
of the crystal usually described as the lattice contribution. As appreciation

of the morphology of heat capacity curves -— sensitive delineators of the
energetics of matter —-— has been enhanced, attempts to analyze and correlate
-- as well as to understand and predict -— both these excess functions and the

lattice contributions to the thermophysical properties have increased. More-
over, the realization of the major role made by Schottky contributions even at
higher temperatures (where no anomaly can be readily perceived) has focused
attention on the lattice. 1In silicate minerals, for example, the extrapola-
tion of the heat capacities to terminal members invokes similar problems.
With the accumulation of precise, equilibrium, cryogenic, calorimetric data
especially on lanthanide compounds (notably the sesquioxides, the halides, and
the trioxides) the importance of correlating lattice contributions with molal
volumes as well as with cationic masses has become compounded. The develop-
ment of this approach for lathanide series and its testing vis a vis resolu-
tion of Schottky functions will be demonstrated, and its relevance to other
compounds will be discussed.

INTRODUCTION

Analysis of the morphology of heat capacity curves both provides a better
appreciation of the substance under investigation and enables correlation of
data and the ultimate estimation of thermophysical data for substances for
which measurements are not available,

lThe Resecarch om which this paper 1is predicated was supported in part by the
Structural Chemisty and Chemical Thermodynamics Program of the Chemistry
Section of the National Science Foundation under grants GP-4252X and CHE-~
7710049 at the University of Michigan.

Department of Chemistry, University of Michigan, Ann Arbor, Mich.
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The principal problem of the calorimetric approach to the resolution of
Schottky, magnetic, structural, and electronic contributions is the problem of
how best to represent the lattice contribution, Clatt’3 to heat capa-
city of the particular compounds studied. In a slightly different =-- but
related -- context, for nearly half a century the Latimer scheme (1" has
been the favorite way of taking into account the differences between compounds
in analogous series. This time-honored scheme is not without its flaws, des-
pite the several times it has been adjusted by Latimer himself. Cj .. is

always treated as a contribution of the harmonic forces; the anharmonic terms
are treated as the difference C, - C,. Since the thermal expansivity, o,
and the isothermal compressibility, k, needed to evaluate this difference are
often not available, this results in a separate uncertainty in representing
background contributions at higher temperatures, but is not the present con-
cern. (The Latimer curve is shown in figure 1.)

In principle, the best way to evaluate Cj,. is from the phonon disper-

sion relation, k(w), determined by inelastic neutron scattering. Occasionally
Einstein functions (in which wp = constant) or Debye functions (in which
wy = Vok) can be used to get results within about 10 pct. Attempts to get
an experimental estimate of Cja¢r by measuring an isostructural dia-
magnetic (10) compound are frequent, Here the corresponding states assumption

Claee(X epd) (T) = €. (ID) x (k"°T)

in which k is experimentally deduced is often employed.

Alternatively, the Debye approximation is used:

Op (X) M(1D)|1/2

GD(ID) M(X)

or the more refined Lindeman's relationship using melting points, T,, and
molal volumes:

]
2 k T,

6. =
D My2/3

Since typically Cqg¢y may amount to as much as 95 pct of the total
heat capacity, it needs to be estimated accurately.

In the course of studies on the transition element chalcogenides, it was
realized (as depicted in figure 1} that the Latimer scheme was predicting an
entropic contribution for these cations diametrically opposed to experiment
(16). Why? The lanthanide contraction, of course.

3Glossary of symbols is at the end of the paper.
“Underlined numbers in parenthese refer to items in the list of references at
the end of the paper.
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FIGURE 1. - The Latimer scheme (10) for cationic entropy
contributions as modified by Grgnvold and
Westrum (7). Note the experimental frend of
the lanthanides (4f-elements),

This led to the realization that molal volumes were too important to be
neglected and that, although molal masses and molal volumes were often corre-
lated, in the lathanides the trends were reversed. Interest in resolving
Schottky functions from heat capacity data for the lanthanide compounds and
the possibility of using the Schottky contribution calculated from spectrosco-
pic data as a test of the quality of the lattice contribution resolution has
provided an enhanced understanding of the importance of the volumetric corre-
lation of Cjg¢¢ the
cially important,

over contributions

region where entropic

THE SCHOTTKY FUNCTION

In this presentation the Schottky contribution is not the end product,
but the "means to an end" of testing the quality of the Cjatt esti-
mate. However, for the benefit of thermodynamicists who may be "rusty", the
details in figure 2 are presented. The simplest Schottky contribution arises
from the presence of an excited electronic energy level separated from the
ground state by Ae/R (fig. 2a). The magnitude of the heat capacity contribu-

tion (fig. 2) is fixed by the ratio of the degeneracies (gl/g0), and the maxi-

are espe-

y
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mum occurs at a temperature determined by the magnitude of Ae/R, Simple
Schottky functions are rigorously related to Einstein functions, as seen in
figure 2c¢ and even more dramatically in figure 2d. Additiomal excited energy
levels are characteristic of lanthanide compounds, but typically fewer than 10
are signicant below 300 K.

LANTHANIDE EXPERIMENTAL APPROACH

Both in transition (d-element) compounds and in lanthanide/actinide (f-
element) compounds, the Schottky contribution is becoming recognized as a
major element in the morphology of heat capacity curves at both subambient and
superambient temperatures. The trends were not entirely appreciated because
crystal structure changes occurred in the series studied earlier.

Sesquioxides and Trihalides

Initial recognition of the importance of this thermophysical contribution
came with a series of papers (9) on the lanthanide sesquioxides from which
were obtained an unusually rich yield of data concerning the energetics of the
trivalent ions in these compounds. Although the Schottky contributions may
also be studied spectroscopically, the general unavailability of single-
crystal samples for absorption spectroscopy or for paramagnetic resonance
experiments had tended to favor the calorimetric approach. The initiatory
measurement on neodymium sesquioxide yielded (table 1) levels more than an
order of magnitude smaller than those estimated by Penney and his collabora-
tors (12) from crystal field splittings. But any discredit was of short dura-
tion, since spectroscopy (8) soon confirmed, in this instance, the values that
had been obtained by calorimetry.

TABLE 1. Stark levels for Nd,0; (cm™l)

Calc. Calorimetry Spectroscopy
Level & (12) (9) (8)
0 2 0 0 ¢
1 2 492 21 22
2 2 1,476 81 83
3 2 2,952 400 390
4 2 4,920 -—= -—-

The method of approach invelved measurement of the total heat capacity of
Nd,03 as well as that of a diamagnetic analog (La,03), and the resolution of
the difference in heat capacity of the two compounds in terms of a sequence of
Schottky levels of the degeneracies predicted by crystal-field theory. The
power of the cryogenic calorimetric approach thus demonstrated was later ex-—
tended te include most of the lanthanide sesquioxides, even those containing
C, and C3i sets of levels. The levels were valid not only for the cryogenic
heat capacity contribution, but alseo for temperatures in excess of 1000 K.
Unfortunately, crystallization of the sesquioxides in A-, B-, and C-forms made
recognition of the underlying trends difficult.
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Subsequent examination of a number of trihalides (6, 14) provided further
fuel for the study and further heightened the understanding of the trend and
regularities involved and showed again the importance of the Schottky contri-
bution to the thermophysical functions. The latter were in excellent accord
with those predicted by the scheme of Westrum (15) based upon the treatment of
Grénvold and Westrum (7). The excellence of the accord can be seen in table

2. (See also reference 4).
2 a g, 2¢ Additive identity
Ein (v) - Ein (2u) = Sch (u)

JE/R
%6 Multiplicative  identity :
4 Ein (u) Schv) = v Ein (2u)
2b A€ = constant 2d
1o A gl/go= e
R = P-—-
14 AN .
DA -3 — 3
£ oW
| "\
J
0 1 I 1 1 V 2V
o 1O 2.0
T/€ %

FIGURE 2. - The Schottky contribution to the heat capacity (2b) as a function of
degeneracy ratio based on a simplistic two-level elecironic structure
{2a). Additive and multiplicative identities (2¢) relate the Schottky
function to Einstein functions; the former is shown graphically in (2d).

Trihydroxides

The trihydroxides have the great advantage of being isostructural across
the entire lanthanide series. Moreover, they may be prepared by hydrothermal
synthesis provided care is taken to preclude formation of the oxyhydroxide,
The change in the lattice contributions across the series is significantly
larger than in either the sesquioxides or the trihalides, and this series,
therefore, provides a convenient testing ground for the evaluation of the
lattice heat capacity and the trends with increasing atomic number across the
lanthanide series. (As a matter of fact, even yttrium trihydroxide and urani-
um trihydroxide are outlying members which are also isostructural and ulti-
mately can serve to provide extreme delimitation of the effects of volume and
mass on the theories. The three definitive papers of Chirico and coworkers
(2-3, 5) in which these works to date are being summarized provide an appreci-

ation of the validity of the approach.
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TABLE 2. - Comparison of some trihalide entropy estimation schemes
§°(298.15K) - 8°(0)
Lat imer Westruml*2 |"Spectro- | Reference

Compound Latimer augmented? augmented scopic” 14
LaCl, 34.5 34.5 3.1 32.47 32.88
CeClg 34.5 38.1 36.1 35.99 336.0
PrCl, 34.5 38.1 36.8 36.74 436.64
NdCl 4 34.6 39.2 36.8 36.84 36.67
PmCl 5 34.7 39.5 36.8 36.82 337.0
SmCl 4 34.8 38.4 35.7 36.10 35.88
EuCl 34.8 37.3 34.5 34.70 34.43
GdClg 35.0 39.1 36.0 36.60 36.19

1By R 1n(2J+1); the (Cl3)"3 ion contribution is taken as 20.7 calgp k!
mol™ ",

2By R %F(ZJ+2); the (Cl3)~% ion contribution is taken as 17.9 caly, K~!
mol™*.

Values involve interpolated lattice and calculated Schottky contributions.

“Based on 0.29% K.

Perhaps the best way of testing the validity of a lattice contribution is
in the calculation of the calorimetric Schottky contribution and the compari-
son of this excess heat capacity with that calculated from spectroscopic data
on the sample itself. However, this comparison can only be made when one
utilizes the Stark levels of the concentrated compounds, Measurements made on
doped lanthanide halides, for example, need to be extrapolated by some tech-
nique (discussed elsewhere){(2-3, 5) or by calculation based on crystal-field
parameters. -

THE VOLUMETRIC SCHEME

The scheme developed by Chirico and Westrum is an interpolation on the
basis of the molal volumes of the compounds in question between the correspon-
ding lanthanum and gadolinium compounds. In particular, the formula by which
the lattice heat capacity of praseodymium trihydroxide may be calculated is
indicated below:

C,[Pr(0H) 5 lattice] = x C {La(OH)3] + (1-x) C,[Gd(OH);]

and in which x is the fractional molal volume increment:

»
L}

{vipr(oH) 3] - v[La(oH) 3]}/ {v[ed(on) 3] - V[La(OH) 3]}.

But does the volumetric scheme work? To test this, we compare the
Schottky contribution for the lighter lanthanide trichlorides determined by
calorimetric means with Gty evaluated by the volumetric heat capaci-

ty resolution method with Schottky functions determined by spectroscopy. The
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results are shown in figure 3. The accord is excellent except at the highest
temperature. Similar comparisons have been made for the lighter trihydroxides

(2).

FIGURE 3. - The calorimetric Schottky curves are shown by dashed lines and the spectroscopic
Schottky curves for doped LaCl; crystals by continuous lines; those deduced from
estimated energy levels for the concentrated halides are shown by 0. a, EuCl;; 8,

NdCl; ; ¢, SmCl,; 4, PrCl,.

THE ADJUSTMENT OF STARK LEVELS

As may be seen in figure 3, the excellence of the agreement between the
spectroscopic and calorimetric Schottky contributions is a consequence of the
adjustment of levels from'"doped” to 'concentrated" samples., This may be done
by several techniques. The most empirical of these is depicted in figure
4(b,c,d), where simple linear extrapolation to ordinates (corresponding to
stronger crystalline fields) proportional to the position of the maximum heat
capacity contribution is used. Such values are given in column ¢ of table 3

based on the values observed for Pr+3 doped into LaClj.

The Schottky curves calculated from the energy levels deduced from calo-
rimetry are represented by the dashed curves of figure 3(b-d) and are to be
compared with the spectroscopic Schottky derived from energy levels extrapo-
lated to those of concentrated halides. Spectroscopically derived energy
levels for the concentrated slats are shown in figure 4(b-d) and listed in
table 3 for comparison with the calorimetrically derived levels. Such simple
energy level extrapolations may be useful to systems for which energy levels
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TABLE 3. - Energy levels of praseodynium trichloride (em™1)

Concentrated PrC13
Pr*3 doped
into LaCl3 CEF ERS ERS
U abs, fluor, Calor. Calc, (1) (11) Absorp.
a b c d e f g
[sL]J-State: 3H,
2 1y 0 0 0 0 29
3~ 33.1 -— 29 30.5 32 31.8
2! 96.4 — 99 99 100 99.6
1 130.2 155 152 145 139 ——
3+ 137.0 168 176 160 - ——
0 199.1 235 230 (238) —— -
[SL]J-State: 3Hg
3~ 2,137.2 —_—— —_—— 2,134 2,136 ——
2 2,169.8 — — 2,168 |2,169 | 2,167
1 2,188.5 - — 2,190 2,190 2,191
3t 2,202.2 - ——— 2,208 2,204 ———
2 2,222.6 - ——— 2,230 2,227 2,230
1 _— —— —— |2,206 ——- —
O ———— ——— [ o —— _— ———

Explanation of columns:

dAssigned crystalline-field quantum numbers,

Absorption and/or fluorescence spectral data.

®Deduced from calorimetry by lattice heat capacity interpolation method

(fig. 4)

Calculated from estimated crystal-field parameters (table 3).
®Flectronic Raman scattering (Gruber).

Electronic Raman scattering (Hougen and Singh).

gAdsorption spectral data.

1Sarup and Crozier.

Dorman.




108

200 1 nNdciy 4b 4 200
i {8 ]
(g
0 ~ido
(R
- —(n D
£
§ 200 1 T=%Isp {-200 ©
~. ~
>y g g é
S be {u ‘?
& 60fF SmCly R 100
N ] Wy
W
o
o =5 ‘,_{%4 0
N N
50 F J"GH5/2 °L J= “Ha —{8-1 -100

Increasing feld intensity ———

FIGURE 4. - Energy level diagrams. Ordinates are proportionate
to Schottky maxima. For Ert3 the points represent values for
this ion doped into LaBr4, GdCl 5, and Er(OH) 4 with increasing
field, For the three halides shown: @represents values for
LnCl; dopedinto LaCl,; Ovalues from electronic Raman scat-
tering on concentrated samples; [values calorimetrically de-
duced; M values deduced from crystal electric field parameters;
® values from absorption spectra (Prinz); and @ values from
absorption spectra {(Dorman).

are unavailable or unobtainable by more sophisticated procedures. Figure 4a
shows that even between several apparently (chemically) quite different
systems, the simple linear extrapolation may be a fair approximation. Of
course, caution must be observed.

A more theoretically based evaluation (_2_) from interpolated crystal-field
parameters is shown in column d of table 3. Comparison values for these non-

Kramers ions are provided by data cited in columns e through g. All are seen
to be remarkably consistent.

The volumetric lattice approximation indeed effectively emphasizes the
apparent dominance of volume over mass as a determining factor im Cy_ ., oOver

the subambient temperature region of major entropy development, However, from
unpublished data on Y(OH)3 recently obtained, a shift in the relative impor-
importance of cationic mass and molal volume in determining Cy_ .. is apparent-
ly observed near 50 K. At very low temperatures, low~frequency modes--rough-

ly characterized as unit cell vibrations—-are those primarily activated. On
these the lanthanide contraction--an intramolar contraction—--~has little
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effect. 1In essence, the force constants between the unit cells are unchanged,
while the cell masses are increased across the series. This occasions a
decrease in the vibraticnal frequencies of the unit cells with increasing
atomic number and hence an increase in Cpg¢¢-

At higher temperatures an increasing proportion of the observed heat
capacity is due to thermal activation of optical vibrational modes. The ef-
fect of the lanthanide contraction upon these modes is to increase their fre-
quency by increasing the intramolecular force constants to such an extent that
the counteracting effect of the increased cation mass is largely overshadowed.

SUMMARY AND CONCLUSION

It is already clearly evident that the excellence of the agreement be-
tween the Schottky functions for the condensed trichlorides and trihydoxides
has verified the success of the volumetric approach to the development of
lattice heat capacity contributions. We are in the process of extending this
approach to other lanthanide systems and hope to test it also as a possibly
more general approach to the estimation of lattice and compound entropy con-—
tributions in a Latimer-like scheme and to assist in the estimation, evalua-
tion, and correlation of entropies of mineral systems and chemical compounds
beyond the lanthanide series. Other authors, (1, 13) have been engaged in a
polemic as to the relevance of volume and mass in providing interpolation
schemes for lattice contributions Moreover, Kieffer (10) has undertaken a
theroetical and experimental correlation of the lattice vibrations of miner-
als. This takes into account the many factors involved and discusses particu-
larly the analysis of the wvibrational contribution. This aspect has been
discussed also by Sommers and Westrum (14).

In emphasizing the importance of volume, we do not mean to slight mass =--
especially at lower temperatures. Data on U(OH)j3, which is isostructural with
the Ln(OH); series and U(OH); should help to clarify and to test the role of
mass.

GLOSSARY OF SYMBOLS

Ciate Heat capacity contribution exclusively from vibrational degrees of
freedom (under contraint of constant pressure)

Cp Heat capacity at constant pressure per mole

Cy Heat capacity at constant volume per mole

Ein{u) Einstein heat capacity function in terms of u = hv/kT
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Bi

&y

h
(ID)cpd
J

|3

k(w)

kl

M

M{ID) ,M(X)
R

S

S .
cation

Sch(u)

Degeneracy of electronic energy state

Frequency distribution function

Planck constant

Indicates property that of reference compound
Quantum number {Russell Saunders scheme)
Boltzmann constant

(deduced from inelastic uneutron

Phonon dispersion relation

scattering)

Arbitrary or emirical constant

Molar wmass of the compound

Molar mass of the cation in the reference or selected compound
Gas constant

Entropy per mole

Entropy contribution per mole of cation (in Latimer scheme)
Schottky heat capacity function in terms of u = hv/kT

Temperature in Kelvins

of

Indicates property of the selected compounds

Temperature normal meltimng point

Molar volume of crystal
Fractional molar volume increment (defined more fully in text)

Energy of excited electronic levels referred to ground state

Debye characteristic frequency expressed in wave numbers
Einstein characteristic frequency expressed in wave numbers

Limiting frequency of lattice vibrations

Debye characteristic temperature

Einstein characteristic temperature




10.

11.

12.

13.

14.

111

REFERENCES
Cantor, 5. Science, v, 198, 1977, pp. 206-207.

Chirico, R. D., and E. F. Westrum, Jr. Thermophysics of the Lanthanide

Hydroxides. I. Heat Capacities of La(OH)3, Gd(0H)3, and Eu(OH)3 From
Near 5 to 350 K. |Lattice and Schottky Contributions. J. Chem. Thermo-
dyn., v. 11, 1979, pp. 71-85.

Thermodynamics of the Lanthanide Hydroxides, II, Heat Capaci-

ties From 10 to 350 K of Nd(OH)3 and Tb{(OH)3. Lattice and Schottky Con-
tributions. J. Chem. Thermodyn., v. 12, 1980, pp. 311-327.

Chirico, R, D., E. F. Westrum, Jr., and J. B. Gruber. Thermodynamics of
Some Lanthanide Trihalides. III. Reinterpretation of LnCl3 Schottky
Anomalies., J. Chem. Thermodyn., v. 12, 1980, pp. 717-736,

Chirico, R. D., E. F. Westrum, Jr., J. B. Gruber, and J. Warmkessel.
Low-Temperature Heat Capacities, Thermophysical Properties, Optical Spec-

tra, and Analysis of Schottky Contributions to Pr(OH)3. J. Chem. Ther-
modyn., v. 11, 1979, pp. 835-850.

Deline, T. M., E. F. Westrum, Jr., and J. M. Haschke. J. Chem. Thermo-
dyn. v. 7, 1975, pp 671-676.

Grgnvold, F., and E. F. Westrum, Jr. Inorg. Chem., v. 1, 1962, pp 36-
48.

Henderson, J. R., M. Muramoto, and J. B. Gruber. J. Chem. Phys., v. 46,
1967, p 2515,

Justice, B. H., and E. F. Westrum, Jr. J. Phys. Chem., v. 67, 1963, pp
339-345; v. 67,1963, pp 345-351; v. 67, 1963, pp 659-665; v. 73, 1969,
pp- 333-340; v. 73, 1969, 1959-1962.

Kieffer, S. W. Reviews of Geophysics and Space Physics, v. 17, February
1979, pp. 1-39.

Latimer, W. M. J. Am. Chem. Soc., V. 43, 1921, p. 818; v. 73, 1951, p.
1480.

Penney, W. G. Phys. Rev., v. 43, 1933, p. 485.
Saxena, S. K. Science, v. 193, 1976, pp. 1241-1242,

sommers, J. A., and E. F. Westrum, Jr. J. Chem. Thermedyn., v. 8, 1976,
pp. 1115-1137; v. 9, 1977, pp 1-26.



112

15, Westrum, E. F., Jr., in Lanthanide/Actinide Chemistry, ed. by R. F.
Gould. American Chemical Society, Washington, D. C. 1967.

16.

Exciting Developments in the Thermophysics of the Pnictides and
Chalcogenides of the Transistion Elements. Uspekhi Khimii, v. 48, 1979,
pp. 2194-2215,

DISCUSSION

Anonymous: Would you elaborate on the Verway tramsition?

E. F. Westrum, Jr.: I would like to give you a graphical presentation of
this, but the Verway transition, first of all, is bifurcated; there are two
peaks in it., Temperature of these two peaks, which are about 15 K apart in
pure magnetite, can be moved independently by choice of n and p dopants and by
whether they go om to the octahedral sites or the tetrahedral sites. In that

instance, we found wonderful and exciting effects, but I know of no data on
the lanthanide system.
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AUTOMATION OF A LOW-TEMPERATURE CALORIMETER
by

R. P. Beyer1

ABSTRACT

An automated low-temperature adiabatic calorimeter operating over the
range 5 to 300 K is described. The calorimeter instrumentation consists of
automatic analog shield controls and digitally controlled data acquisition.
Temperature measurements are made potentiometrically using a programmable dc
voltage source and a digital nanovoltmeter. Energy measurements are made with
a 6-1/2-digit voltmeter, Switching of low and high-level dc signals is done
in a temperature-controlled, programmable scanner.

This research is a part of the effort by the Bureau of Mines to provide
thermodynamic data for the advancement of mineral resource technology, envi-
ronmental preservation, and energy economy.

INTRODUCTION

A manually operated low-temperature calorimeter used over the range 5 to
300 K, described previously by Stuve {(8), has been modified to allow automatic
control using a minicomputer. Automated calorimeters using both ac and dc
methods have been described by other authors (1-2, 5-7). The method described
here is potentiometric and is used to measure both the thermometer resistance
and the heater resistance.

Our calorimeter used a double six~dial potentiometer. Although this
instrument is of excellent accuracy and has been the workhorse for years in
calorimetry work, it is tedious to run and requires constant operator atten-—
tion for days at a time to complete a heat capacity curve over the range 5 to
300 K. With the advent of programmable instruments of comparable or superior
accuracy, stability, and sensitivity, automation has become possible.

Automating the heat capacity measurements offers many advantages. The
operator is freed from the repetitive task of resistance measurement. Possi-

lChemical Engineer, Albany Research Center, Bureau of Mines, Albany, Oreg.
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ble human errors in measurement and data logging are eliminated. Repeated
measurements become more consistent and therefore more reproducible and accu-
rate., Finally, an automatic calorimeter can be run unattended, around-the-
clock, thereby making possible multiple runs on the same sample for a better
confidence level.

APPARATUS
Calorimeter

The mechanical system, which includes the cryostat, vacuum system, sample
vessel, shields, refrigerant reservoirs, and the wiring inside the cryostat,
is the same as that described by Stuve (8).

Instrumentation

The programmable instrumentation includes a Keithley model 180 3-1/2-
digit nanovoltmeter; an ICS Electronic Corp. model 4883 instrument coupler
that is used to interface the nanovoltmeter to the IEEE-488 instrument bus, an
Electronic Development Corp. model 501 J dc voltage standard, a Fluke model
8500 A 6-1/2-digit voltmeter, a Hewlett Packard model 6181B constant-current
source, and a thermostatically controlled scanner specifically designed for
switching low-level de¢ signals. A constant—-current source for the resistance
thermomometer circuit was built using a design that combined features from
those designed by Chang (3) and by Field and Hesterman (4).

A block diagram of the instrumentation and wiring is shown in figure
1. The switches and instruments are computer controlled.

The measuring instruments are controlled by using the IEEE-488 instrument
bus. The nanovoltmeter, which has a BCD digital output, is connected to the
bus using an instrument coupler that does the necessary conversions from BCD
output to the IEEE-488 bus. The heater constant- current source is voltage
programmable and is controlled by the de voltage standard. The dc wvoltage
standard has an accuracy of + 0.005 pct and a 24-hour stability of + 0,001
pct, which makes it comparable to the double six-dial potentiometer.

The circuit of the constant-current source used for the thermometers
is shown in figure 2. The important components are the operational amplifier
(Precision Monolithiecs OP-07), the reference cell (Eppley Unsaturated Standard
Cell), the low-level latching relay (Coto-coil CR-3207-5~ 411), and the power
supply (Analog Device Model 904). Although this current source is adjustable,
the components have been chosen for a l-ma output.

All switching of the d¢ signals is done in a thermostatically controlled
enclosure. This enclosure is a box within a box, with the annular space con-
trolled to + 0.05 K. All the low-level dc switches are Coto-Coil single-pole
latching relays (CR-3207-5-411) and are switched by another set of digitally
controlled relay switches (Coto-Coil CR-2042-5- 1111). A diagram of one of
these switch combinations is shown in figure 3. When the computer turns on
switch A, a 10-uf capacitor discharges through a normally open switch and sets

A
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switches B. When the computer turns off switch A, another 10-Uf capacitor
discharges through a normally open switch and resets switches B.

Temperature control of the adiabatic shields 1is essentially the same
as previously described by Stuve (§) with only the modification of using Leeds

and Northrup CAT 80 controllers for all four sections: the top, middle, and
bottom shields, and the tempering ring.

Procedure

The procedure for making a temperature measurement follows: set the
current direction through the thermometers; measure the potential of the ther-
mometer with the 6-1/2-digit voltmeter; use this reading to set the dc voltage
standard; measure the offset voltage between the dc voltage standard and the

thermometer with the 3-1/2-digit nanovoltmeter; reset the dc voltage standard
and measure the offset voltage between the dc voltage standard and the stand-
ard resistor in the thermometer circuit with the 3-1/2-digit nanovoltmeter.
This prodecure is then repeated with the thermometer current reversed, and the
readings are averaged to give a final thermometer resistance. This resistance
is then used to calculate the temperature.

Once equilibrium has been established, a heating cycle is started. This
consists of setting all the appropriate switches so that the heater constant-
current source can be voltage-programmed by the dc voltage standard, setting
the appropriate level of heater power through the dummy heater, switching on
the power to the heater, measuring the voltage of the heater circuit standard

resistor and the heater with the 6-1/2-digit voltmeter several times through-
out the heating cycle, and turning off the heater constant-current source once

the programmable clock in the computer signals that a preset amount of time
has elapsed.

After the heating cycle, the temperature measurement algorithm is started

again. In between thermometer voltage measurements, the computer calculates
the heat capacity and temperature of the previous run.
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DISCUSSION

B. W. Mangum: After you switch the current, how long do you have to wait for
the transients to settle?

R. P. Beyer: I believe it will be under a second. With the nanovoltmeter I
have, I have to measure, if I want resolution in tens of manovolts, for 30-40
seconds. So, those transients are masked out.

E. F. Westrum: How long do you anticipate that this calorimeter will run in
automated fashion, through the whole curve, or 2 hours?

R. P. Beyer: Several days anyway. The power supply is voltage programmable
from 0 to 250 ma.

E. F. Westrum: On what basis is it programmable?

R. P. Beyer: You apply zero to 1 volt to the power supply, and depending upon
what range you are on, you can get from 0-2.5 milliamps, or 0-25, or 0-250.
So that zero to 1 valt gives you the power ranges.

G. T. Furukawa: With your computer-controlled measurement system, will you be
able to calculate the heat capacity of the previous point while you are making
heat or temperature measurements on the next point? Or, would the calculation
be almost instantaneous when the temperature measurement is completed?

R. P. Beyer: I will have ample time to do all sorts of things. I will be
calculating the heat capacity as I go along and estimating from that how much
I want the next heating run to raise the temperature,
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DESIGN AND OPERATION OF A DIFFERENTIAL SCANNING CALORIMETER
BASED ON THE HEAT LEAK PRINCIPLE
by

Rodney L. Biltonenl, Jaak Suurkuuskl, and Donald B. Mountcastlel

A differential scanning calorimeter adapted from the original design of
Ross and Goldberg (Thermochem. Acta 10, 143 (1974)) has been constructed.
This calorimeter was specifically designed for measuring heat capacities and
heat effects accompanying thermally induced transitions in dilute solutioms.
The accuracy of the instrument is approximately 3 x 10~* cal/deg, and preci-
sion, in terms of relative C,, is about 10~° cal/deg. The temperature range
of the instrument is -20° to €25° C, and it can operate at scanning rates of 3
to 60 deg/hr. The total volume of the sample cell is 0.7 ml.

Unique features of this apparatus are

1. The sample material can be weighed directly into the sample cell, and the
mass within the calorimetric cell is invariant during an experiment.

2. The heat capacity functions of both liquid and solid materials can be
determined,

3. The calorimeter can be operated in both heating and cooling modes.

4. The heat capacity of the sample can be determined as a function of temper-
ature at different applied pressures (1 to 2,000 psi).

5. It is also possible that changes in heat content of a sample as a function
of pressure at constant temperature can be determined.

The calorimeter consists of two rectangular aluminum cells each with a
hele to contain a sample or reference ampule. Each cell is sandwiched between
a pair of thermoelectric modules in thermal contact with a copper heat sink by
means of a wedge system. The thermopiles surrounding the two cells are con-
nected electrically in series with opposing polarity so that when the cell

lpepartment of Biochemistry, University of Virginia School of Medicine,
Charlottesville, Va,
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temperatures are equal, the differential voltage signal is zero. The heat
sink 1is positioned inside a ecylindrical adiabatic shield. The assembly is
insulated from the surroundings by 5 cm of polyurethane foam. The differen-~
tial voltage signal from the thermopiles is amplified, digitized, and recorded
on a punch tape together with time and heat sink temperature. Recently the
calorimeter has been placed '"on line'" with a microprocessor to control scann-—
ing rate and to provide more rapid data acquisition and processing.

The principle of operation is relatively simple. When the heat sink
temperature is increased at constant rate, temperature differences are created
because of thermal barriers between the heat sink and cells. The measured
differential voltage signal 1is proportional to the temperature difference
between the cells and thus to the heat capacity difference, For an ideal
calorimeter the relation between heat capacity difference between cells, AG,
and the voltage, V is given by

A = (e/a) [V + (dv/dT)ta],

where @ is the scanning rate, € is a calibration constant (calories volt~!
sec™1), and T is the time constant (seconds). Owing to imperfectly matched
thermoelectrical module pairs, a temperature dependence of the calorimetric
constants, and a correction of the measured heat sink temperature to the ac-
tual sample cell temperature, an extensive computer calculation is necessary
to obtain AC as a function of sample cell temperature, The details of the
computational algorithm will be discussed, and examples of the conversion of
the measured voltages to heat capacity will be presented,

To determine G, at other than ambient pressure, a specially designed
thick-walled stainless steel cell of approximately 0.4 ml volume was construc-—
ted. The top of the cell cap was connected to a stainless steel capillary
tube which passed out of the calorimeter and connected to a helium pressuriz-
ing system. To avoid evaporation problems, the cell cap contained a miniature
one-way valve maintained in the closed positiom by a light string. The cap
assembly screwed onto the cell by means of an indium O-ring seal. The valve
opened during pressurization with helium gas and closed when the pressures
were equalized, This set-up allows the determination of Cp as a function of
temperature at pressures up to 2,000 psi.

The calorimeter can also be operated in a cooling mode using Pelltier
elements placed on the end plates of the heat sink to cool the calorimeter at
a constant rate. The details of the calorimeter and its operation in the
various modes will be discussed.

Editor's note: The authors submitted this expanded abstract without a detail-
ed manuscript.
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DISCUSSION

R. N. Goldberg: I wish to comment that 1 am very much impressed by the degree
to which the scanning calorimetric technique has been developed at the Univer-
sity of Virginia. The computational techniques for reducing the data are
particularly noteworthy.

K. D, Williamson: Are the eight parameters on which you base your correlation
independent under your conditions of operation? Surely over a broad range
there would be some confounding of variables.

R. L. Biltonen: We have to operate based on the assumption used in deriving
equations, i.e., the steady-state situation that existed. The parameters are
independent, but if we experience severe thermal nonequilibrium, we would be
in very serious trouble and cannot assume that the first order correction is
sufficient.

E. J. Prosen: There was a recent meeting in Washington using calorimetric
data for kinetic work. Would you comment on it?

R. L. Biltonen: I think that AC calorimetry is an important approach. If one
measuring a frequency~dependent signal, a time-dependent heat capacity under
isothermal conditions will be observed. One can, in fact, get chemical kine-
tics from it by using pulses as a function of frequency. As far as we can
tell, the resolution is insufficient to resolve anything faster than about 100
milliseconds, so I think our scanning rates are appropriate.

Je M. Stuve: I was interested in the relative accuracies you obtain for heat
capacities using comparison standards. How well does the calorimeter perform,
based on these standards, such as benzoic acid?

R. L. Biltonen: of a series of compounds, the nucleic acid bases, had
originally been deférmined with a drop calorimeter based on the design of
Wadso. At that time, we were getting an accuracy of about l part in 1 for
the whole system. We are now doing as well or better with this sytem. We
could see no differences in the two methods. We do not know if truly accurate
numbers were obtained because the water content could not be totally controll-
ed. We see it working as well on an absolute basis as the drop calorimeter.
Within an hour the temperature dependence of the heat capacity as well can be
obtained.

B, E. Gammon: What is the diameter of the cell?

R. L. Biltonen: They vary, depending on whether the pressure cell or the
usual cell is used. Some of them are about 7-8 mm.
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B. E. Gammon: I am trying to get some scale to be used from the outside dia=
meter of the cell itself.

R. L. Biltonen: It depends on the cell wall thickness. The new cells that
have been built by Roger Hart for Tronac are about 12 to 15 mm in diameter,
but they hold 2 ml. So, they are variable, but there is no apparent problem
in their use.

Pamela Rogers: I am just trying to get a feel for the size of the calorim-
eter.

R. L. Biltonen: About the size of a tomato juice can. It is really quite
small, the largest dimension is about 25 cm, and if it were not so heavy, I
could take it home with me.
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THE THERMODYNAMICS OF TRANSFER OF PHENOL AND ANILINE
BETWEEN NONPOLAR AND AQUEOUS ENVIRONMENTS

by

K. J. Breslauerl, L. Witkowskil, and K. Bulas®

ABSTRACT

A flow calerimetric technique is described that allows the direct deter-
mination of the enthalpy change accompanying the transfer of compounds from
nonpolar to aqueous environments. In conjunction with equilibrium studies,
complete thermodynamic profiles are obtained for the transfer of phenol from
octane, toluene, and octanol to water and for the transfer of aniline from

toluene to water. These data are tabulated below.
AGt, AHt, ASt,
keal keal cal de%'l
Transfer process mo1~1 mol~} mol™
PHENOL
Octane + H,0 ~1.14 -3.9 -9.2
Toluene + H,0 +0.27 -1.5 -5.9
Octanol » H,0 +1,80 +2.6 +2.8
ANILINE
Toluene + H,0 +1,32 -1.2 -8.7

The data are interpreted in terms of solute-organic solvent and solute-
water interactions. These results are discussed in light of currently accept-
ed views concerning the nature of hydrophobic and hydrophilic forces,

INTRODUCTION

Several years ago we described the development of a new calorimetric
technique that allows the direct determination of the enthalpy change accom—
pany%ng the transfer of a molecule from a nonpolar to an aqueous environment

(3).

1 Rutgers University, New Brunswick, N.J.
2 ynderlined numbers in parentheses refer to items in the list of references
at the end of the paper.
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Our work in this area was stimulated by the fact that many investigators
were reporting thermochemical data on complex biochemical systems that they
were unable to explain in terms of currently recognized molecular interac-
tions. At the same time, several laboratories were suggesting that important
contributions to the energetics of many biochemical processes arose from the
transfer of groups from nonpolar to aqueous environments, or the reverse
(6, }lle). For example, in the denaturation of a globular protein those
amino acid side~chains originally embedded in the relatively nonpolar interior
of the macromolecule, upon unfolding, become exposed to the highly polar,
aqueous environment of the solvent. In contrast, the binding of an inhibitor
or substrate to a macromolecule was frequently envisioned as involving a
change in the environment of the binding species from a purely polar, aqueous
environment to the relatively nompolar surroundings of the binding site (2).

In general, it was becoming clear that if one was to explain the molecu-
lar origins of the thermochemical data obtained on complex biochemical sy-
stems, one had to be able to define the thermodynamic contribution arising
from such polar-nonpolar environmental changes. Unfortunately, these data are
quite difficult to obtain by studying the biological systems themselves since
these environmental changes invariably occur concurrently with charge-charge
interactions as well as conformational changes.

To isolate the thermodynamic changes associated purely with the transfer
of a macromolecular component from one environment to another, one can study
the thermodynamics accompanying environmental changes for small molecules that
can serve as models for the individual groups that make up these biopolymers.
In this connection, the free energy change associated with the transfer of a
small molecule from a nonpolar to an aqueous medium would be of interest.
Such determinations can be and have been carried out by studying the equili-
brium distribution of wvarious compounds between water and some relatively
nonpolar organic solvent (5). Alternatively, some workers have used solubili-
ty measurements to calculate partition coefficients (11). The results of such
experiments have been used to construct free—energy tables (hydrophobicity
scales) which reflect the relative affinity of various compounds and molecular
groups for the organic and aqueous phases.

However, to begin to understand on a microscopic level what constitutes a
hydrophobic or hydrophilic interaction as well as to explain much of the ac-
cumulated thermochemical data, one must dissect the free energy term into its
constituent parts. That 1s to say, one must expand the model to include the
determination of values for the enthalpy, entropy, and heat capacity changes
accompanying these distribution experiments. Unfortunately, very few data
exist for the enthalpy change accompanying the transfer of a molecule from a
nonpolar to an aqueous environment. This probably has been due to the fact
that no accurate and convenient method for measuring this parameter has in the
past been available.

In an attempt to alleviate this situation, we initiated a program that
has resulted in the development of a direct and accurate calorimetric tech-
nique for measuring the enthalpy change accompanying the transfer of a
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molecule from a nonpolar to an aqueous medium. We present here the results
obtained by application of this new technique to several molecules of general
and biological interest.

EXPERTIMENTAL SECTION
Chemicals

Phenol (99+ pct pure) and aniline were obtained from Fisher Scientific
Co., Fairlawn, N.J., and used without further purification. Chromatoquality
toluene and octane were purchased from Matheson, Coleman and Bell, Grade 1
99-pct pure octanol was obtained from Sigma Chemical Co., St, Louis, Mo.

Method
The Calorimeter

The experimental technique makes use of an extremely sensitive flow mi-
crocalorimeter developed by Sturtevant in collaboration with Beckman Instru-
ments, Palo Alto, Calif. (l11). The main components of the instrument are a
precision fluid delivery system and a 10,000-junction thermopile, which is
enclosed within a massive aluminum heat sink. The fluid delivery system con-
sists of two glass syringes equipped with gas tight Teflon-tipped plungers
which are independently driven by two variable-speed 10-rpm synchronous
motors,

The two fluids are separately delivered to the calorimeter system by
passage through Teflon tubes. At the entrance to the heat sink, the Teflon
tubing 1is changed to platinum tubing (1.0-mm-ID) which is im good thermal
contact with the heat sink. This insures proper equilibration of the liquids
prior to their entering the thermopile. Upon reaching the thermopile the two
platinum tubes are brought together by means of a Y-junction which serves to
initiate the mixing process. The mixed liquids then pass through the platinum
tubing, which is pressed tightly against the inside surface of a 10,000- junc-—
tion thermopile. Thus, any heat evolved or absorbed upon mixing the two
solutions is quantitatively conducted through the thermopile to the massive
aluminum heat sink. The resulting electrical output (which is proportional to
the heat evolved or absorbed) is amplified and recorded.

Enthalpies of Transfer

The technique employed involves the extraction of a compound of interest
from an organic to an aqueous phase in the flow calorimeter described above.
To avoid excessive heats of solvent mixing, it is essential to use immiscible
phases. The extraction is readily accomplished by flowing a dilute alkaline
(or acidic) aqueous scolution against an organic solution of the compound to be
transferred. Obviously, such a compound must possess a site for facile pro-
tonation or deprotonation so that either an acidic or an alkaline aqueous
solution can be used to insure complete extraction during the calorimetric
residence time. Previous work has shown that the extraction is in fact
complete before the solution exits from the calorimeter (3).
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The overall extraction process results in an enthalpy change which in-
cludes mot only the heat associated with the transfer of the molecule between
the two phases, but also the heat of ionization (or protonation) of the com-
pound transferred., 1In addition, one must correct for the heat of formation of
water whenever an alkaline extraction solution is used. This latter enthalpy
is well known and thus can be subtracted from the overall heat of the process.
On the other hand, a separate experiment must be performed in order to deter-
mine the heat of protonation (or deprotonation) for each compound transferred.

For the case of a molecule possessing an "active'" hydrogen, the overall
transfer process can be summarized as outlined in scheme 1. On the other
hand, when dealing with compounds such as amines that are transferred (ex-
tracted) by means of aqueous acid, the overall set of reactions reduces to
those shown in scheme 2., Thus, simply by adding the three processes illustra-
ted in scheme 1 or the two processes illustrated in scheme 2, one obtains a
value for the enthalpy change associated with transferring the uncharged mole-
cule from a nonpolar to an aqueous environment.

SCHEME 1. Determination of enthalpies of transfer

R-OH (organic solvent) + “OH (aqueous) * R-0" (aqueous) + H,0 AH,
R-0" (aqueous) + HY (aqueous) *+ R-OH (aqueous) AH,
Ho0 + H" (aqueous) + ~OH (aqueous) AH,4
R-0H (organic solvent) » R-OH (aqueous) AHy L onefer
By ansfer = BHp + AHZ + bl
SCHEME 2. - Determination of enthalpies of transfer
+
R-NH, (organic solvent + H* (aqueous) + R-NH; (aqueous) AH,
+
R-NHj3 (aqueous) + R-NH, (aqueous) + H* (aqueous) AHé
R-NH, (organic solvent) + R-NH, (aqueous) BH, \ansfer
- '
My ransfer = AH1 * AH2

Repetition of the entire procedure at different temperature enables one
to calculate the heat capacity changes associated with such transfer process-
es.
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RESULTS AND DISCUSSION
Table 1 summarizes the enthalpy data obtained for the transfer of phenol
and aniline from toluene to water. As described below, these data can be used

to test the new calorimetric technique employed in this work.

TABLE 1. _ Enthalpies of transfer of phenol and aniline from toluene

to water at 25° C,! kcal mol”!

Compound AH, A, AH 4 AR
transfer
transferred
Phenol -9.19 i-5.65(+13.34 -1.50
Aniline -8.48 1-7.28 - -1.20

lsee schemes 1 and 2 for meaning of symbols.
All enthalpies are averages of at least 4
determinations.

The enthalpy of transfer of phenol from toluene to water is exothermic by
1.5 kcal mol™! (note: 1 calpy = 4.184 J). This value should be compared
with the corresponding enthalpy of transfer that can be derived from previous-
ly published heats of solution. Parsons and coworkers found the heat of solu-
tion (at 25° C) of solid phenol in water to be + 3.04 kcal mol™! (8). Arnett
and coworkers determined the heat of solution (at 25° C) of solid phenol in
toluene to be +4.51 kcal mol™! (1). From these data, ome can derive a value
for the enthalpy of transfer of phenol from toluene to water as shown below:

Phenol (solid)

-AH, = -3.04 kecal mol~! B, = +4,5] kcal mol™!

Phenol (H,0) Phencl (toluene)

bH, = -1.47 kcal mol~™!

The derived value of -1.47 kcal mol~l for the toluene-to-water transfer
is in very good agreement with the 1.5 kcal mol~} determined by means of our
direct calorimetric technique. This exothermicity probably reflects favorable
hydrogen bonding between the phenolic hydroxyl group and water.
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The enthalpy of transfer of aniline from toluene to water was found to be
-1.2 keal mol™! at 25° ¢ (table 1). Whetsel and Lady determined the enthalpy
of complex formation between aniline and benzene to be -1.64 kcal mol™" (13).
By combining these two sets of data, one can derive a lower limit of -2.84
kcal mol™! for the enthalpy of formation of a hydrogen bond between water and
the aromatic amine group of aniline,

Influence of the Organic Solvent

Clearly, different organic solvents will provide different '"nonpolar
environments' so that the enthalpy data reported above should not be inter-—
preted exclusively in terms of solute-water interactioms. To determine the
degree to which solute-organic solvent interactions contribute to the observed
enthalpies of transfer, phenol was transferred to water from several different
organic solvents, The results of these studies are summarized in table

TABLE 2, - Enthalpies of transfer of phencl from various organic solvents
to water at 25° €, kcal mol™ "

Transfer
process Ag AH AH AH
1 2 3 transfer
Octane > H,0 ~11.60 ~5.65 |+13.34 -3,91
Toluene + H,0 ~9.19 -5.65 (+13.34 -1.50
Octanol + H,0 ~5.04 -5.65 [+13.34 +2.65

These data clearly indicate that the AH{ values are strongly depend-
ent upon the specific organic solvent selected. Furthermore, by combining the
data of table 2 one can derive enthalpy values for the tranmsfer of phenol
between two organic solvents as illustrated in scheme 3. These data, which
are summarized in table 3, provide considerable new insights into the nature
of solute-organic solvent interactions and deserve further comment.

SCHEME 3. - Enthalpy of transfer of phenol (¢-0OH) between organic solvents

$-0H (octane) *+ ¢-OH (H,0) AH = -3.9 kcal mol *
$-OH (H,0) + ¢-OH (toluene) AH = +1.5 kcal mol~!
$-OH (octane) » $-OH (toluene) M = -2.4 keal mol~}
TABLE 3. - Enthalpies of transfer of phenol between two organic solvents
at 25° C
Transfer AHtransfer,
process kcal mol~!
Octane + toluene -2.4
Octane + octanol -6.5

Toluene * octanol -4.1

2.
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We have suggested earlier that the 1.5 kcal mol-l exothermicity observed
for the transfer of phencl from toluene to water reflects favorable hydrogen
bonding between the phenolic hydroxyl group and water. We now see that for
the octane-water solvent system phenol has a heat of transfer of -3.9 kecal
mol-! (table 2). By combining these data we can conclude that phenol has an
energetically favorable interaction with toluene (relative to octane) of 2.4
keal mol-! (table 3).

This result is in excellent agreement with a spectroscopic study carried
out by Pimentel and coworkers (9). These investigators found a favorable
interaction of some -2.3 kcal mol-! between phenol and benzene, Thus the
derived value of -2.4 kecal mol~! for the tramsfer of phenol from octane to
toluene (table 3) is in very good agreement with their findings. In connec-—
tion with these studies, it is interesting to note that Arnett and coworkers
(1) found no free hydroxyl frequency in the infrared spectrum of phenol in a
base as weak as benzene.

It should be emphasized that compilations such as table 3 are useful in
that they clearly demonstrate that the enthalpy changes determined for these
transfer processes are not all simply a result of interactions with water. 1In
addition, as illustrated above for phenol, we are able to glean further useful
information concerning molecular interactions by looking at the derived en-
thalpies of transfer between two organic solvents.

The data in table 2 also indicate that the transfer of phenol from octa-
nol to water is accompanied by an enthalpy change of +2.65 kcal mol~", This

endothermicity is probably due to the formation of a hydrogen bond between the
hydroxyl group of the solute and that of the organic solvent. Such a value

for this sort of interaction can be compared with that derived from heats of
solution reported in the literature. Parsons and coworkers (8) found the
heats of solution for phenol in methanol and water to be +0.88 and +3.04 keal
mol‘l, respectively. From these data one can derive a value of 2.16 kcal
mo1~1 for the enthalpy of transfer of phenol from methanol to water. Consi-
dering the differences in the solvent systems, this number agrees rather well
with the +2.65 kcal mol-! determinmed for the octanol-to-water transfer.

By combining this result with the data from the octane-water system, ome
can derive the AH. for the transfer of phenol from octane to octanol. As
seen in table 3, a value of -6.5 kcal mol=! is obtained for the hydrogen bond
assumed to be formed between phenol and octanol. Such a result is not unrea-
sonable in light of the work of Nagakura (7) and Arnett (l). These investiga-
tors studied hydrogen bond formations between phenol and a number of different
proton acceptors (ether, dioxane, ethyl acetate, N-methylformamide, N,N-di-
methylformamide) and found &H values ranging from -4 to -6.8 kcal mol ",

Free Energies of Transfer

Free energies of transfer were calculated as previously described by
determining partition coefficients of the compounds between water and various
organic solvents (3). These partition coefficients were found to be

4
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independent of solute concentration over the range of 107! to 107" M. This
allows us to conclude that our data are not influenced by aggregation of the
solute molecules,

The free energies of transfer, along with the calorimetrically determined
enthalpies of transfer, allow the calculation of the entropy of transfer. As
discussed below, knowledge of the sign and magnitude of this entropy change
leads to further insights into the nature of the molecular interactions in-
volved in a given transfer process.

Table 4 provides complete thermodynamic profiles for the transfer of
phenol from several organic solvents to water and for the transfer of aniline
from toluene to water. Significantly, the transfer of phenol from either
octane or toluene to water is stromngly entropy inhibited, as is the transfer
of aniline from toluene to water.

TABLE 4. - Thermodynamics of transfer of phenol and aniline between various
organic solvents and water at 25 C

Transfer AG;, AHE, ASE,

process kcal mol™! kcal mol~} cal deg_1 mol~?
PHENOL

Octane * H,0 -1.14 -3.9 ~9.2

Toluene > Hy,0 | + .27 -1.5 -5.9

Octanol + H,0 | +1.80 +2.6 +2.8
ANILINE

Toluene + H,0 | +1.32 -1.2 -8.7

Frank and Evans (4) and Kauzmann (6) have described models in which the
transfer of mnonpolar groups from organic to aqueous medium should result in a
decrease in entropy due to the ordering of water molecules around the hydro-
phobic groups. The observed entropic inhibition to the transfer of phenol and
aniline to water 1is consistent with their predictions.

In contrast, the transfer of phenol from octanol to water is accompanied
by an increase in entropy. This may well reflect a high degree of order re-
quired for the formation of a phenol-octanol hydrogen bond. Clearly, in this
solvent system octanol does not provide an '"inert" nonpolar environment.

CONCLUSION

We have demonstrated that a great deal of new, fundamentally important
information concerning the nature of solute-solvent interactions can be
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obtained by investigating the thermodynamic changes accompanying the transfer
of molecules between organic solvents and water.

In the past, such studies were limited to the calculation of free ener-
gies of transfer from partition coefficients, The calorimetric technique
described here provides a convenient method for determining enthalpies of
transfer, which in turn allows the calculation of entropies of transfer.

We strongly believe that further application of this gemeral technique to
additional compounds will lead to the recognition of the molecular forces

responsible for the thermodynamic changes observed in many biochemical reac-
tions,
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K. D. Williamson: Did you have a practical method for determining the Gibbs
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energies of transfer between two organic solvents? The question was prompted
by the fact that many organic solvents are miscible and thus do not permit
measurements of partition coefficients, In many such cases vapor-liquid equi-
librium data are available from the literature. These data can be used to
determine the fugacity of the solute in the liquid phases, and hence transfer
functions for the solute between the organic phases.

K., J. Breslauer: There 1s a well-established practical method. For two
immiscible solvents, one carries out classical distribution experiments.

Alternatively, for miscible solvents one performs independent solubility
studies and then corrects for activities.

E. M. Woolley: Would you comment on molecular association?

K. J. Breslauer: In general, we have to concern ourselves with molecular
association. In particular, wh;en we looked at some carboxylic acids the
association process had to be taken into account by simply adding another
equation to our interpretation scheme. However, this does not in any way
reduce the general applicability of the method. In the case of phenol, we did
not encounter any associatien 1in the concentration range investigated.

Anonymous: What is the effect of mutual solubilities?

K. J. Breslauer: We were concerned that the mutual solubilities of the organ-
ic solvents with water might give us a more complicated system than simply
pure water and pure organic, Consequently, we checked our direct-transfer
determinations against a separate set of experiments in which the heat of
solution of solid phenol was determined in both pure water and pure organic
solvent, With the latter approach there is no need to worry about mutual
solubilities. The enthalpy of transfer derived from the solubility data was
found to be identical with our directly determined value. Thus, we were able
to conclude that mutual solubilities of the solvents did not affect our
directly-determined enthalpies of transfer.
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HIGH-TEMPERATURE ENTHALPY MEASUREMENTS WITH A
COPPER-BLOCK CALORIMETER

by

1
M. J. Ferrante

ABSTRACT

A copper-block calorimeter used to measure relative enthalpies

above 298.15 K is described., The measurements involve heating a sample
to a known temperature, dropping it into a copper block of known heat
capacity, and measuring the rise in temperature of the block. The
construction and operation of the calorimeter, related measuring equip-
ment, and two furnaces are described. One furnace, containing a silver
heat sink, is used for heating samples up to 1,200 K. The other furnace,
containing a platinum heat sink, is used between 1,000 and 1,800 K.
Results of typical enthalpy measurements for cupric sulfide are given.

INTRODUCTION

Enthalpies relative to 298.15 K are measured with a copper-block

calorimeter at the Bureau of Mines, Albany (Oreg.) Research Center. In
this method, a sample is heated in a furnace to a known temperature and
dropped into a block calorimeter of known heat capacity that is operating
near room temperature. The increase in temperature of the block is
related to the change in enthalpy of the sample. Because the sample is
dropped from the furnace into the calorimeter, the name "drop method" is
applied to this technique.

The drop method is used with three types of calorimeters: (1) the

fluid or water type as described by White (16),2 (2) the phase change
type as described by Ginnings and Corrucciﬁfmkéjg) and modified several
times (1, 4, 7), and (3) the metal-block type as described by Jaeger and
Rosenbohm (8). The last type will be described here.

Results of typical enthalpy measurements made with the block caleo-

rimeter described in this report are given for cupric sulfide (CuyS).
This investigation of synthetic Cu,S was one in a series of thermody-

1
Research chemist, Albany Research Center, Bureau of Mines, Albany, Oreg.

2
Underlined numbers in parentheses refer to items in the list of references

at the end of the paper.
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namic studies conducted at the Bureau of Mines on copper compounds
important in mineral technology. Despite the importance of Cu,S in the
processing of copper, thermodynamic data for Cu,S were inadequate. Such
thermodynamic data were needed for the more efficient extraction of
copper from sulfide ores by roasting, and for the control of sulfur
oxide pollutants that are formed during the roasting process. Thus, the
thermodynamic data would foster maximum productivity and minimum energy
requirements in the processing of copper and related substances.

APPARATUS AND OPERATION

The copper-block calorimeter was designed by Southard (15) and last
described in 1968 by Douglas and King (2). Since then, this apparatus
has been modified several times until only the calorimeter proper and
the container remain unchanged. The present arrangement of the copper
block and furnace is shown in figure 1. On the top of the furnace is
the mechanism for dropping the sample capsule from the furnace into the
calorimeter. This dropping mechanism consists of a tripping device, a
plunger that fits snugly in the drop tube, and a suspension wire attached
to the capsule containing a sample. The drop tube is slotted along most
of its 115-cm length to permit the nearly free fall of the plunger. The
lower 15 cm is not slotted, so that the fall of the plunger is checked
by an air cushion when it reaches a position corresponding to the point
where the capsule has entered the calorimeter. The air slowly escapes
from the bottom of the drop tube through a small hole that provides
passage for the suspension wire. Thus, the capsule drops from the
furnace into the calorimeter in a minimum amount of time and settles
gently into the copper block as the gates are momentarily opened and
then closed. The rate of fall of the sample capsule is reproducible, and
the gates are opened for no more than 2 seconds. Keeping the suspension wire
attached to the capsule as it falls into the calorimeter enables easy
retrieval of the capsule from the calorimeter or easy return to the
furnace for another measurement. The wire is platinum-10 pct rhodium
with a size of either Brown and Sharpe gage 32 or 30 depending on the
weight of capsule and sample. The top of the furnace is closed with an
alumina plug with holes just large enough for the suspension wire and
the thermocouple. This calibrated thermocouple of platinum versus
platinum~10 pct rhodium is used to measure the temperature of the sample
capsule in the furnace. When the furnace is swung over the calorimeter,
the steel tube at the bottom of the furnace is alined with the brass
tube at the top of the calorimeter. Both tubes have an ID of about 2.7
cm.

The calorimeter proper is a cylindrical copper block 12.6 e¢m in
diameter by 20.3 cm in height that weighs about 21 kg, This mass is
large enough so that the highest heat absorption from a capsule and
sample does not cause a temperature rise of more than 5 K. The copper
block is supported by plastic knife edges that are glued to the bottom
of the surrounding brass container. The block and the interior of the
container are gold plated, and these surfaces are polished to minimize
the heat exchange between them. The brass container is immersed in a
vigorously stirred contant-temperature water bath maintained near 25° C.
The temperature of the bath is controlled to +0.002° C by a combination
of heating and cooling. The cooler uses mechanical refrigeration to
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supply continuous cooling at a constant rate. Heaters that have constant
power inputs from variable-voltage transformers balance out almost all

of the cooling, while a proportional temperature controller supplies
power to the control heaters.

The upper gate is circular and hollow. It is made of copper about
1.3 em thick with a hole 2.7 em in ID. This gate rotates in a brass
housing, aund when closed, shields the calorimeter from radiation from
the hot furnace. ZEven when the furnace is at 1,800 K with the gate
closed, the heat exchange between the furnace and the calorimeter is
negligible. The receiving well is covered by the lower gate. It is a
circular, solid copper gate about 1.9 em thick with a hole 2.7 em in ID.
In the closed position, this gate preveuts heat losses from the calorimeter
by convection from the hot capsule that is dropped from the furnace.
Because the lower gate is part of the calorimeter proper, its bottom
surface and the surface of its recess in the block were machined to a
tight fit. These tight fits provide good contact for rapid attainment
of thermal equilibrium. The lower and upper gates are manually rotated
on the same shaft that is eccentric with the center line of the copper
block. Both gates are normally closed except when briefly opeuned to
allow the capsule to drop through into the well. Both gates have a slot
that is on an arc of the proper radius and is just wide enough to allow
the suspension wire to slide through when the gates are closing. A
correction is made for the heat radiated into the calorimeter during the
few seconds the gates are opened to permit the capsule to drop into the
well, This heat gain is negligible below 1,025 K and does not exceed
0.1 pct of the sample heat at higher temperatures.

Additional details of the calorimeter are shown in figure 2. An
atmosphere of dry carbon dioxide is maintained in the calorimeter by
introducing a continuous flow of about 50 c¢m®/min near the bottom of the
brass container. Before the gas enters the calorimeter, it flows
through a coil of copper tubing in the constant-temperature bath to
attain the same temperature as the bath. This slow flow of carbon
dioxide not only prevents condensation of atmospheric moisture in the
calorimeter, but also decreases the heat exchange rates to about 60 pct
of those in air. This rate of heat exchange in the calorimeter is about
0.002 K/min for a temperature difference of 1° between the block and
bath and is reproducible to about 1 pct. There is a slight departure
from this value for large temperature increases of the block from the
hot capsule, but this variation is taken into account in the calculation
of the measured heat exchange. The time for attainment of thermal
equilibrium by the calorimeter is about 8 to 10 minutes after heating
for an electrical calibration and 10 to 60 minutes after dropping a
heated sample for an enthalpy measurement. The actual time depends
primarily upon the thermal conductivity of the sample. After the furnace
is swung over the calorimeter, the carbon dioxide flows up the furnace
tube to erhance the heat transfer between the furnace and the capsule.

It also maintains an oxidizing atmosphere around the furnace thermocouple.
The flanged top is sealed to the bottom portion of the brass container

by means of a gasket and machine screws. The removable top provides

easy access to the block. The well is for receiving the capsule dropped
from the furnace. This well is a tapered hole in a copper plug extending




138

S ™
FLANGE
- /;%/L// TPy eVErE 7 AV ///////’ﬁd
j . SEAL
- ’ N 4 S NG g
’ / \? A &Y / RECEING
s g \\\\ ///
A\ g&\ Y /
/ / / / HEATER
j : ' / / RESISTANCE
Z N | THERMOMETER
. W
- L1
, ?
: /
/ ]
g 4
y #
, /
y A
, ] : ~— CARBON
AN/ 1\ DRSS \‘k NN AN DIOXIDE

FIGURE 2. - Details of copper-block calarimeter.




A

from the top of the block to within 5 cm of its bottom, The plug is
removable from the block and is wound with a 100-ohm manganin wire
heater for electrical calibration of the heat capacity of the block
calorimeter. The heat capacity of the copper block is 3.695 cal/uv
change in the thermometer at 25.00° C. There is a small heat capacity
change of less than 0.001 cal/uv-K of the block with temperature that is
accounted for in the caleculations.

The resistance thermometer of the calorimeter is wound around a’
recess in the block and covers about one-half of its outer surface. The
winding is coated with Bakelite® varnish and is protected by a tapered
copper sleeve that has a driving fit onto the similarly tapered block.

The resistance thermometer is of the transposed (Wheatstone) bridge type
described by Maier (13) and provides a significantly greater temperature
sensitivity than a single winding. The thermometer consists of two

copper and two manganin windings of approximately 210 ohms each. Therefore,
the current passing through the thermometer is exactly divided at all
temperatures, and the bridge is in balance only at 20.8° C. At temperatures
other than the balance point, the copper windings have changed resistance
significantly more than the manganin windings, and the bridge is unbalanced.
This unbalance produces a potential difference, which is a measure of

the temperature deviation from the balance point. The voltage drop

across the thermometer is 1,765 pv at 25.00° C., The thermometer has a
temperature coefficient of 416 uv/K with a current of 1 ma. Heat is
generated by the thermometer at 0.003 cal/min, which is negligible. The
use of a gix-dial potentiometer in conjunction with a nanovolt null
detector results in a system that can resolve changes equivalent to

+0.02 pv or +0.00005 K.

The potentiometer-null detector system is also used in the electrical
calibration of the calorimeter and in measuring the resistance of the
manganin heater. 1In these cases, a 0.l~ohm standard resistance is used
in the measuring circuit for electrical calibration, and a 100-ohm
standard resistance is used in both measuring and checking the resistance
of the manganin heater. The energy source for heating the block during
electrical calibration is a dc¢ power supply of the constant-voltage
type. The time of the heat input to the block is measured with an
electric timer with a crystal oscillator for a reference. The electrical
calibration serves to determine the calibration factor for the heat
capacity of the calorimeter. Over 100 electrical calibrations with the
system described above have resulted in an average deviation of 0.02
pct. A calibration is made before and after measuring the complete
series of enthalpies for each sample, and its constancy serves as a
check on the precision of the measuring equipment. FEach time an electrical
calibration is performed, the enthalpy of a standard material is also
measured and serves as an overall check of the entire equipment by
compaying results with the best published values. Results with g-Al,04
or MgO(periclase) have agreed with the published data within 0.1 pct.

The emf of the standard cell used with the potentiometer is checked
periodically against a dc transfer standard. Both the transfer standard
and the standard resistances were checked by comparison with standards

Reference to specific brand names is made for identification only and
does not imply endorsement by the Bureau of Mines.
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calibrated by the National Bureau of Standards. Current sources for the
potentiometer and resistance thermometer are lead cells of the charge-
retaining type. The lead cells, standard cell, aund standard resistances
are housed in separate compartments within an insulated box. Air at 30
+0.05° C is circulated in a space between the insulated box and the
outer shell.

Because the major error in drop calorimetry is usually the measure-
ment of the temperature of the sample capsule in the furnace, special
attention is given to the region of the furnace where the capsule is
hung. The closer this region is to being isothermal, the smaller will
be the problem of measuring the correct temperature of the capsule
containing the sample. It should be remembered, however, that the
actual temperature measurement of the sample capsule with a thermocouple
must be done with care. Otherwise, this error can exceed the uncertainty
of a nonisothermal region. 1In order to have a region near isothermal
for the sample capsule and thermocouple, two furnaces were built with
cylindrical heat sinks of silver or platinum. The furnace with the
silver heat sink is used to heat samples up to 1,200 K. The other
furnace containing the platinum cylinder is used between approximately
1,000 and 1,800 K to allow about a 200 K overlap with the lower temperature
furnace. These furnaces are each about 61 cm in length and 30 cm in
diameter. Both furnaces are mounted on bearings so that they can be
swung aside for easy access to either the calorimeter or the furnaces.

The furnace with the silver heat sink is limited to near 1,200 K as
a safety precaution to avoid melting of the silver at 1,235 K. Silver
was selected because it has the highest thermal conductivity of any
metal. Moreover, a relatively large mass of silver results in a high
total heat capacity. This in turn provides a thermal inertia to tempera-
ture changes in the region occupied by the sample and thermocouple, and
thereby permits easy control of the temperature in this region. A cross
section of the furnace with the silver cylinders is shown in figure 3.
The center cylinder has a length of 26.7 cm, an OD of 5.9 em, a wall
thickness of 1.4 em, and a top cap with a thickness of 1.3 cm. The top
and bottom silver e¢ylinders are 5.1 em in length and have 3,8-cm-long
alumina spacers between them and the central silver cylinder. Additional
alumina spacers are located above and below the end silver cylinders.
The furnace core is centered and supported In alumina blocks and insulated
with powdered alumina. For this furnace, the dropping mechanism is
always attached to the top of the furnace.

Vertical holes in the silver cylinders and alumina spacers are
lined with thin-walled Inconel tubes. The large Inconel tube has an ID
of about 2.7 c¢m and is located in the central and bottom parts of the
furnace. It encloses the sample capsule. This large Inconel tube is
fitted with a smaller Inconel tube at the top for the suspension wire.
Hence, the suspended sample capsule is pulled into the furnace from the
bottom. Smaller holes (0.6 cm diameter) extead from the top and bottom
of the furnace into the wall of the central silver cylinder. These
holes were placed 90° apart azimuthally with one hole extending the
length of the furnace, one hole extending about 7.6 cm into the top of
the central silver cylinder, and two holes extending about 5.1 cm into
both the top and bottom of the central silver cylinder. The construction
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0of the furnace to this point is essentially the same as that of the one
at the National Bureau of Standards (1, 4, 7). The smaller holes house
various thermocouples whose types and functions are described later.
All thermocouples fit snugly in the Inconel tubes, which in turn fit
snugly in the cylinders. These close fits are for good thermal contact
so that heat conduction along the thermocouple leads is not a source of
error.

The main heating elements extend the full length of the furnace and
consist of coils of Nichrome wire that radiate directly to all three
silver eylinders. Precision contrel of the main heater is accomplished
with a proportional temperature controller that has rate and reset
features. This temperature controller is used in conjunction with an
iron-constantan thermocouple sheathed in Inconel. The thermocouple is
placed in one of the smaller holes in the central silver cylinder with
its junction at the same level as the sample capsule. Another iron-
constantan thermocouple similarly placed in another small hole is used
in conjunction with a strip chart for recording the temperature of the
central cylinder. The iron-constantan thermocouple was selected for
temperature controlling and recording because of its high sensitivity of
about 60 pv/K. There are also auxiliary end heaters of Nichrome that
surtound the main heater at elevations corresponding to the top and
bottom silver cylinders. These end heaters are controlled potentiometrically
according to the difference in temperature between the main heater and
the end heaters as sensed by differential thermocouples of Chromel-
Alumel located in the center of their respective heating elements. The
control circuit for each end heater is also trimmed with a variable-
voltage transformer. 1In addition, the same Chromel-Alumel thermocouples
are used in conjunction with high-limit temperature contrellers to tura
off all heaters if the temperature of one approaches the melting point
of silver at 1,235 K.

The temperature in the central silver cylinder is measured with a
calibrated platinum versus platinum-10 pct rhodium thermocouple insulated
in an alumina tube and placed in one of the smaller holes of this
cylinder, The junction of the thermecouple is at the same height as the
middle of the sample capsule, Thus, precision temperature control of
the main and end heaters usually allowed a negligible drift of a few
hundredths of a degree from any set value. At these times, there was a
negligible temperature gradient in the central silver cylinder below 700
K, and up to several hundreths of a degree above 700 K, particularly at
the higher temperatures of 1,100 and 1,200 K. No correction is applied,
because the error is very small. Consequently, it is considered safe to
assume that the sample capsule attains the temperature of the central
silver cylinder. However, it is also important to take temperature
profiles of the actual region where the sample capsule is normally
suspended. This is done by inserting a platinum versus platinum-10 pct
rhodium thermocouple from the bottom of the furnace into the center of
the large Inconel tube. These temperature profiles are used to verify
that the temperature gradient of this region was small enough not to
cause an error in the indirect temperature measurement of the sample
capsule. Such a2 profile is taken before each measurement and showed the
gradient in this region to be negligible below 700 K, 0.02 +0.01 K from
700 to 1,000 X, and 0.04 +0.02 K between 1,000 and 1,200 K. Because the
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temperature of the sample capsule is measured indirectly, sufficient

time must be allowed for the capsule to reach the temperature of the
central silver cylinder. Since the central cylinder attains a steady
temperature from 15 to 45 min after a capsule is pulled into the furnace,
the minimum furnace residence times vary from 1 to 2 hours. An adequately
long residence time is also verified experimentally for each sample by
comparing the results of measurements with different times in the furnace,
so that a deviation from normal results can be detected, and then a time
can be selected that is clearly adequate.

The second furnace has a platinum heat sink and platinum-20 pct
rhodium wire resistance windings that can be operated up to about 1,800
K. Figure 4 shows a cross section of the furnace. The dropping mechanism
with the sample capsule and its measuring thermocouple is lowered into
the furnace only when the furnace reaches a steady temperature. This is
done to keep the calibrated platinum versus platinum-10 pct rhodium
thermocouple out of the furnace as much as possible, and thereby minimize
changes in its calibration at elevated temperatures, particularly about
1,500 K. The junction of the thermocouple is placed within 1 mm of the
sample capsule, not touching it, to prevent sticking between the two
surfaces. The capsule is usually placed near the center of the platinum
heat sink. The heat sink is located in the central portion of the
furnace with alumina spacers below and above it. The platinum cylinder
is 22,9 cm long and 0.24 cm thick and weighs about 1.1 kg. A thin
coating of alumina gives the c¢cylinder an ID of about 2.7 cm. This
coating is to avoid sticking between the cylinder and the capsule.
Around the platinum cylinder are two concentric alumina tubes that
support the heating elements. The main heating element was wound on the
full length of the inner tube with about 18 m of number 18 Brown and
Sharpe gage platinum~20 pct rhodium wire. The same type of wire was
also wound on each end of the outer tube as end heaters to counteract
the heat leakage from the top and bottom of the furnace. Both windings
were coated with alumina cement and fired at about 1,500 K to confine
the volatilization of the platinum-20 pct rhodium wire at elevated
temperatures. The ends of the furnace core are supported and centered
in alumina blocks. This coxre is then insulated with powdered alumina.

The thermoccouple for control of the furnace temperature is made of
platinum versus platinum-13 pct rhodium. The junction of this thermo-
couple is located adjacent to and in the center of the main heating
element to make response time as short as possible. The proportional
temperature control of the main windiungs and proper apportioning of
power to the end windings are accomplished in a similar manner as for
the furnace with the silver heat sink, and result in a minimum of
temperature variation in the zone for heating the capsule containing the
sample. Temperature profiles in the platinum cylinder where the capsule
is suspended were conducted as previously described. These profiles
showed a temperature gradient for this zone of 0.2 +0.1 K below 1,500 K,
and normally less than 0.4 +0.2 K from 1,500 to 1,800 K.

TYPICAL RESULTS

Results of typical enthalpy measurements made with the copper-block
calorimeter are given for Cu,S5. Cupric sulfide was selected because of
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its complex thermal behavior involving two solid-solid transitions and a
solid-liquid transition. This investigation illustrates some experimental
techniques that atre encountered in high-temperature measurements by drop
calorimetry, such as (1) verifying the reversibdility of a phase transition,
(2) substantiating that a phase transition is reasonably rapid or
calorimetrically reversible, and (3) establishing the temperature of a
transition that has shown slugglish behavior. 1In addition, data that
could not be precisely determined in this investigation were obtained

from other studies. A temperature for the transition at 376 K was

needed to enable the calculation of the heat of transition, because
enthalpy measurements under 400 K have poor precision. A temperature

for the melting point was also needed to calculate the heat of fusion,
because of the onset of early melting shown by an enthalpy measurement.
Details of this investigation were reported in Bureau of Mines Report of
Investigations 8305 (3), which included measurements of the low-temperature
heat capacities and high-temperature enthalpies of cuprous and cupric
sulfides.

Experimental enthalpies relative to 298.15 K for Cu,5 are listed in
table 1. To obtain the best fit of smooth curves to these data, the
values were computer-fitted with polynomial functions that were then
used to calculate smooth values of enthalpies at the temperatures of the
experimental measurements. These smooth enthalpies were in turn used to
calculate the percent deviation from the experimental values that are
listed in table 1. The percent deviation is defined as

Deviation, percent = 100 (H _H298)experimental - -H298)smooth
(i —H298)experimenta1

The average percent deviation for the valid 32 measurements was 0.07
pct. This does not include 0.42 pct for the three measurements below the
376 K transition, where the precision of measurements is significantly
less than that above 500 K. Likewise, the standard deviation of the
measurements from the curves was 0.1 pet, not including 0.9 pet for the
three measurements below 376 K. The standard deviation is calculated
from the following equation, where d is the percent deviation of a
measutrement and n is the total numher of measurements

Standard deviation, percent = .
n -2

The complex thermal behavior of Cu,S is shown by three reversible
transitions in figure 5, which graphically shows the experimental measure-
ments and the smooth curves. Solid-solid transitions were found at 376
and 720 K. Enthalpy measurements made above and then below the transitiouns
at 376 and 720 K verified the reversibility of phase transitions by
again being on the curve of the mean heat capacity. The third transition
from solid to liquid was found at about 1,400 K. Rapid reversibility of
phase transitions was confirmed by cooling separate samples from tempera-
tures above the three transitions at 376, 720, and 1,400 K to 298 K in
the calorimeter under the same conditions as for enthalpy measurements,
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TABLE 1. - Experimental enthalpies and deviations for Cu,S (c,%)

H® H298’ Deviation,1 H°"H398 Deviation,1
T, K cal/mole pct T, K cal/mole pct
350.7 990 -0.46 720.5 10,212 2
360.3 1,184 .05 720.9 10,283 2
370.2 1,391 .75 726.0 10,480 .10
380.2 2,462 -.09 727.1 10,489 -.01
399.4 2,910 -.33 735.5 10,667 .07
399.4 2,928 .36 740.6 10,743 -.13
453.5 4,197 .16 747.9 10,901 -.03
497.3 5,192 -.10 800.1 11,932 -.05
548.3 6.342 -.08 846.8 12.858 .01
595.9 7,402 .00 895.4 13,822 .02
597.3 7,435 .05 1,004.6 15,963 .01
603.7 7,573 .05 1,084.1 17,540 .11
619.2 7,911 .00 1,109.6 18,001 -.11
628.7 8,115 -.02 1,205.5 19,888 .00
639.2 8,347 .01 1,304.4 21,816 .0l
686.5 9,356 -.05 1,381.9 23,587 3
700.5 9,671 .13 1,413.2 27,033 .06
710.3 9,870 .06 1,452.5 27,837 -.10
719.5 10,165 2 1,509.3 29,090 .04
719.7 10,059 .03

lpeviation, pct = 100(experimental enthalpy - smooth enthalpy) experimental
enthalpy.

Partial phase conversion; not considered in smooth-curve-fitting process.

S0nset of early melting; not considered in smooth-curve—-fitting process.
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and then within minutes subjecting these samples to X-ray diffraction
analyses. Such tests were made at approximately 600, 1,000, and 1,500 K.
An additional test was made at about 350 K to have a sample heated below
the transition at 376 K. All samples reverted to the stable reference
form of monoclinic Cu,S, and no metastable form was detected hy X-ray
analyses. Two months later, reanalyses of the same samples detected no
structural change. This meticulous program was followed to be sure that
the room-temperature form was the same after quenching in the calorimeter
from each form encountered in this investigation, and to ensure that
there were no slow transformations at room temperature. The quench from
the liquid state, in particular, was suspect, in view of the small
measured heat of fusion of 3,070 cal/mole. Only the room—temperature
form of monoclinic Cu,S was detected by X-ray diffracticn analyses for
samples used in enthalpy measurements.

For the first transition from the monoclinic to hexagonal structure,
temperatures from 364 to 388 K have been given in the literature. The
present iavestigation established this transition between 370.2 and
380.2 K for an average temperature of 375 K. However, 376 K was adopted
from Jost and Kubaschewski (11) and Kubaschewski (12) because their heat
capacity measurements by adiabatiec calorimetry are more sensitive than
enthalpy measurements by drop calorimetry below 400 K. Adoption of this
more reliable transition temperature in turn permitted the more reliable
calculation of a heat of transition after extrapolation of enthalpy
data., The resulting isothermal heat of transition of 865 cal/mole
compares favorably with the values of about 920 cal/mole reported by Jost
and Kubaschewski and 889 cal/mole measured by Kubaschewski.

The second transition from the hexagonal to the cubic phase was
established at a temperature of 720 K by 12 enthalpy measurements made
within 34° of the transition temperature. Figure 5 and table 1 show the
results of four of these measurements, all lying within 1° of the 720 K
transition. This transition temperature was initially determined from
enthalpy measurements with a minimum furnace residence time of 1.5 hours.
Additional measurements were then made with residence times much longer
than the minimum to more firmly establish the transition temperature,
because a spread in temperatures from about 678 to 743 K has been
reported for the transition due to sluggish behavior. The measurements
with residence times 11 to 46 times longer than the minimum established
relative enthalples below, at, and above the 720 K transition at tempera-
tures of 700.5 (17 hr), 720.5 (19 hr), 720.9 (43 hr), 727.1 (69 hr), and
740.6 K (21 hr). The temperature of 720 K and the heat of transition of
280 cal/mole that were determined for the transition from this investiga-
tion are in good agreement with results by adiabatic calorimetry of 717
K and 287 cal/mole reported by Jost and Kubaschewski and of 708 K and 306
cal/mole measured by Kubaschewski.

Other investigators have made limited high-temperature measurements
for the solid phases of Cu,;S, but none of the liquid state. Heat capacity
measurements between 203 and 803 K were reported by Jost and Kubaschewski:
however, their values were not tabulated, but were presented graphically.
Their data differed from the present investigation by +1 pct or less.
Kubaschewski tabulated heat capacity values measured between 223 and 803
K. His values varied from the present investigation by +0.03 pet or
less.
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Enthalpy measurements of the liquid state resulted in cracking of
the clear silica~glass capsules. The cracking of the glass capsules
occurrad inside the calorimeter without loss of sample, so that an
adequate number of successful measurements were obtained for the liquid
up to 1,509.,3 K. X-ray diffraction analyses of the sample from the
cracked capsules showed no differences from the starting material.
Measurements were limited to three because the constancy of the heat
capacity data in the liquid state permitted extrapolation of the smooth
data to 1,600 K.

Enthalpy measurements could not determine the melting point due to
the onset of early melting, as shown by the measurement at 1,381.9 K.
This measurement has an abnormally high thermal effect of 1.2 pet above
the smooth curve in figure 5. The early melting was probably caused by
a trace amount of less than 0.01 pct of metallic impurities dissolved in
the Cu,S. This made it necessary to adopt the congruent melting point
of 1,400 K from differential thermal analysis conducted by Jensen (9) in
order to calculate the heat of fusion after extrapolation of the enthalpy
data. The resulting heat of fusion was 3,070 cal/mole, compared with
2,700 cal/mole measured with a water calorimeter by Johannsen and Vollmer
(10) and 2,700 cal/mole from differential thermal analysis measurements
by Mendelevich, Krestovnikov, and Glazov (14).
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DISCUSSION

M. W. Chase: Why 1is the precision of enthalpy measurements by the copper-
block calorimeter poor below 400 or 500 XK?

M, J., Ferrante: The precision is poor because of the small amount of heat
that is measured for a sample below those temperatures.

G. T._ Furukawa: How were the temperatures of the CusS sample measured in the
furnace?

M. J. Ferrante: We do not use a resistance thermometer as done with the fur-
nace having a silver heat sink for the NBS ice calorimeter. Our furnace is
similar to the NBS furnace, particularly in respect to the silver cylinder.
We measured the temperature of the sample with a thermocouple of platinum
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versus platinum=~10 pct rhodium. The thermocouple is inserted in the central
silver cylinder as in the NBS furnace. The temperature of the central cyl-
inder is taken as the temperature of the sample, which has been verified by
experimental tests.

G. T. Furukawa: Was the temperature of the Cu»S sample measured with a ther-
mocouple as low as 350 K?

M. J. Ferrante: Yes, we used a thermocouple and not a resistance thermometer
as done at NBES. NBS uses a thermocouple above 773 K. Although the resistance
thermometer is more accurate than a thermocouple at 350 K, we do not use a
resistance thermometer because a much larger error can be caused by the eath-
alpy measurement of the small amount of sample heat at this temperature.
Thus, measurements usually are not made below 400 or 500 K. Even at these
temperatures, the data from low-temperature heat capacity measurements takes
precedence over the high-temperature enthalpy measurements during the merging
of the two data sets to obtain smooth high-temperature values. In the case of
CusS, enthalpy measurements were made as low as 350 K because the low-tempera-
ture calorimeter was not yet capable of measurements above 310 K, and the
transition at 376 K was known.
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ADIABATIC SOLUTION CALORIMETRY AND STANDARDS

by

Edward J. Prosen’

ABSTRACT

The high-accuracy platinum~-lined adiabatic solution calorimeter of the
National Bureau of Standards 1is described briefly. Its capabilities for
working with highly corrosive substances, at temperatures from 278 K (5° C) to
368 K (95° C) and for reaction times as long as 20 hours, are illustrated.
Values for the enthalpies of reaction of four different standards of Standard
Reference Materials are given.

THE ADIABATIC SOLUTION CALORIMETER

The National Bureau of Standards (NBS) adiabatic solution calorimeter was
designed and built primarily to develop standards for solution calorimetry and
to determine the enthalpies of solution or reaction of standard reference mat-
erials similar to the materials that other scientists might wish to measure at
university, Government, and other research laboratories both in the United
States and abroad. With such standard reference materials made available by
the NBS and with descriptions of high accuracy measurements, procedures, and
apparatus developed by NBS, the scientists can test their apparatus, proce-
dures, and analytical techniques on materials and reactions similar to those
that they need to measure. By this means the thermochemical measurements in
all the laboratories will be upgraded and will be put on a uniform scale of
energy and temperature so that the resulting data will form a consistent set.

The adiabatic solution calorimeter used for all the work on standards for
solution calorimetry has been described in detail elsewhere (14).% A brief
description is given here, together with some reasons for the way it was con-
structed and a statement about how we use the quartz oscillator thermometer
and its stability over a period of years. A diagram of the calorimeter is
shown in figure 1. The calorimeter vessel (A in fig. 1) consists of a

*Chemical Thermodynamics Division, National Bureau of Standards, Washington,
D.C.

2Underlined numbers in parentheses refer to items in the list of references at
the end of the paper.

y
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FIGURE 1. - Diagramof NBS Adiabatic Solution Calorimeter, (A) Calorimeter vessel, (B) Con-

trolled adiabatic shield. (C) Copper jacket. (D) Fiberglass insulation. (E) Cool-
ing coils. (F) Styrofoam insulation. (G) Aluminum block. (H) Controlled-
temperature aluminum block, (J) Jacket cover (controlled-temperature). (K)
Controlled-temperature shield lid. (L) Shield-control thermocouples. (M) Calorim-
eter vessel lid.
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platinum-10 pct iridium cup, 0.8 mm thick, with a volume of approximately 350
ml. Pure silver was electroplated on the outside of this cup and then
machined to a 3.2-mm layer. The silver was then plated with 0.08 mm of gold
to provide good reflectivity. This construction was used because the high
thermal conductivity of silver aids in providing an isothermal outer surface
of the vessel which the adiabatic shield can follow in temperature. The 1id
of the vessel (M in fig. 1) is of the same layered construction but with a
thicker platinum plate so that O-rings could be used for sealing the inserts.
There are reentry wells made of Pt-10 pet Ir for the heater and for the plati-
num resistance thermometer capsule {later a quartz-oscillator probe) which
protrude from the lid into the solution. There are also a platinum stirrer
and a platinum sample holder held by the 1lid. The sample holder 1is sealed
with polytetrafluorcethylene (PTFE}, rubber, buna, or silicone rubber o-rings
and can be triggered to open at the proper time. Thus the calorimeter can be
used for highly corrosive materials such as 30 pct aqueous hydrofluoric acid
up to about 368 K (95° C) since it only contacts platinum, Pt-10 pet Ir, or
PTFE in the calorimeter. The adiabatic shield (B in fig. 1) was formed from
vacuum-cast copper (to provide good thermal diffusivity) and was 3.2 mm thick
and provided an annular space of approximately 10 mm around the calorimeter
vessel. It consisted of a one-plece cup with a separate 1lid (K in fig. 1)
from which the calorimeter vessel lid was suspended by the five thin platinum
tubes which enter the calorimeter vessel., The platinum tubes also suspend the
adiabatic shield from the outer nickel-plated copper jacket (C in fig. 1).
The adiabatic shield has a heater wound around it and is automatically con-
trolled to follow the calorimeter vessel temperature by means of a three-mode
(proportional, reset, and rate) controller which can control the temperature
to better than 1 mK. The differential (six junctions; L in fig. 1) thermo-
couples that drive the contreller were placed between the 1lid of the adiabatic
shield and the 1id of the calorimeter vessel because the only heat conduction
path from the calorimeter vessel is through the five platinum tubes (with the
wires and the stirrer rod inside them). The jacket is evacuated to eliminate
heat leak by air conduction and convection. The adiabatic shield very nearly
eliminates heat leak by radiation. The jacket temperature is kept constant at
a few degrees lower than the temperature of the experiment so that the adiab-
atic shield will always require some heating since there is no way of coocling
it other than by radiation to the jacket. Conduction along the platinum tubes
to the jacket lid is very nearly eliminated by separate controllers which keep
the jacket 1id (J in figure 1) and the tempering block (H in fig. 1) surround-
ing the platinum tubes {where they pass through the 1id) at the same tempera-
ture as the adiabatic shield. A detailed diagram of the calorimeter vessel is
shown in figure 2.

Further details on the calorimeter are given in the publications (lflz’
14-16) reporting work in which this calorimeter was used to measure various
heats of solution or reaction. It has worked well even for reactions such as
the solution of BeO(¢) in aqueous HC1 (10), which required a reaction period
of approximately 20 hours for completion. It has been used for endothermic
reactions by simultaneously adding electrical energy to compensate for the
endothermic reaction such as the heat of solution of KCl{¢) in water (8) or
the endothermic reaction of tris (hydroxymethyl) aminomethane (c) in aqueous
NaOH (15). It has been used for the heat of solution of various particle
sizes of a-quartz and silica glass in 18 to 30 pct aqueous hydrofluoric acid
at temperatures from 298 K (25° C) to 358 K (85° C) (12) with very good
results. -
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Platinum re-entry well containing platinum resistance
thermometer capsule. (B)Platinum stirrer. (C) Platinum
re-entry well containing four-lead heater.
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The use of a quartz-oscillator thermometer and digital recording equip-
ment in place of a platinum resistance thermometer system for measuring the
temperature rise of the calorimeter has made measurement and treatment of data
much less cumbersome. We have now had about 10 years of experience in the use
and stability of the quartz-oscillator thermometer and have made periocdic cal-
ibrations against a platinum resistance thermometer. We found that the ice
point drifts slowly with time, varying up to 20 amK. The absolute temperature
is only important im assigning the enthalpy of reaction to a certain tempera-
ture, and 0.02 K is more than accurate enough for most reactions. We also
found that the coefficient of change of frequency (f) with temperature in K,
df/dT, stays constant to a few parts in 10,000 over the years. Thus for solu-
tion calorimetry, where electrical calibrations over the same range of temper-—
atures are performed before and after each reaction experiment in the same
day, df/dT is constant to 1 part in 100,000. Also the relation between temp-
erature and frequency is very nearly linear (in most calibrations we could not
find a significant quadratic term) from 293 K (20° C) to 363 K (90° C).
Therefore it is not even necessary to convert from frequency to temperature,
but we could just measure each rise in frequency (Hz). Thus the electrical
calibration yields joules per kilohertz (kHz) rise, and the reaction experi-
ment yields kHz rise per gram of reactant. The product of the two yields
joules per gram of reactant. In our work we use a Hewlett-Packard (HP) 2850-D
quartz probe and a HP 2830-A probe-oscillator. We use any 12 v 20.02 pct
power supply to drive it and a frequency counter (capable of direct counting
at 30 MHz such as HP 5326-A) without a time base of its own. We trigger it to
start counting with the NBS standard 100 kHz frequency (which is stable to 1
part in 10*!) and trigger it to stop after 100 seconds, or 107 pulses from the
NBES standard frequency. The pulses occur at zero crossing on each cycle and
are accurate to at least 0.0l cycle, thus providing a timing accuracy of at
least one in 10°. Since the quartz oscillator is 28,208 kHz at 273 K(0° C)
with df/dT of 1 kHz/K, we get readings such as 2,823,812,345. Since we do not
need the initial three significant digits, we let them overflow the seven-dig-
it counter. The last significant digit represents 10 uK. For rating periods
of 12 points, a least-squares straight line gives a standard error of 6 kK.

In retrospect, there are two changes that could have been made on the
calorimeter: (1) The assembly of the vessel onto its lid requires inserting
12 screws and the assembly of the adiabatic shield onto its 1lid requires
inserting 8 screws. These screws could have been replaced by some sort of
quick-connect mechanism to eliminate the tedium. This was considered at the
time, but those available were too bulky and the screws gave the best positive
closure; (2) Stirring in the calorimeter vessel is very important. It must
be sufficiently vigorous to dissolve solid materials quickly and the heat of
stirring must remain as constant as possible. These have been achieved fairly
well; however, at high speeds the stirrer tends to whip. Thus the propeller
should perhaps be larger in diameter with larger blades and be shaped properly
to achieve better, more stable stirring with slower speeds.

STANDARDS FOR SOLUTICN CALORIMETRY

Several standard reactlons have been developed for solution calorimetry.
These are (1) sulfuric acid (aq) + sodium hydroxide (aq), (2) e—quartz (c) +
hydrofluoric acid (aq), (3) tris(hydroxymethyl)aminomethane (c) + hydrochloric
acid (aq) or sodium hydroxide (aq), and (4) KCl(c) + water (1). For the lat-
ter three there are Standard Reference Materials available from NBS together




157

with certified values for the heats (enthalpies) of solution at constant pres—
sure. For sulfuric acid (aq) + sodium hydroxide (aq), CP or reagent grade
materials are readily available from chemical manufacturers; the highest puri~
ty materials available should be used. The recommended enthalpy for this
reaction and the certified enthalpies for the Standard Reference Material
reactions are given below.

(1) Sulfuric Acid (aq) + NaOQH{aq)

For the enthalpy of neutralization of H,50,°8H,0 in NaOH*®2620H,0(~0.02M),
the recommended value is (14)

H,S0,*8H,0 + 2.36(NaOH*2620H,0) = (Na,S0,*36NaOH®6193H,0) .

AH(298.15 X) = -590.692 % 0.101 J*g~' of H,SO,.
In NaOH*714H,0 (~0.08M)} the recommended value is (li)

H,S0,*8H,0 + 2.6 (NaOH*714H,0)

AH(298.15 K) = =-590.828 $0 soln

(Nazsol. *0. 6NaOH'1866H 20)
193 Jeg~! of H,S0,.

(2) a-Quartz(c) + Hydrofluoric Acid (aq)

The enthalpy of solution of Standard Reference Material No. 1654
(a-quartz) at a concentration of 5 g in 1,000 cm® of 24.4 wt-pct HF(aq) at
353.15 K (80° C) is (9)

- = P, |
8H_ ; (353,15 K) = 2,362.2 + 1.1 Jeg-*.

The enthalpy of solution (in J*g-!) as a function of temperature, T, of the
reaction in 24.4 wt pct HF(aq) in the range 298-358 K (9) is

-aH_ o (T) = 2,275.0 + 1.586(T-298.15).

As a function of the concentration of the HF solution in the range 18 to 30
wt-pct (9) (corrected), the enthalpy per gram is

—AHsoln(353.15 K) = 2,362.20 + 1.398 (Wp =24.40) 4+ 0.0714 (Wp - 24.40)7%,

where Wp represents weight-percent HF (aq). The standard error of the
estimate is t1.7 Jeg-!.
(3) Tris(hydroxymethyl)aminomethane (c)

The enthalpy of reaction per gram of Standard Reference Material No. 724
[tris(hydroxymethyl)aminomethane(c)] with 0.100, N hydrochloric acid solution
at a concentration of 5 g/1 at 298.15 K (25° ©) (}é) is

AH(298.15 K) = -245.76 % 0.26 J*g-1.

The enthalpy (endothermic)} of reaction of the sample with 0.0500, N sodium
hydroxide solution at a concentration of 5 g/l of solution at 298.15 K (25° C)

(15) is

A

AH(298.15 K) = +141.80 * 0.19 Jeg-~'.
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The enthalpy of this reaction as a function of sodium hydroxide concentration
is

AH(298.15 K) = +146.03 - 87.8(N) + 43.2(N)*,

where enthalpy change is in Je°g-?, and N is the normality of the NaOH solution
in the range 0.005 to 1.000N. The standard error of the estimate is 0.19

J'g"lo

(4) Potassium Chloride (c) + Water (1)

The enthalpy (endothermic) of solution per gram of Standard Reference
Material No. 1655 [KC1l(c)] {dried at least 4 hours at 800 K) at infinite
dilution in water at 298.15 K (25° C), (§) is

AH(298.15 K) = 231.18 * 0.27 Jrg->.

The measured enthalpy change was corrected to infinite dilution, which is the
reference state, using Parker’'s values in table XV-A (13) for the enthalpy of
dilution of KCl.
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DISCUSSION

Anonymous: What would be the difference in the DC compared to the AC bridge
for measuring platinum thermometry?

E. J. Prosen: I am not the expert on that. 1 think we have a better expert
here from Bureau of Standards. The AC bridge is pretty much taken over as
far as precision resistance thermometry goes. In our results, we put a
straight line through the quartz versus platinum data. We would get agree-~
ment within 0.4 of a millidegree, but now when we use a quartz thermometer we
can find a quadratic in the first place which we couldn't find before because
it was in the band. The standard error of the fit is on the order of 0.1 of
a millidegree, so it means our platinum thermometry is much better than with
the quartz thermometer.

G. T. Furukawa: We have an AC bridge designed by R. D. Cutkosky of the NBS
which operates at 400 Hz. AC and DC measurements yield different values de-
pending upon the resistor configuration and measurement environment. The “AC
effect"” seems to be smaller with bifilarly wound platinum resistance thermo-
meters. We have been using the AC bridge for comparison measurements under
similar measurement conditions. In recent measurements at the triple point
of water using the AC bridge with a Meyers-type bifilarly wound thermometer,
we obtained among seven independent readings on a cell over a 3-day period,
in which the thermometer was removed and reinserted between readings, a range
of 0.014 mK.

E. J. Prosen: 1 think in summary you can do as good with a DC bridge, but

A
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you have te be very careful. You have to do a lot of calibration, and you
have to worry about the temperature much more than with an AC bridge. On the
other hand, an AC bridge is very stable with time; vou know the ratio, and
the number of terms doesn't change with time. It can be automated much
cheaper than automating a DC bridge, and overall it is easier to get high
accuracy with an AC bridge than with a DC bridge. I am not saying that with
a lot of work you can't do well with a DC bridge too.

G. Te Furukawa: We have a DC current comparator bridge based on the design
by N. L. Kusters of the NRC. In recent measuremenis using the bridge with
two capsule-type thermometers at the triple point of argon, the range of 8 or
10 observations over a 2-week period was not more than 0.01 mK.

E. J. Prosen: Yes, there was a paper on this at the recent calorimetry con-
ference.
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SULFIDE SOLUTION CALORIMETRY - A NOVEL METHOD
by

J. M. Stuve1

ABSTRACT

This presentation is a preliminary report of a novel calorimetric method
investigated by the Bureau of Mines for determining formation enthalpies of
sulfide minerals. The solution chemistry of sulfides in acidic bromine solu-
tions and attendant problems related to accurate calorimetric measurement are
discussed. Details of a bromine reaction calorimeter under development are
described, and its application to a variety of complex sulfide minerals 1is
outlined.

INTRODUCTION

A need for accurate thermodynamic data for metallurgically prominent
sulfide minerals has interested the Bureau of Mines in investigation of im-
proved calorimetric methods for obtaining formation energies. Many of the
transition metal sulfides are not amenable to conventional methods of acidic
solution calorimetry because of their poor solubility. Accordingly, the for-
mation data for these important materials are often derived from indirect
methods such as high-temperature dissociation pressure and electromotive force
measurements.

METHOD

The Bureau has developed a novel approach to the calorimetric problem
based on direct measurement of the formation enthalpies using acidic bromine
solutions at elevated temperatures in a sealed reaction vessel. The composi-
tion of this solvent is 2.5 molar hydrobromic acid with 1 molar dissolved bro-
mine complexed as the tribromide anion. Entensive tests of wvarious other
mineral acid compositions were made before selection of this hydrobromic-
tribromide solvent.

The dissolution of a typical mineral sulfide such as covellite {(Cu$§)
proceeds in two distinct stages as shown by the following reactions:

lResearch chemist, Albany Research Center, Bureau of Mines, Albany, Oreg.
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_ fast ++ _
2Cu8(c) + 3Bry * 20Cu ' + SyBr,(f) + 7Br (1)
_ slow = - +
SyBr,(2) + SBry + 8H,0 > 280, + 17Br + 16H'. (2)
The overall net reaction is
Cus(c) + 4Brg + 4Ho0 = cu’™¥ + SO, + 12Br” + 8H'. (3)

At 40° C and with moderate stirring, reaction 1 occurs quite rapidly - in the
order of 10 minutes to form a heavy oily phase of S,Br,, sulfur dibromide,
which settles to the bottom of the reaction vessel - usually in a single glo-
bule. Reaction 2, which ultimately forms sulfate (SOH=), proceeds at a much
slower rate. It usually takes about 2 hours to form a homogeneous solution
using conditions required for accurate calorimetric measurement.

The above reactions are an obvious oversimplification of the actual chem-
istry involved; however, they do accurately reflect the overall stoichiometry.
Undoubtably sulfate formation is preceded by a complex series of intermediate
reactions producing various thionic species. In any case, the final composi-
tion of the acid-bromine solution in the postreaction period appears nominally
reproducible and thermally stable.

After identifying the principal reaction paths, considerable effort was
expended in finding a catalytic material to accelerate the reaction of sulfur
dibiomide to sulfate. A wide variety of homogeneous and heterogeneous (sur-
face active) types were evaluated. No effective catalyst was found.

Two important wvariables that increase the sulfur dibromide reaction rate

are temperature and stirring. Unfortunately, temperature increases are re-
stricted by the relatively high vapor pressure of bromine (normal boiling
temperature = 59° () and the extreme corrosiveness of the bromine solution.

The rate of stirring must be moderated to limit the resulting heating effect
to a reasonable level.

The details of the current calorimetric apparatus are shown in figure 1.
A carefully sealed, adiabatic calorimeter was designed and constructed to
overcome the inherent problems of this reaction scheme. All reaction vessel
components exposed to bromine or 1its vapor were fabricated from high-purity
tantalum alloy. The volume of the solvent chamber is approximately 500 em3.
Demountable parts are sealed with polyfluorocarbon O-rings to provide gastight
joints. The sample material is sealed in a thin-walled glass ampoule suspend-
ed at the top center of the reaction vessel. Stirring is accomplished by
magnetic coupling at the bottom to avoid the leakage and heating problems of
rotary shaft seals. The entire reaction vessel assembly and adiabatic shields
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are enclosed within a heavy, sealed copper jacket which is thermostated in a
temperature-controlled water bath.

The primary adiabatic shield is concentric to the tantalum reaction ves-
sel and has a control heater winding on its outer surface. The inner surface
is partially covered with a resistance thermometer winding carefully matched
to a similar winding on the outer surface of the tantalum reaction vessel.
These thermometers are wired in a Wheatstone bridge configuration to accurate-
ly measure the temperature offset between the shield and the reaction vessel,
The bridge is powered by a Zener diode stabilized constant-current source.
Temperature imbalance is detected as a low-level dc voltage and is monitored
by a high-gain current-adjusting controller with rate, reset, and proportional
band adjustments. The analog output current of the controller drives a pro-
gramable-gain power supply coupled to the shield heater winding to maintain
quasi-adiabatic conditions. The temperature error band at steady state condi-
tions is about *0.001° C.

A secondary control system of similar design monitors the temperature
difference between the adiabatic shield and the lead bundle components above.
This control circuit 1is identical in function and design to the adiabatic
shield circuit except the temperature differential sensors are copper-constan-
tan thermocouples.

Precision temperature measurements of the reaction media are obtained
using a quartz thermometer with a maximum resolution of 0.00001° C for a l00-
sec counting period. Accurate energy calibration of the system is obtained
for each solution run in situ with a 1,000-ohm Karma wire resistor located in
a reentrant well. The heater current and voltage are alternately monitored
with a high-impedance digital voltmeter during the calibration period,

DISCUSSION

The most appealing aspect of this novel method is its ability to dissolve
a wide range of metal sulfides which resist conventional acidic calorimetry.
Successful solution tests have been made on samples of CuzAsS;, NiS, Ni3S,,
PbS, HgS, CdS, AsS, CugFeS,, CuFeS,, ZnS (sphalerite and wurtzite), CuS, Cu,S,
CeS, and FeS. Molybdenum disulfide (MoS,) and Ag,S are examples of sulfides
that are not amenable to this solution technique.

One of the most important materials that reacts to form sulfate ion is
elemental (rhombic) sulfur, which greatly simplifies the reaction sequence
required to determine a formation enthalpy. For example, the calorimetric
scheme for the mineral covellite would be composed of the following reactions:

CuS(c) + 4Bry™ + 4H,0 = Cu** + S0, + 12Br~ + 8H* (3)
Cu(e) + Brz = cu*t + 3Br™ (4)
S(c) + 4H,0 + 3Brz = SO, + 9Br~ + 8H' (5)

y




165

culc) + s{c) = Cus(c) (6)

The formation enthalpy in this case is simply Mg = AHu + AHs - AH3. Since
rhombic sulfur, S(c), and copper metal do not react to any significant degree

near ambient temperature, both materials could be weighed in the proper stoichi-
ometric ratio and sealed in the same ampoule and dissolved together.

The major disadvantage of the method is the requirement of handling a high-
ly corrosive and toxic material such as bromine. Access to a strong hood venti-
lation system is essential for safe operation.

From the viewpoint of accuracy, the method requires a relatively precise
and sensitive calorimetric design because the heats of solution are quite large
- about 200 to 300 kcal per mole of sulfide. The formation energy of many tran-
sition metal sulfides is about -5 to -30 kcal; thus the resulting experimental
measurement 1is analogous of seeking accuracy in small differences of relatively
large numbers.

DISCUSSION

Y. A. Chang: Have you considered the direct reaction of copper or any metal
with sulfur as a basis of measuring its heats of formation?

J. M. Stuve: Yes we have, but the work in this area that I am aware of doesn't
indicate a very high accuracy in some cases. It has been done, and it may be a
good method for some sulfides, I don't know.

N. A. Gokcen: Incidentally, the method that John Stuve 1is geing to use is

useful not only for stoichiometric c¢ompounds, but also for nonstoichiometric
compounds, such as iron-sulfur compounds that vary in sulfur-to-irom ratio.

J. M. Stuve: I would like to add to that. Probably the major problem you would
find by direct-reaction calorimetry would be the formation of many different
nonstoichiometric phases.

E. F. Westrum: Why did you choose to run Cu28? There are many values reported
in the literature for it.

J. M. Stuve: The choice of Cu2S was not by accident. We feel that Cu2S has
some of the best data available for it, so it would provide a good standard.
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DETERMINATION OF ENTHALPIES OF FORMATION
BY SOLUTION CALORIMETRY

by
H. C. Ko!
ABSTRACT

The basic principle of determining enthalpies of formation by solution
calorimetry is described. Brief descriptions of the HCl solution colorimeter
and experimental techniques are given. As examples of compounds studied at
the Albany Research Center, results of enthalpies of formation of magnesium
sulfates (G—MgSOh and B—MgSOq) are discussed. Problems generally encountered
in solution calorimetry are breifly discussed.

This research is a part of the effort by the Bureau of Mines to provide
thermodynamic data for the advancement of mineral resource technology,
environmental conservation, and energy economy.

INTRODUCTION

The enthalpy of formation of a compound AB is defined as the heat of the
following reaction:

A + B = AB, (1)

where A and B are the elements in their standard reference states and AB is in
its standard state, all at 1 atm and 298.15 K. Often it is difficult or im-
possible to measure directly heats of reaction of this type. One has to re-
sort to the indirect method of determining the enthalpy of formation of AB by
the following route:

AB + CD = AD + CB, (2)

bH, = AHp(AD) + AHZ(CB) -~ AHF(AR) ~ AH%(CD).

If MH,, the heat of reaction of 2, and the enthalpies of formation, AHg, of
AD, CB, and CD are known, then the enthalpy of formation of AB can be obtain-
ed. The determination of the heat of the overall reactiom 2 by HCl solution

lResearch chemist, Albany Research Center, Bureau of Mines, Albany, Ore
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calorimetry 1is the subject matter of this paper.

While the solution calorimeter cannot be used for direct determination of
enthalpies of formation, it often provides the best, simplest, and often only
means of determining enthalpies of formation or transition of inorganic com-
pounds. The method is particularly valuable for silicates and other mixed
oxides of two or more elements, hydrated salts, and other complex materials
for which direct determination of enthalpy of formation would be extremely
difficult or impossible.

The basic principle involved in determining heats of reaction by heats of
solution is simple. The heat of reaction 2 mentioned above is simply the sum
of the heats of solution of AB and CD minus the sum of heats of solution of AD
and CB, provided the reactions are conducted at the same temperature and under

conditions of strict chemical stoichiometry., Equimolar amounts of AB and CD
are dissolved, either simultaneously or consecutively, in a weighed portion of
solvent. Similarly, equimolar amounts of AD and CB are dissolved in a second
weighed portion of the same solvent. The following reaction

AB = A*(sol) + B~ (sol) (3)
represents the dissolution and ionization of AB in a certain solvent. Simi-
larly,

¢d = c*(sol) + D~ (sol), (4)

AD = A% (sol) + D7 (s0l), (3)

CB = c*(sol) + B (so0l), (6)

The resulting soclution from reactions 3 and 4 is identical with the resulting
solution from reactions 5 and 6; that is,

(2) = (3) + (4) - (5) - (6)

where the numbers in parentheses refer to the reactions. Thus, the heat of
the overall reaction can be obtained by

AHZ = AH3 + AHL} - AH5 - AHG’

where AHj, AH,, AHg, and AHg are the experimentally determined heats of solu-
tion.

APPARATUS AND PROCEDURE

The Solution Calorimeter

The calorimeter is similar to that described by Southard (2)2 with minor

“Underlined numbers in parenthese refer to items in the list of references at
the end of the paper.

A
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modifications by Young (8), Coughlin (2), and Mrazek(5). The reaction vessel
shown in figure 1 is a narrow-necked glass Dewar flask having a capacity of
about 2 liters. The flask is submerged in a constant-temperature water bath
controlled at room temperature to *0.003° C. The brass cover plate is sealed
to the flask with an O-ring. The resistance thermometer and calibration heat-
er are wound on the innermost of the two concentric thin-walled copper tubes,
which are sealed at the ends and suspended from the cover plate by three tubes
of low-conductivity copper-nickel alloy. These tubes also serve as conduilts
for the lead wires to the thermometer and the heater. To prevent corrosion
from acid (calorimeter liquid)}, all exposed metal parts of the calorimeter are
coated with acid-resistant OKUN's3 liquid vinyl. The water level of the ther-
mostat 1s approximately 2 inches above the copper plate of the Dewar flask.

The thin-walled, hollow tantalum stirrer shaft is supported by two ball
bearings housed in a collar tube, which is welded on the top of the cover
plate. The glass sample bulb is sealed at the end of a long glass rod that
extends up through the stirrer shaft to the outside. The Teflon impeller 1is
so constructed that the stirrer is rotated at about 1,000 rpm in the directiom
to force the calorimeter liquid down the center of the thermometer tube and
against the bottom of the flask. This stirring forces any sample material
settling at the bottom of the flask to continuous washing and thus hastens
dissolution of the sample. Breaking of the sample bulb is accomplished by
stopping the stirring momentarily and pulling the glass rod up against three
sharp protruding prongs which are welded near the end of the stirrer shaft and
below the impeller. Stirring is immediately resumed afterwards.

Temperature measurements are made with a copper-manganin resistance ther-
mometer of the transposed bridge type described by Maier (4). It has a null
point at about 20° C and a sensitivity of about 1,160 uv per degree when
operated at a fixed thermometer current of 2 ma. A high-sensitivity nanovolt
galvanometer, coupled with a Leeds and Northrup six-dial potentiometer, per-
mits potential measurements accurate to 0.02 uv or approximately 0.00002° C.
The calibration heater is made with manganin wire having a resistance of about
100 ohms. Energy input during calibration of the calorimeter system is sup-
plied by a Hewlett-Packard dc comstant-current source and is measured with the

same galvanometer and potentiometer combination and a Monsanto counter-timer.

Experimental Procedure

The prodecure for a typical heat-of-solution experiment can be summarized
as follows;

Approximately 2 liters of solvent liquid [4.360 molal hydrochloric acid
or (HCl + 12.731 H,0)], weighed to 0.1 g, is poured into the Dewar flask.
The temperature of the liquid is adjusted to slightly below 25° C. The glass
rod with the sealed bulb containing a weighed amount of sample is assembled in
place, and the entire calorimeter assembly is submerged into the bath and

3Reference to specific brand names is made for identification only and does
not imply endorsement by the Bureau of Mines.
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clamped in place. Stirring 1is started, and all electrical connections are

made. Rough temperature measurements are recorded. If the temperarture of
the calorimeter liquid is too much below 25° C, the calibration heater can be
used to increase the temperature. After about 1 te 1-1/2 hours, the calori-

meter attains equilibrium with the bath and a steady drift is reached . The
experiment 1is begun at this point with temperature readings, in terms of
microvolts, taken at regular intervals of 2 min which are registered with an
electric timer accurate to 0.01 min. At a predetermined microvolt reading,
the sample bulb is broken and readings are continuously taken. When the sy-
stem reaches equilibrium again, as indicated by more or less steady drift,
calibration of the system begins. The calibration heater is switched on,
simultaneously turning on the counter-timer. A precisely determined amount of
electrical energy is introduced into the calorimeter system. The heater cur-
rent and duration of the heating period can be varied to simulate the condi-
tion of the solution run. During the heating period, the energy input 1is
determined by measuring the potential drop across a standard resistor in
series with the calibration heater. The resistance of the calibration heater
has been previously determined. After the heating periocd, temperature versus
time readings are taken again for about 30 min.

From the energy input and the temperature increase due to calibration
heating, the heat capacity of the system is calculated. The heat of solution
of the sample is calculated from the actual temperature change due to solution
and the heat capacity of the system. The principle of calculation of results
from recorded data is similar to that described by Coughlin (3).

EXAMPLES OF COMPOUNDS STUDIED

As an example for determination of enthalpies of formation by soltuion
calorimetry, the results for @-MgSO, and B-MgS0O, are presented in this paper.
The calorimetric reaction schemes for o-MgSO, and B-MgS80, are shown in tables
1-2.

TABLE 1. - Calorimetric reaction scheme for a-MgS50,(c) at 298.15 K

AH, Uncertainty,
Reaction kcal kcal
(7)  (H,80,+6H,0) (R)=2i*(s0l) + 80,2 (sol) * 6H,0(sol) -1.242 0.007
(8) Mgo(c) + 2H*(sol) = Mg?*(sol) + H,0(sol) -36.182 .033
(9) 7H,0(%) = 7H,0(sol) -0.537 .007
{10) o-Mgso,(c) = Mg 2t (s0l) + 8042'(501) -13.327 .014

(11) Mgo(c) + (H,S0,+6H,0)(8) = a-MgS0,(c) + TH,0(%)
MMy, = MH, + Mg - AHg -AH;4 = -23.560%0.037 keal
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TABLE 2. - Calorimetric reaction scheme for B-Mgs0,(c) at 298.15 K

AH, Uncertainty,
Reaction kecal keal
(7)  (HpS0,+6H,0)( %) = 2H+(sol) + 80,27 (s0l) +
BH,0(801) v vvvin v nunss ceveene. —1,242 0.007
(8) Mgolc) + it (s0l) = Mg2+(sol) + Hzo(sol) ..... -36.182 .033
(9)  THpO(R) = THpO(g0L) 1vvvnvsnennrsns ceenee.. =0.537 .007
(12) B—MgSO (c) = Mg2*(sol) + 150,27 (s01) . cevn —14.,243 .025

(13) Mgo(c) + (H,S50,+6H,0)(8) = B-Mgs0,(c) + 7H,0(L)
AHy3 = AHy + AHg - AHg - AHyp = ~22.644%0.043 kecal

The symbols c, &, and sol denote substances that are crystalline, liquid,
and in solution, respectively. The solvent medium is 4,360 molal hydrochloric
acid. The reactions are written so as to show that appropriate stoichiometry
is maintained., The set of reaction 7-8 was measured consecutively in one
batch of 2,260 g of solvent, and the set of reactions 9-10, as well as 9 and
12, was measured in 2,260 g of a fresh portion of solvent. Each reaction was
carried out at least six times, and the average measured heat values and un-
certainties are included in tables 1-2,

The overall calorimetric reactions 11 and 13 and their heats of reactions
were obtained as mentioned earlier. the enthalpies of formation of a-MgS0,
and B-MgS0, were calculated by combining reactioms 11 and 13 and their heats
with enthalpies of formation of Mg0(c)(1), Hy0(2)(7), and (H,S0, + 6H,0)(L)(7)
as shown in table 3. The enthalpy of transition from o-MgSO, to B-MgSO, was
also calculated as shown in table 3.

TABLE 3. - Derivation of enthalpies of formation of a-MgS0,(c)
and B-MgS0,(c) at 298.15 K

AH, Uncertainty,
Reaction kcal kcal
(11) Mgo(ce) + (H,80,+6H,0)(4) = a-MgS0,(c) + 7H,0(L).. -23.560 0.037
(13) Mg0(c) + (HyS0,+6H,0)(L) = B-MgS0,(c) + 7H,0(2).. -22.644 .043
(14) Mg(e) + 1/2 0,(g) =MgO(c) v eriviinnninnanenn -143.76 .07
(15) Hz(g) + S(l’h) + 202(g) + 6H20(£) =
(Hy50,+6H0)(2) .o vount, berererareenae ceee..—208.944 .100
(16) Hy(g) + 1/2 0,(g) = HZO(Z) ....................... -68.315 .010

(17) Mg(e) + S(rh) + 20,(g) = a-MgS0,(c) '
AH%[G—MgSOq(C)] = AH17 = AHll + Aqu + AH].S - Als = —307.95i0.13 kca]./mole

(18) Mg(e) + S(rh) + 20,(g) = B=MgSO,(c)
AHE[ B-MgS0,(c)] = AHyg = AH;5 + AH;, + AH;g — AH, = -307.03%0.13 keal/mole

(19) o-Mgso,(c) = B-MgS0,(c)
AH® .o = BHjg - AH;; = 0.92 % 0.18 kecal/mole
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DISCUSSION

There are several aspects of solution calorimetry that deserve special
attention:

1. The precise knowledge of the exact final thermodynamic state in any
single reaction step 1is umnecessary so leng as the final reaction steps from
each series produce identical products. For example, H,S80,(aq) is dissociated
into H'(ag) and HSO;(aq) completely, but only less than 1 pct of HS0;(aq)
dissociates further into H*(aq) and 3042_(aq). Even though reactions 7, 10,
and 12 are written as formation of 8042'(501), it 1s immaterial so long as
they are identical thermodynamic states. The exact stoichiometry in a series
of heat-of-solution steps, however, is important. If x millimoles of MgS0,(c)
are used in reaction 9, then x millimoles of (H,S0, + 6H,0)(£), x millimoles
of Mg0(c), and 7x millimoles of H,0(%) must be used.

2. Auxiliary compounds should be chosen with the following criteria in
mind: stability in handling, dissolution feasibility in the chosen solvent
medium, and accurately known enthalpy of formation.

3. If the reaction steps involve formation of precipitates, it must be
determined definitely that the sample has completely dissolved or reacted,
The precipitates should be collected and examined for any evidence of trapped
or undissolved sample. If any doubt exists, a chemical analysis should be
made to determine whether any undissolved sample remains.

4. When a series of compounds of a multivalent metal is being studied,
it is wusually necessary to use oxidizing or reducing agents in the reaction
scheme. The choice of suitable oxidizers is actually limited because it is
necessary to make measurements with both the oxidizing agent and the reduced
form of the oxidizer, while being restricted to soluble compounds of accurate-
ly known enthalpy of formation.

5. When gas evolution is involved in a reaction, the assumption is gen=-
erally made that all of the gas formed leaves the calorimeter. Quite often,
only part of it escapes and some of it remains in the solution. In this case,
two correction terms must be applied to the apparent heat of solution: cor-
rection for the heat of vaporization of water and other volatile components of
the solution by the escaping gas, and correction for removal of the remaining
dissolved gas from the solution to the gas phase.

In summary, the determination of enthalpies of formation by solution
calorimetry can be the best and only means, especially for some inorganic
complex materials when a direct determination would be difficult or imposs-
ible. The calorimeter described is capable of high precision and accuracy
when operated under carefully controlled conditions as discussed earlier.

A
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DISCUSSION

J. E. Bauman: Have you considered sulfate ion pairs in your analysis of these
measurements?

H. C. Ko: I guess, in our experiments, we are mainly concerned with the over-
all reaction of the series. 8o, whatever the products, as long as you produce
identical products in both series, they cancel out; therefore, we didn't look
into the ion pair reactions that you mentioned.
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SOME TECHNIQUES AND MEASUREMENTS WITH HF SOLUTION CALORIMETRY

by

K.0. Benningtonl

ABSTRACT

Recent changes made in the l-liter platinum alloy reaction vessel for the
aqueous hydrofluoric acid solution calorimeter are presented. The top of the
container was altered to use cone-shaped grease trap seals that matched the
1lid which carried the wells housing a miniature platinum resistance thermome-
ter and Karma wire calibration heater. Heat of solution determinations pro-
vide the following data according to the associated reaction.

ZSi(C) + Fe(c) + Na(c) + 302(g) > NaFe3+(Si206)(c)

for which AHg,qg = -615.98 * 0.72 kcal.

This research is a part of the effort by the Bureau of Mines to provide
thermodynamic data for the advancement of mineral resource technology, envi-
ronmental preservation, and energy economy.

INTRODUCTION
A hydrofluoric acid solution calorimeter is used to obtain the enthalpies

of formation of difficultly soluble silicates, titanates, zirconates, and
oxides. The original Bureau of Mines apparatus was described by Torgeson and

Sahama (§)2 in 1948. It was built and operated at the Pacific Experiment
Station by this laboratory, which was then located in Berkeley, Calif. Recent
changes have also been published (1). An earlier HF solution calorimeter was

described by Troitzsch (9) in a dissertation presented in Leipzig in 1935.
Other similar equipment was built and operated at the Geophysical Laboratory,
The Carnegie Institution of Washington by Kracek, Neuvonen, and Burley (4) and
in Helsinki by Sahama and Neuvonen (7). The next generation of HF solution
calorimeters were vacuum jacketed and were capable of making determinations on

lpesearch chemist, Albany Research Center, Bureau of Mines, Albany, Oreg.
Underlined numbers in parentheses refer to items in the list of references
at the end of the paper.
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much slower reactions. A solution calorimeter was built and operated at the
Geological Survey by Robie and Hemingway (6), and an adiabatic solution calo-
rimeter was built, used and described by Prosen and Kilday (5) at the Nation-
al Bureau of Standards.

Some variations from established practice and innovatioms pertinent to
cur measurements will be presented here.

THE APPARATUS

The reaction vessel, composed of a Pt-10 pct Rh alloy, has a capacity of
approximately 1,100 ml and is fitted with three suspension eyes. There are
two openings in the top: one is near the edge to accommodate the sample drop
tube, and the other is slightly off center and accommodates the stirring rod
and the thermometer and heater wells, which are mounted on the 1id. The 1lid
has a cone-shaped rim that fits over the cone-shaped flange on the reaction
vessel. The cone-shaped flange is ringed with a shoulder that acts as an oil
retention vapor seal. The reaction vessel 1s suspended from the jacket top by
three Nichrome wire hooks, which are insulated from the jacket by small micar-
ta block couplers. A radiation shield of copper foil surrounds the reaction
vessell spaced between the vessel and the jacket. The jacket is of heavy
copper and is sealed with an O-ring. The entire device is suspended in the
constant—temperature water bath to a depth of 16 cm,

The bath temperature is controlled at approximately 74° %0.001l° C by a
Bayley3 proportional precision temperature controller.

The thermometer well, a part of the reaction vessel 1lid, was designed and
built to accommodate a quartz thermometer. To date, however, a miniature

platinum resistance thermometer has been used. Readings are made through a
potentiometer and an electronic null detector. Complete automation is planned
in the near future.

The calibration heater, also mounted in a well on the reaction vessel
lid, is of Karma wire wound on a copper mandrel. Heater current is supplied
by an adjustable dc constantcurrent source.

The temperature calibration of the reaction solution is made with an L &
N certified platinum resistance thermometer. Heat of solution measurements

are calibrated with very pure $i02, a_quartz, which has been compared against
the NBS standard (3).

MATERIALS AND TECHNIQUES
To obtain consistent and uniformly reproducible results requires careful

sample preparation and handling, Uniform particle sizes are necessary to
obtain good dispersion, and to avoid clumping and prclonged reaction times.

3Reference to specific brand names is made for identification only and does
not imply endorsement by the Bureau of Mines.

4
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Washed and dried samples of silicates with particle sizes of minus 100 to plus
200 mesh for readily soluble minerals and minus 200 to plus 400 mesh for more
difficultly soluble minerals generally circulate with the stirring and give
reproducible results.

To disperse some samples quickly has required development of suitable
mechanical means such as a bundle of Teflon thread attached to the gold bal-
last in the capsule, or Teflon granules mixed with the sample. Soluble chemi-
cal dispersion agents, such as carbonates, have never been used.

All samples, solid and liquid, are contained in Teflon tape capsules and
are dropped at 25° C into the calorimeter. The capsules are sealed with
paraffin and will spring open when the seals melt. These cylindrical capsules
are sized to fit the individual sample and have an attached gold weight at the
lower end; a fine Teflon or polyethelene retaining thread, or lanyard, is
fastened to the drop tube stopper at the upper end. The capsule remains sus-
pended and does not become entangled with the stirring apparatus. Samples
must £fall free and circulate unrestricted,

Compositions that react with great heat generation are restrained in
concentric capsules. The outer capsule is perforated and latched so that it

does not spring completely open. Particles are prevented from floating to the
acid surface where they react with spattering.

Particular attention has been given to the handling of the calibration
standard, O-quartz (Si02), which appears in many reaction schemes., Spectro-
graphically pure natural material is sized carefully by eleutriation between
plus 10 and minus 20 uM. It was repeatedly leached with hydrochloric acid
until the solution remained clear and no iron test, with a sensitivity of 50
ppm, could be obtained. It was then repeatedly digested with hydrogen per-—
oxide until no evidence of organic matter existed, following which it was
thoroughly dried. Individually weighed samples were heated through the o-8
transition before use. This last step has proved essential in obtaining uni-
form reaction rates, characteristically 1less than 30 min.

MEASUREMENTS

Acmite (NaFe3+51205) is a pyroxene mineral characteristic of many slag
compositions, easily prepared synthetically, and of geochemical interest. A

synthetic sample was used to determine the thermodynamic properties because of
the need for high purity; the naturally occurring aegirine may contain many
impurities. Manganese is a particularly common substituting element in this
group of minerals; consequently, knowledge of acmite would later merge with
the planned study of manganese pyroxene minerals.

The reaction scheme for acmite is presented in the following table, to-
gether with the heat of solution values, determined in the HF calorimeter, and
their precision uncertainties. Reactions 1 through 4 are determined consecu-
tively in the same acid solvent, and reactions 5 and 6 are determined
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consecutively after a change of solvent. Stoichiometry requires that both
reaction solutions be identical.

Sample sizes for all reactions are calculated stoichiometrically against
the 0.601 g (0.01 mole) of Si02 that is used, and substituted, in reaction 1

(table 1). The smallest quantity for each reaction that will give reproduci-
ble results is most desirable, This is characteristically 0.3 to 0.7 g for
solids and 2 to 4 g for liquids. Sample sizes for samples in these size

ranges, used in the same stoichiometry, provide the same heat of solution
value if an individual sample size is changed by a factor of from 1/2 to 2.
Some very soluble salts, such as alkali chlorides, that do not show solution
concentration effects and that provide a very small heat change may be in-
creased in size by a factor of 3 or & in order to provide reproducible
results.

The value from reaction 7, the overall calorimetric reaction, must be
corrected with values from the literature to provide the standard enthalpy of

formation for acmite. When this is accomplished, the standard reaction
becomes

28i(c) * Fe(e) * Mage) * 302(g) > NaFe?"(81206) ()

for which the enthalpy of formation is determined to be

AHE® = -615.983 % 0.720 kcal.
298

DISCUSSION

Hydrofluoric acid solution calorimetry is a long-established and well-
proved method for providing otherwise unobtainable enthalpy of formation data
at room temperature on difficultly soluble compounds. There are, however,
several severe limitations, such as the generation of gas upon the dissolution
of metals which precludes their use, the formation of insoluble precipitates
with the alkaline earths, and the insolubility of a number of oxides, particu-
larly corundum (Al203) and rutile (TiO2) and some of their compounds. Using
very carefully controlled stoichiometry and sample sizes on both sides of the
overall calorimetric reaction minimizes the error introduced by precipitation.
The insolubility of corundum prevents its use in liquid acid solution calorim-
etry. Rutile, when prepared by precipitation as described by Kelley, Todd and
King (2), retains sufficient lattice H20 to be soluble; however, when fired
to complete dryness, it becomes insoluble. Kelley's (2) value for the heat of
solution of TiO2 was determined by extrapolation to dryness. A scheme for
separately determining a heat of solution value for rutile (2) became apparent
in the planning for the current study of manganese compounds. The investiga-
tion could be completed, according to the following reactions, by measuring
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the heats of solution of MnO, MnOp, Ti0O, and MnTiO3 in a suitable acid mixture.
These compounds are either in stock or obtainable commercially in high purity.

MnO2 + Ti0 » MIlTlO3
Mno + TiOz > MnTiOg

Studies of this nature may improve the capability of HF solution calori-
meter to provide enthalpy of formation data.
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DISCUSSION
L. D. Hansen: Does very finely ground material have a surface effect?

K. 0. Bennington: Yes it does, and that is why the sorting was of 10-20 mn
sizes. The surface effect becomes noticeable below about 8 mn and these are
elutriated very carefully in distilled water to sort out all fines. T have
saved them because I was going to make some runs and see what the effect was,
someday when I have enough time. I think Dr. Prosen did some work on that.

E. J. Prosen: Yes, we've done it on some elutriated samples and that is in
one of our papers. On quartz, it is pretty straightforward. There are sur-
face effects on other things. For example, we did the heat of combustion of
dlamond dust. This was done quite a while back. You can see it there if you
get the diamond dust small enough.

M. W. Chase: Do the samples you use have to be as pure for solution calori-
metry as they are for combustion calorimetry?

K. O. Bennington: Yes.

E. J. Prosen: It depends on the purity and on the sample. If you have an
inert impurity in solutior, it is just going to have a welght ratio effect.
In combustion calorimetry, you usually burn everything but you could have in-
ert ones there too. You could have some ground glass in there that ends up
as ground glass. You have to consider the impurity separately for each ma-
terial.

K. O. Bennington: If it is crystal the impurities are bonded in, then the
correction can be made stoichiometrically and calorimetrically. But it can
be corrected, or you can put a reaction in the reaction scheme for the im—
purity, if you know where the impurity sits; in other words, you cannot have
just a mixture. Discrete, separate impurities are forbidden. There is no
point in working on these, but impurities that are substituting - proxying -
for some other element can be handled very accurately.

Es J. Prosen: 1T would like to add a little bit. In combustion calorimetry
you are measuring a big heat and you've got to measure it to 1 part in 10,000
to get the answer you want for heat of formation to a tenth of a kilocalorie.
In solution calorimetry, you are usually working with a lot smaller heats and
adding these up, and you end up with a heat of formation within a few tenths
of a kilocalorie also. In other words, 1 pct accuracy on a heat of solution
may be equivalent to 1 part in 10,000 on a heat of combustion. Depends cn
the situation. If you only need 1 pct accuracy, then 1 pet impurity, an in-
ert impurity, is okay. Whereas, if you need a hundredth of a percent accu-
racy in combustion, you've got to have your inert impurity down to a hun-
dredth of a percent also.

N. A. Gokcen: T would like to make this discussion between Bert Staples, Hon
Ko, and myself. I think we are going to be able to use the HCl solution
calorimeter for heat of formation of some of the ionic solutions. For exam-
ple, if you want to get the integral heat of solution of some of these elec-
trolytes, then from that we can get the partial molar heat of solution. Are
vou planning to coordinate that sort of effort, Bert?
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SECTION 3.- GALVANIC CELLS

DETERMINATION OF THERMODYNAMIC PROPERTIES
OF SYSTEMS BY THE GALVANIC CELL TECHNIQUE

by

¥ K. Raol

ABSTRACT

The galvanlc cell technique 1is a convenient and accurate method for
determining the changes in Gibbs energy entropy, and enthalpy associated
with chemical processes. The standard Gibbs energies of formation of halides
(and sulfides) have been determined from the electromotive force measurements
on the formation cells of the type

A(s or L)/AX (1)/C(gr), X,(g)-

In this cell, X may be a halogen or sulfur vapor. The concentration cells
have been extensively used to determine the activities and relative partial
molar enthalpies of components in binary and ternary metallic solutions.

Galvanic cells incorporating solid electrolytes are finding ever-—increas-
ing application in thermodynamic property measurements. Notable applications
include determination of standard Gibbs energy of formation of oxides, meas-
urement of oxygen activities in metal-oxygen solutions, and determination of
thermodynamics of alloy systems. Among the solid oxide electrolytes, the
calcia-stabilized zirconla and yttria—-doped thoria have been used extensive-
ly. Of the various solid halide electrolytes that have been developed, cal-
cium fluoride remains the most attractive.

INTRODUCTION

The measurement of the electromotive force (emf) of a galvanic cell is a
convenient and accurate method for determining the changes In Gibbs energy,
entropy, and enthalpy accompanying chemical processes. One type of cell, the
formation cell, consists of a metal (A) anode, an electrolyte (AX), and a
nonmetal (X,) at a graphite electrode and may be represented as follows:

and A(s or L)/AX (s or R)/C(gr), X,(g)-

lprofessor, Division of Metallurgical Engineering, FB-10, University of Wash.
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Frequently X is a halogen or sulfur. The electrode reactions are

A = A" + ne” (1)
and 1/2x, + ne” = X7 (2)
The overall cell reaction then becomes

A+ 1/2%, = AX (3)

The thermodynamic quantities are determined from the emf (E) measurements by
means of the following relationships:

AGyy = -nFE, (4)
ASyy = nF(dE/dT), (5)
and AHAX = -nFE + nFT(dE/d4T) (6)

where AGAX, AS,y, and AH,y are the Gibbs energy, entropy, and enthalpy of

formation of the compound AX, and F is the Faraday constant(=96,487 coulombs
/g.equivalent). When A, AX, and X, are all in their respective standard
states, the values determined are AGyy, AS;y, and AHp., respectfully.

A concentration cell, on the other hand, consists of a metal electrode,
the electrolyte, and one or more alloy electrodes. This may be represented
as follows:

A(s or £)/AX(in alkali or alkaline-earth salts)(s or &)/A in A-Y(s or %)
where Y is the alloying element. The half-cell reactions are

= AP 4 ne” (1)

and + ne = A(A~Y)' (7)
The partial molar Gibbs energy and the activity of the metal A in the alloy
can be calculated from the emf of the cell as follows:

GX = RTln a, = -nFE. (8)

The partial molar entropy and the enthalpy of component A in the alloy can be
determined from the emf and the temperature coefficient of the emf.

There is an important class of concentration cells which, unlike the
foregoing, involve the transfer of anions through a solid electrolyte. Oxy-
gen—ion-conducting solid-state electrolytes such as calcia-stabilized zircon-
ia (CSZ) and halogen-ion-conducting solid-state electrolytes such as calcium
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of systems Schematically these cells may be represented as follows:
Pt',XZ(ukz)/Solid Electrolyte (A.B)Xz/Xz(uiz),Pt".

where ukz and uiz represent the chemical potentials (or partial molar Gibbs

energies) of X, at the respective electrodes. These chemical potentials are
established by setting the partial pressures of X, at sz and P§2 respective-

ly, or alternatively by means of appropriate condensed-phase equilibria.
CELLS WITH MOLTEN ELECTROLYTES

Formation Cells

One of the earliest studies is that of Salstrom and Hildebrand (é§)2 who
employed a molten silver bromide-lithium bromide solution as the electrolyte;
pure silver was one electrode, and bromine gas bubbling over an inert graph-
ite electrode was the other.

Ag(s)/AgBr-LiBr(1)/Br,(g,1 atm), C(gr).
The overall cell reaction is
Ag(s) + 1/2Br,(g,latm) = AgBr(in fused-salt solution). (9

A general expression for the emf of this cell is given by
_ wo _ RT 1/2

When silver is iIn its standard state, and bromine gas is bubbled over the
graphite electrode at 1 atm pressure, the above expression becomes

£-r - K, . an

Measurements of E together with data on the standard emf E° were utilized by
these authors (48) to calculate the activities of AgBr in the molten binary
solution.

It should be emphasized that the validity of this method hinges upon the
reversibility of the cell employed. The only measurements that can safely be
used to evaluate the thermodynamic quantities (Gibbs energy changes, aaivi-
ties, etc.) are those of the reversible emf. With careful design, judicious
selection of appropriate materials, and proper operation of the cell, it is
possible to obtain emfs that are very nearly reversible. Chipman, Elliott,
and Averbach(7) have identified a number of factors that may affect the re-
versibility of the cell. These are (1) Conductivity of the electrolyte - it
must be high and at the same time 1t should be exclusively ionic. (2) Sepa-
ration of electrode compartments - in order to prevent irreversible mixing of

2Underlined numbers in parentheses refer to items in the list of references
at the end of the paper.
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electrode constituents, it 1s necessary to partially isolate the electrode
compartments from each other. This may be accomplsihed by the use of fritted
tubes or small cuplike holders to contain the electrode constituents. (3)
Valency state of the ionic species — a given type of ionic species may be
present in two or more valency states which would introduce uncertainty in
the value of 'n' in equations 4 and the like. For instance, it 1is known (47)
that finite amounts of Mg(l) can dissolve in MgCl,(1) with the resglt that
there will be present in the molten-salt solution both Mg and Mgsr' ilonic

species. The solubility of Mg(l) can, however, be substantially reduced by
the addition of a second salt to the electrolyte. (4) Undesirable reactions
- there may occur reactions between electrode constituents and container
materials and also between the electrolyte and the leads which may result in
spurious cell potentials. In addition exchange reactions may take place
between one constituent of the alloy electrode and an ingredient of the elec-
trolyte. (5) Concentration gradients - Both the electrolyte and the alloy
electrode must be free of these. (6) Polarization effects - In high-temper-
ature cells using liquid electrodes and molten electrolyte, diffusion occurs
fairly rapidly and no appreciable polarization sets in when a small current
is passed through the cell, as it may during the measurement of emf. With
solid electrodes or solid electrolyte or both, diffusion is much slower;
polarization appears readily, and adequate time must elapse for it to disap-
pear. Proper care must be exercised in the electrolyte preparation and also
in the design and operation of the cell to insure that the abovementioned
impediments are overcome.

Belten and Rao (ﬁ) determined the Gibbs energy, entropy, and enthalpy of
formation of MgCl,(1) from the emf measurements of the galvanic cell,

Mg(1)/MgCl,(1) /Cl,(g,1 atm), C(gr)-.

The cell (fig. 1) was constructed for the most part with fused quartz. 1In
designing the electrode compartments, use was made of porous {or fritted)
disks to achieve separation of one solution from the other while at the same
time maintaining sound electrical contact. The chlorine electrode consisted
of two concentric, cylindrical fused quartz tubes, the larger tube having
been sealed with a fritted disk at the bottom. A graphite rod (3 mm in diam.
by 23 em long) over which the chlorine gas was passed made the contact with
the molten electrolyte. A tungsten wire fitted through a rubber stopper was
used to provide the electrical contact between the graphite electrode and the
external circuitry. Pure recrystallized alumina tubes were used to make the
metal (and alloy) electrode compartments. One end of the 5-mm~ID alumina
tube was sealed with Morganite (Triangle 961) high-temperature Al,03 cement
and was dried at 200° C for about 4 hours. It was then fired at 1,200° C for
about 10 hours, This procedure gave a porous sealed end.

Since magnesium chloride is highly hygroscopic, special care was exer-
cised in the preparation and subsequent handling of the electrolyte. Anhy-
drous magnesium chloride was prepared by heating reagent-grade MgCl,.6H,0
with an appreciable amount of ammonium chloride under a dry argon atmosphere.
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FIGURE 1. - Magnesium-chlorine formation cell.

The anhydrous salt thus produced was stored in a dry box. A similar proce-
dure was used to prepare anhydrous calcium chloride. In setting up the cell,
pure magnesium chloride was first melted in the quartz vessel (fig. 1) under
an argon atmosphere, and the melt temperature was raised to 800° C. The
electrode assembly was then lowered slowly into the molten electrolyte.
Slight suction was applied to accelerate the seepage of the electrolyte
through the porous disks into the respective electrode compartments. Magne-
sium was added to the metal electrode compartment (i.e., alumina tube), and
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the bubbling of chlorine gas was commenced. At a constant temperature, it
took about 6 to 8 hours with the pure MgCl, electrolyte for the emf to stabi-
lize. The cell was tested for reversibility as follows: at a constant temp-
erature, E° was measured; then an external voltage of equal magnitude was
applied momentarily in the opposite direction, and the subsequent cell emf
was measured. If the emf rose to the initial value, it was concluded that
the data represented reversible emf wvalues. All emf measurements were made
with a Leeds and Northrup potentiometer operating in conjunction with an
electronic null detector. The emf measurements were made iIn a staggered
sequence within the range 720° to 870° C, and the data are shown plotted in
figure 2. These results, which show good internal agreement between four
different experiments, each with a fresh electrolyte, can be represented by
the following linear relationship:

E° = 3.135 - (6.5 x 10™")T, volts, (12)

where T is in degrees Kelvin. Assuming that n=2, we obtain for the standard
Gibbs energy of formation of liquid MgCl,:

AG® = 144,600(%2,000) + 29.98 (*1.85) T, calories. (13)
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FIGURE 2. - Experimental results for the standard cell
reaction: Mg(1) + Cl (g} = MgClI,(1).
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At 780° C, AG® was found to be -113.0(0.2) kecal, which is in very good
agreement with the value of -113.3 kcal from the galvanic cell study of Lor-
enz and Velde (38). It does, however, differ from the value of =-115.5 kecal
reported by Markov and coworkers (40). The thermochemical value for AG® at
780° C 1s -113.9(*0.2) kcal (10) which is in good agreement with the present
value.

Janz and Dijkhuis (30) published a critical evaluation of the excess
Gibbs energies of formation of binary molten-salt mixtures determined by the
galvanic cell technique. They (30) have also provided a concise summary of
the data on E° for a number of formation cells involving halides.

Thompson and Flengas (55, 56) investigated the reversibility of a sulfur
vapor electrode and used it in an H-shaped cell to determine the Gibbs ener-
gies of formation of silver and lead sulfides. They (57) also determined the
relative partial molar properties of lead sulfide-lead chloride system using
the cell

C(gr), Pb(1l)/PbS-PbCL,(1)/S(g),C(gr).

The thermodynamic properties of Ag,5-AgCl molten-salt mixtures were also
determined by means of an analogous galvanic cell.

Ghosh and Kay (21) determined the standard Gibbs energy, entropy, and
enthalpy of formation of Al,0;(s) using the following cell:

Pt(s) - Al,03(s), AL(1)/Al,0,; in liquid slag/0,(g), Pt(s).

A schematic diagram of the cell used by these authors (21) 1s shown in figure
3. The electrolyte consisted of a molten CaF,;-Al,03 slag which was saturated
with Al,03(s); the mode of conduction in this slag was overwhelmingly ionic.
The cell assembly consisted of a graphite crucible, an Al/A1203 electrode,
and an oxygen electrode. The half-cell reactions are

281(1) 4 30%5; .y = Aly03(s) 4 6e” (14)
and 3/2 0,(g) + 6e” = 3°%§1ag)- (15)

The overall cell reaction becomes
2A1(1) + 3/2 Oz(g) = A1203(s). (16)

Since the reactants and the products of this reaction were in their respec-
tive standard states, the measurements represented standard emf (E®°) values
from which the standard Gibbs energy of formation of Al,03; was determined.
These authors have also made use of a second type of galvanic cell in which
the oxygen electrode was replaced by a carbon monoxide electrode. Over the
temperature range of 1,640° to 1,830° K, the magnitude of the standard Gibbs
energy of formation of Al,03(s) found in this work (21) was consistently
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FIGURE 3. - An aluminum-oxygen formation cell.

lower than the thermochemical wvalue (l(_)) by about 8 kcal- One possible ex-—
planation for this discrepancy is the occurrence of undesirable side reac-
tions in the cell.

Concentration Cells

Concentration cells which employ liquid electrodes and a molten electro-
lyte have been used extensively to determine the thermodynamic properties of
metallic solutions. A typical cell is

Mg(1)/MgCl,-CaCl,(1)/Mg-Y(alloy)(1)
for which the overall reaction is

Mg(pure) = Mg(alloy) . (17)

The list of studies dealing with the concentration and other types of galvan-
ic cells in quite extensive. Excellent bibliographies covering many of the
previous studies have been published (2_6, 34, 35, 41, 62).
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The choice of electrolyte is an important consideration in setting up a |
concentration cell. The electrolyte in most concentration cells is prepared
by dissolving a few mole—percent of the salt of the least noble of the metals
in the alloy system being investigated in a fused-salt solvent mixture. This
practice has the advantage of preventing the side reactions and minimizing
liquid-junction potentials. The LiCl1-KCl eutectic mixture (m.p. 352° C) has
often been used as the solvent mixture in concentration cell studies. Other
combinations such as an equimolar mixture of KCl and NaCl have also found
frequent application. Wilder (67), Wilder and Elliott (68-69), and Yazawa
and coworkers (72) made use of concentration cells having aﬁ_ﬁlC13—KCl—NaC1
electrolyte to determine the thermodynamic properties of alloy systems con-
taining aluminum. In general there is some possibility that displacement
reactions involving the alloy ingredients and the electrolyte may occur.
Wagner and Werner {64) developed a thermodynamic treatment that enables the
prediction of the extent of displacement reactions. 1In the case of AlCL,-
KC1-NaCl electrolyte the extent of displacement reactions as well as the
errors introduced therefrom is negligible. A schematic diagram of the con-
centration cell used by Wilder (67) for investigating the Al-Cu liquid solu-
tions is shown in figure 4. Partial isolation of the metal and alloy elec-
trode compartments was achieved by using small Al,03 crucibles to contain the
metal (or reference) and the alloy electrodes resgpectively.

Rao and Patil (44) have used a similar cell but with a MgCl,-KCl-NaCl
electrolyte to determine the relative partial molar properties of Mg iIn 1li-
quid Mg-Sb solutions. Figure 5 shows the experimental results of this work
[the three data points at high XMg values are from Kubaschewski and Catterall

(35] compared with the more recent work of Egan (11), who made use of a cell
having a solid CaF, electrolyte. The agreement between the two studies is
quite good. Belton and Rao (3, 43) investigated the thermodynamic properties
of Mg—alloy systems using a concentration cell that was very similar in de-
sign to that shown in figure 1 except that the chlorine electrode was re-
placed by an alloy electrode. Fused MgCl,-CaCl, salt was used as the elec-—
trolyte. The data for liquid Mg-Tl alloys (measured against liquid Mg refer-
ence electrode) are shown in figure 6. Also shown in the same filgure are the
data reported by Terpilowski and Slaby (54) who used a concentration cell
having a molten salt electrolyte and a solid Mg reference electrode. The
agreement between the two sets of data (fig. 6) is reasonably good. The rel-
ative partial molar Gibbs energy of magnesium (Ggg) in liquid Mg—-Ge solutions

determined by means of the galvanic cell technique (3) is shown in figure 7
and is compared with the isopiestic measurements reported by Eldridge and
coworkers (15). There is good agreement between the two studies.

Kleppa (32) made extensive use of the galvanic cell technique and deter-
mined the thermodynamic properties of binary liquld solutions Au-Pb, Au-Suo,
Au-Bi, Au-T1l, Zn-Bi, and Zn-Pb. Kleppa and Thalmayer (33) extended the same
technique to study the thermodynamics of binary liquid alloys rich in zinc.

CELLS WITH SOLID ELECTROLYTES
In the past 20 years there has beenremarkable progress in the develop-—

ment of galvanic cells having solid electrolytes. One of the principal appli-
cations of these cells has been in the measurement of thermodynamic data of
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FIGURE 4. -

Concentration cell

fused-salt electrolyte.
lite cell tube, {2) furnace wind-
ings, (3) argon atmosphere, (4)

having a

{(H Mul-

Alundum radiation shield, (5)
thermocouple, (6} control ther-
mocouple, {7} alumina cell cru-
cible, (8) alumina electrode cru-
cibles, (9}  AICI;-KCI-NaCl
fused electrolyte, {10} tantalum
contact in alumina sheath, (17)
aluminum electrode, (12) Al-Cu
alicy electrode(s), (13) clumina
insulating grain, (14) firebrick.

metallurgical systems. Since several
excellent reviews (16, 22, 45, 49. 52,
53, 58, 70) have been published on the
subject of solid electrolyte techni-
ques, it is deemed appropriate to con-
centrate here on a few selected topics.
As in the case of molten electrolytes,
it is imperative that the solid elec-
trolytes used in thermodynamic measure-
ments possess only negligible electronic
conduction for most applications, it is
sufficient if the electronic conductivi-
ty is less than 1 pct of the total con-
ductivity of the electrolyte. 1In other
words, the transference number (te) of

electrons in the electrolyte must not
exceed 0.0l., Thus for a given electro-
lyte, one may define an electrolytic (or
ionic) domain, a region that spans a
wide range of temperatures and pressures
(sz, where X, the nonmetallic consti-

tuent of the electrolyte, may be oxygen
or a halogen), within which the electro-
nic contribution to the total conductiv-
ity remains below 1 pct.

The electrolytic domains for some of
the more frequently used solid electro-
lytes are shown in figure 8 (53). It
should be noted that at all temperatures
and pressures (sz) that fall within the

boundary lines demarcated in this fig-
ure, the 1ionic conductivity constitutes
better than 99 pct of the total electri-

cal conductivity of the electrolyte.
For instance, the electrolytic domain
for the Zr0; (plus 15 mole-pect Ca?&

electrolyte lies between ~10° and ~10~
atm P02 at 1,000° ¢ (71). At the same

temperature, the electrolytic domain for
the ThOs (plus 15 mgle-pct YO%.s) elec~
trolyte is from ~10-° to ~10~°° atm P0 .
Figure 8 also shows that the width of

the electrolytic domains diminishes with
rising temperature.

The following relationship between
the emf (E) of a galvanic cell and the
chemical potential (uxz) of the elec—

trodes was derived by Wagner (63):

y
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E = 1 X2 d (18
= 774F 4 Fiond¥x, )
X UXZ

where Zy is the absolute value of the valency of the X-iom in the electrolyte

and tionis the ionic transference number (i.e., the fraction of the current

carried by anions and cations in the electrolyte). The chemical potential

uﬁz at the right electrode is greater than the chemical potential uiz at the

left electrode, and X-iong are transferred from right to left through the
electrolyte. When tion=1, equation 18 simplifies to

E o= (Mg, - B, )/(224F). (19)

Equation 19 can still be applied when t, is less than unity but greater
than 0.99. If tion falls below 0.99, however, experimental difficulties are

encountered (71).

So0lid Oxide Electrolytes

Galvanic cells incorporating solid oxide electrolytes have been used in a
variety of thermodynamic investigations since the pioneering work of Kiukkola
and Wagner (31). These investigations may be classified as follows:

1. Determination of the thermodynamic stabilities of oxides and interme-
diate phases.

y
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2  Measurement of the chemical potentials of oxygen dissolved in metals
and alloys

3 Determination of the thermodynamic properties of alloy systems

Among the oxide electrolytes calcia-stabilized zirconia and thoria doped
with yttria have received the widest application in the high~temperature gal-
vanic cells. 1In general, Zr0,-Ca0 and ThO,-Y0j;.5 solid solutions containing
about 15 mole-pct of the second constituent (i.e., Ca0, Y01.5) are preferred
because this composition corresponds to the maximum in their ionic conducti-
vity (Zg). Electrical conductivity measurements indicate that Zr0,(Ca0)
solid electrolyte has a higher ionic conductivity than ThO02(¥01.5) solid
electrolyte. The addition of Ca0 to Zr02 results in a cubic structure which
does not undergo any solid-state phase transformations and remains stable
over a wide range of temperature. Calcium substitutes randomly for zirconium
in the fluorite—type cubic lattice, producing a defect structure in the oxide
ion sublattice. Conduction occurs almost wholly by the movement of oxide ion
vacancies. A similar phenonmenon occurs in ThOy when Y01.5 1s added to it.
Electrical conductivity results show that =zirconia electrolytes exhibit n-
type electronic conductivity at Po values less than 10-22 atm and that
thoria electrolytes become p—-type eleé%ronic conductors at P02 values greater
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than 10~% atm at a temperature of 1,000° C (70). Consequently =zirconia
electrolytes cannot be used in highly reducing atmospheres and thoria elec-—
trolytes are unsuitable for use in air or oxygen.

Electrode separation is much more easily achieved in cells with solid
electrolytes than in those with molten electrolytes. In the operation of the
solid electrolyte cells, the choice of gaseous environment within the cell
must be made with care. In cells operating in an argon (or inert gas) atmos-
phere, provision must be made to thoroughly purify the gas in order to remove
0y, CO, CO3, H90, and traces of hydrocarbons. In some instances it may be
necessary to incorporate "getters” into the cell assembly to remove any harm-—
ful gaseous products liberated (through desorption or dissociation) during
operation at high temperatures.

Kiukkola and Wagner (31) designed a simple cell with a calcia-stabilized
zirconia electrolyte for use in the determination of standard Gibbs energies
of formation of metal oxides. The cell may be represented as follows:

Fe(s), Wustite (s)/0.85 Zr0, + 0.15 Ca0 (s)/Me(s),MeO(s).

The cell consisted of a pellet of a mixture of iron and wustite, a pellet of
the electrolyte, and a pellet of a mixture of metal Me and its oxide MeO

placed between Pt disks connected with Pt leads. The emf of this cell is
given by

0,_1 a o
E° = o (AGMeO - MGgystite) (20)

AGﬁeO may be evaluated from the cell emf measurements and the published data

on the standard Gibbs energy of formation of wustite. These authors employed
this cell design for determining the standard Gibbs energies of formation of
NiO, Co0, and Cu,0 (31).

There have been considerable improvements and modifications in the cell
design in response to problems stemming from the high affinity for oxygen
exhibited by electrode systems which have low oxygen potentials (52). The
modified cell design which incorporates separate electrode compartments and
Zr or Ti oxygen "getters” is shown in figure 9 (52). The reference electrode
selected for use in the solid oxide cells must be capable of maintaining the
fixed oxygen potential at the electrode/electrolyte interface. Metal-metal
oxide mixtures, which are frequently chosen as the reference electrodes, have
a tendency to polarize if appreciable current is drawn through the cell dur-
ing the measurements. Under these conditions the two—phase mixture fails to
maintain the correct oxygen potential and in fact may develop a concentration
gradient. Recent work (70, 71) on overvoltage-current relationships in
metal-metal oxide electrode systems indicates that Cu-Cus0 electrode can
accommodate small cell currents more easily than either the Fe-FeO or the Ni-
NiO electrodes. Steele and Shaw (53) suggest the following sequential order-
ing of the electrode systems, the kinetically more responsive being on the
left-hand side of this sequence:
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Ga—Ga203 > Cu—CuZO > Fe-Fe0 > Ni-NiO.

This means that the Ni-Ni0 electrode is not as attractive as the Ga-Ga203 for
use as reference electrode.

Besides the judicious choice of the reference electrode there are other
problems associated with the use of galvanic cells for high-temperature ther-
modynamic measurements which the experimentalist must be aware of. Since the
reviews referenced earlier (22, 70) give excellent accounts of these problems
and also suggest methods to overcome them, discussion here will be limited to
few remarks. The original porosity as well as microcracks developed during
rapid heating or cooling of the solid electrolyte cell can cause direct and
irreversible flow of oxygen gas between the electrodes. Reactions within the
electrode system and reactions between electrode and electrolyte can cause
oxygen potential variations within the electrode.

Air or oxygen in contact with a suitable metal substrate (eg., Pt) have
also been used as reference electrodes. Chatterji and Smith (6) employed a
Zr02(0.85) + Ca0(0.15) solid electrolyte in conjunction with an air reference
electrode to determine the standard free energy of formation of BioQ3, Sbz03,
and TeOj. Petot—Ervas and coworkers (42) employed the cell assembly shown in
figure 10 to measure the standard Gibbs energy of formation of Sn0. The
cell consisted of an yttria-stabilized zirconia solid electrolyte and an Ni-
Ni0 reference electrode. The measurements are In reasonably good agreement
with those reported by Belford and Alcock (2). Jacob and coworkers (29)

determined the thermodynamic properties of CuFe,04-Fe304 solid solutions by
means of the galvanic cell technique using a calcia-stabilized zirconia solid
electrolyte and an Ni-NiQ reference electrode. Using a Cu-Cuz0 reference

electrode and a ThOz + Y0j.5 solid electrolyte, Jacob (27) measured the stan-
dard Gibbs energy of formation of indium oxide.
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Galvanic cells with solid oxide electrolytes have found active practical
application as oxygen sensors. The oxygen sensor, a device capable of provi-

ding the in situ determination of dissolved oxygen in 1liquid metals and al-
loys, consists of a solid oxide electrolyte, a reference electrode, and the
electrode whose oxygen potential is to be determined. The reference elect-
rode may be air or gas mixtures (e.g., C0/CO2) or two-phase mixtures (such as
Me/MeO). Oxygen sensors have been used to measure the oxygen conteant of
liquid copper and its alloys (36, 37, 66), liquid silver (9), liquid steel
(17, 18, 19, 20, 50, 59, 60), and liquid sodium (24). o

Typical cell disigns used in the oxygen sensors for molten steel are
shown in figyre 11 (59). 1In cell I (17, 50), air or a mixture of CO and CO:z
was used as the reference electrode. With gaseous reference electrodes,
difficulties are experienced in maintaining sound electrical contact between
the electrode and the electrolyte. Moreover, the electrolyte tube used in

this design was noted for its 1Inferior thermal shock resistance. Fitterer

(18), in cell II design, overcame this problem by fusing a Zr02(Ca0) disk
into a silica tube. But he too employed a gas reference electrode. Cell III

design, developed by Turkdogan and coworkers (19, 20, 59, 60), incorporates a

y
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solid Cr-Cr203 reference electrode. It is seen that the same type of refer-
-ence electrode is also used in the cell IV design.

Turkdogan and coworkers (20, 60) employed cell III design to determine

the oxygen content of molten iron. The galvanic cell may be represented as
follows:

(Pt), Cr(s), Cr,03(s) / Zr0,(Ca0) (8) / O (in Fe melt), (Mo).
The platinum lead of the thermocouple (fig. 11) served as the contact wire
for the Cr-Cr203 electrode, and an Mo wire that was periodically dipped into

the molten iron provided the second electrical lead for the emf measurements.
The cell reaction is

2 0 (in Fe melt) = 0o(g, P, )(Cr—Cr-03 equilibrium). (21)
~ 2 0, 2v3

The oxygen content of the melt was derived from the cell emf (E) as follows:
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0 2
E =210 ﬁ’{.%, (22)

where P02 is the oxygen pressure in equilibrium with pure solid Cr and Cr203,

and K is the equilibrium constant for the dissolution of pure oxygen in mol-
ten iron, viz.,

O0p, (g, 1 atm) = 2 O(1 wt pct in Fe melt). (23)

The temperature dependences of K and PO2 were ascertained from standard

sources and were combined with equation 22 to obtain the following result
(60):

where PO2 is the oxygen pressure in equilibrium with pure solid Cr and Cr;03,

and K is the equilibrium constant for the dissolution of pure oxygen in mol-
ten iromn, viz.,

0, (g, 1 atm) = 2 O(1l wt pet in Fe melt). (23)

The temperature dependences of K and P02 were ascertained from standard

sources and were combined with equation 22 to obtain the following result
(60):

log(pct 0) = 4.62 - 13380 + 10'38E. (24)

where (pct 0) refers to the weight-percent of oxygen dissolved in 1liquid
iron, E is in millivolts, and T is in degrees Kelvin. The authors (60) found
good agreement between the electrochemically determined oxygen contents and
the chemical analysis results.,

So0lid oxide electrolyte cells have also been used in the investigation of
thermodynamic properties of alloy systems (37, 46). Thermodynamic activities

of Pb0 in ternary Pb0~Na20-5102 melts were determined by means of a solid
electrolyte (0.95 Zr0z + 0.05 Ca0) cell (23). A tabulated 1list of recent
galvanic cell studies of alloy and oxide systems has been provided by Steele
and Shaw (53).

Solid Halide Electrolytes

Cells with solid halide electrolytes have been used in a variety of ther-
modynamic measurements. PbCio doped with KCl1 (31), solid BaClz (14), and
solid CuBr (65), and solid CaF, (1, 5, 11, 12, 13, 28, 39, 51) are some of
the solid halide electrolytes that have proved satisfactory. Galvanic cells

incorporating the latter (i.e., CaF2) will be discussed here in some detail.
Tretyakov and Kaul (538) have given a useful review of thermodynamic applica-

tions of CaF, solid electrolyte.

CaF, is an anionic conductor with fluorine ions migrating mostly as in-




197

terstitials. One advantage of CaF, is that it remains an ionic conductor

even under extremely reducing conditiouns. The

problem of electronic conduc—

tion in CaF,; has been studied by several investigators (8, 25, 61). The
electronic conductivity of CaF,; was observed to decrease with decreasing Ca

activity (8). It has been established (8) that

vities the fractional ionic conductivity (tj,,)

Heus and Egan (13) have measured the standard
several metal fluorides using the setup shown
and electrolyte arrangement for one of these
follows:

over a wide range of Ca acti-
of CaF, 1s greater than 0.99.
Gibbs energy of formation of
in figure 12. The electrode
cells may be represented as

Al, ALF 3(s)/CaF ,(s)/PbF ,(s),Pb(1).

MOLYBDENUM CUP \

Pb

1] SR XL

PbF,+ Pb FILINGS

TANTALUM CUP

MgF, + Mg PELLET

//V CaFp PELLET

CaFy SINGLE CRYSTAL

o 3+ AL PELLET

SINGLE CRYSTAL CuF2 ////
—

=

ALUMINIUM DISC

AlF3 +A| FILINGS

ALUMINIUM DISC

MULLITE TUBE —=

TANTALUM DIiSC

p=——— MULLITE TUBE

FIGURE 12. - Details of galvanic cells incorporating CaF, solid electrolyte (1, 12—13, 39).
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2/3A1(s) + PbF,(s) = 2/3A1F4(s) + Pb(1). (25)

The electromotive force (E°) of the cell is related to the difference in the
standard Gibbs energies of formation of the fluorides as follows:

2/3(AG°._ ) - A

ALF3 GPbF2 = -J2FE°, (26)

Egan (12) also investigated the thermodynamics of thorium carbide by means of
the cell

Mo / Th,ThF,(s) / CaF,(s) / ThF,, ThC,,C(s) / Mo.

The overall cell reaction taking place upon passing 4 Faradays of electricity
is

Th(s) + 2C(s) = ThC,(s). (27

Egan (11) studied the thermodynamics of magnesium alloys using CaF2 solid
electrolyte. The cell arrangement may be represented as follows:

Mg(l), MgF,(s) / CaFy(s) / MgFo(s), Mg-Me(l).

The overall cell reaction is
Mg(l) = Mg-Me (1), (28)

wvhere Me = Bi, Sb, or Sn, respectively. The activities of Mg in these binary
systems determined by Egan (11) agree reasonably well with other measurements

(44). Benz and Wagner (5) used the following solid CaF, cell,
Pt,0,(g) / Ca0(s) / CaF,(s) / Ca0-8i0,(s) / Pt,0,(g),

to_ investigate the thermodynamics of the binary system Ca0-5i02. They were
able to deduce the standard Gibbs eneriges of formation of three different
calcium silicates from the electromotive force measurements; these values

compared facorably with the calorimetric measurements,
CONCLUDING REMARKS

The application of the galvanic cell technique to the measurement of
thermodynamic properties has reached a well-developed state. Further refine-
ments of the technique, especially with cells incorporating solid electro-
lytes, will take place, and the main thrust of the future developments will
probably be toward understanding the microscopic processes occurring at the
electrode-electrolyte interface,
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DISCUSSION

Anonymous: You made a reference to Janz's work. Can you give us more details?

Y. K. Rao: Yes, certainly., Janz and coworker (Dijkhuis) prepared a critical

compilation of thermodynamic data for molten salt systems. This work was pub-

lished by the National Bureau of Standards (Molten Salts, v. 2), Washington,
D. C., in 1969.

N. A. D, Parlee: In the cell with the sulfur vapor electrode, how large are the
sulfur pressures?

Y. K. Rao: The cell was operated at a fairly high temperature (about 870° K)
and the sulfur pressures were appreciable (1-10 mm Hg).
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ELECTROCHEMICAL DETERMINATION OF THE GIBBS ENERGIES
OF FORMATION OF SULFIDES

by

S. C. Schaefer1

ABSTRACT

Standard Gibbs energies of formation of sphalerite (ZnS, B), molybdenite
(MoS,), and tungsten disulfide (WS,) have been determined with high-tempera-
ture galvanic cells employing stabilized zirconia as the solid electrolyte.
The emf method is discussed with emphasis on requirements, limitations, and
applications. Experimental results and a thermodynamic treatment of the data
are presented. This research is part of the effort by the Bureau of Mines,
U.S. Department of the Interior, to provide thermodynamic data for the
advancement of minerals resource technology, environmental preservation, and
energy economy.

INTRODUCTION

A high-temperature emf technique was developed to provide accurate ther-
modynamic data for compounds, minerals, and alloy systems. Specifically,
Gibhs energy changes of cell reactions are obtained directly from open-cir-
cuit potential measurements of appropriate cells. These potentials are rela-
ted to the Gibbs energy change of the cell reaction by the Nernst equation

AG(cell reaction) = -nFE,

where n = electrochemical equivalent, F is the Faraday constant (23.061)
kcal/v equivalent), and E is the electromotive force in volts.

Two recent developments that have enhanced the reliability of this meth-
od are (1) advancement of electronic instruments, specifically high-input
impedance electrometers, which are capable of measuring open-circuit poten-
tials of these galvanic cells with essentially zero current drain, and (2)
development of solid electrolytes such as fully stabilized zirconia and sin-
gle crystals of calcium fluoride, which exhibit essentially complete ionic
conductivity over a wide range of oxygen (2)2)2 and fluorine (6) potentials.

1Metallurgist, Albany Research Center, Bureau of Mines, Albany, Oreg.
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In addition, cell reactions must be identified and reversible. Measure-
ments obtained from galvanic cells employing fused-salt or aqueous electro-
lytes are difficult to interpret owing to side reactions, electronic conduc-
tion, and junction potentials of unknown magnitude.

Development of a satisfactory electrochemical technique to determine
AG°f of sulfides has been difficult and challenging because no solid electro-
lyte has been found that exhibits complete sulfide ion conductivity and is

amenable to more than a few selected systems. Recent reports (7) indicate
that CaS may be a satisfactory candidate. Calcium fluoride has been used as

the electrolyte to indirectly measure sulfur potentials of a few systems in
terms of well-defined fluorine potentials (1).

Pioneering work by Kiukkola and Wagner (2) demonstrated the usefulness

of stabilized =zirconia as an oxygen—ion electrolyte for investigation of
wmetal-oxygen systems. Within limitations of the ionic properties of stabi-
lized zirconia (5), any equilibrium involving oxygen may be investigated with
this technique. The method is based on the measurement of the difference in
chemical potential between an electrode of unknown oxygen potential and
reference electrode of known oxygen potential. A modification of this tech-

nique was designed to determine Gibbs energies of formation of some of the
moYe stable sulfide compounds.

EXPERIMENTAL WORK
Materials
High-purity reagents were obtained commercially. Analyses of these

reagents were confirmed by X-ray emission and analytical procedures. Anhy-

drous—-grade sulfur dioxide, ultra-high-purity argon, and a certified standard
of a mixture of 1 mole-pct oxygen in nitrogen provided the stabilizing atmos-—
pheres.

Apparatus and Procedure

Two types of high-temperature galvanic cells, employing stabilized zir-
conia as the electrolyte, have been developed. Figure 1 illustrates the
internal arrangement of the components for a cell of the first type. A solid
reference electrode consisting of a 1l:1 mixture of Cu and Cu20 was used to
determine the Gibbs energy and formation of sphalerite (ZnS, B). Figure 2
illustrates a second type of high-temperature cell in which the solid refer-
ence electrode (Cu + Cu20) was replaced with a gas reference electrode con-
sisting of 1 mole-pct oxygen in nitrogen. Gibbs energies of formation
of MoS2 and WS2 were determined with this type of cell. Greater overall
precision is possible for measurements from cells with gas reference elec-
trodes. Detailed descriptions of these cells and the operating procedures
have been published in Bureau of Mines Reports of Investigations (éj&).

2Underlined numbers in parentheses refer to items in the list of refe
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RESULTS

Potential measurements were obtained from two cells for each system.
Results for the cell reaction

ZnS(c) + 3 Cu,0(c) = ZnO(e) + 6 Cu(c) + S0,(g) (L

may be expressed as a function of temperature by the least-squares equation
and standard error of estimate as follows:

E = -98.5039 + 0.2361T * 0.39
(948.7 - 1,209.4 K), (2)

where E is expressed in millivolts and T in kelvins. Similar data for the
cell reactions

MoS ,(c) + 3 0,(g, 0.0112 atm)

MoO,(c) + 2 S0,(g) €))

and

WS, + 3.5 0,(g, 0.0114 atm) WO3(c) + 2 50,(g) (4)

may be expressed by the linear equations

E =776.418 - 0.2116T * 0.62
(867.9 - 1,209 K), (5)
and
E = 861.533 ~ 0.24574T * 0.52

(872 - 1,210 K). (6)

Representative emf versus temperature data for ZnS, MoS2, and WS2 inves-
tigations are illuatrated in figures 3 and 4

The Gibbs energies of formation of ZnS, MoS2, and WSz were deduced from
the foregoing cell reactions by substituting the proper values of the Gibbs
energy change of the cell reactions, together with the standard Gibbs ener-

gies of formation of the metal oxides, 802, the quantity RT lan pS02, and the
oxygen potential of the reference electrode.

The quantity RT 1n pS02 requires resolution of the partial pressures of

502 at the reaction site, which involves evaluation of the following equili-
bria and relationships:

1]
AG(cell reaction) = -nFE = RT 1n p0Oy — RT 1n pOy, (7

P(total) = barometric pressure = pSO3 + pS02 + pSz + p02 (8)
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S03(g) = 50,(g) + 0.5 0,(g) (9)
S0,(g) = 0.5 S,(8) + 0,(g), and (10)

P(rotal) = PSO2 *+ PS02(p02) " 3/K o + (K 1 )2(pS0,)%/(p05)? + pOy,(11)

where P(total) = Patm and pSO3, pSO,, and pS, are the partial pressures of

the gaseous components. The quantity pOj is the partial pressure of oxygen
at the reference electrode. Kp,q and Kp,jg are the equilibrium constants for
the dissociation of SO; and SO, as noted by the foregoing reactions. Results
of a simultaneous solution of the foregoing relationships are given in table
1.

TABLE 1. - Effect of temperature, total pressure, pS0,,
PS5, and pO0, on pSO, at reaction site

Pressure, atm
Temperature, K P(total) PO,y pS0,
Zn-§-0
950 1.000921| 2.478 x 10~1% [1.0009205
1,210 1.000921( 8.046 x 10~ !! {1.0009187
Mo-S-0
870 0.99920 2.1048 x 10”1 | .99915
1,210 99920 2.3915 x 10~1 | .99514
W-5-0
870 .99946 1.1125 x 10~!7| .98836
1,210 .99946 4.5303 x 10712| .90595

Within the temperature range of these measurements, the standard Gibbs
energies of formation of ZnS(B), MoS,, and WS, may be expressed as linear
equations. Coefficients for the expression AG°f = AH°f — TAS°f together with
a standard error of estimate for these compounds are presented in table 2.
Details of these results for the three systems have been published (3-4).

CONCLUSTON

The emf method, using solid zirconia stabilized with calcia as the elec-
trolyte, offers a convenient and productive method to determine Gibbs ener-
gies of formation of the more stable sulfides. Direct measurement of the
oxygen potential at the reaction site avoids some of the problems inherent in
experimental techniques that rely on determination nf gas compositions, part-
icularly if these compositions lie near the limits of analytical procedures.
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TABLE 2. - Coefficients in linear Gibbs equation AG°f = AH°f -~ TAS°f(cal)

Temperature Standard error
Formation Reaction range, K AH®f Ag®f of estimate
Zn(2) + 0.5 S,{(g) = ZnS(B) 958-1,180 -64,223| -24.02 *650
Zn(g) + 0.5 S,p(g) = ZnS(B) |1,180-1,210 -92,720¢ -48.17 £650
Mo(c) + S,(g) = MoS,(c) 867-1,210 ~96,681( -43.76 *538
W(e) + S,(g) = WSy(e) 872-1,210 -92,429}) -43.88 280
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DISCUSSION

N. A. D. Parlee: The equilibrium data and the emf data also yield the heats
of formation. The difference with the calorimetric data is not that great,
but it really shows that the emf leads to a different value than the heat of
formation by calorimetry.

S. C. Schaefer: I don't have an authoritative explanation for this variation;
however, these are saturated phases. Since 1 operate at fairly low tempera-
tures, the intersolubility of the oxide and sulfide phases is negligible and
side reactions would be minimal. At these lower temperatures (900-1,200 K)
this source of error would not affect the Gibbs energies of formation appre-
ciably. In addition, the lattice parameters of the final products of the cell
reaction agree favorably with published parameters.

J. Haygarth: How did X-ray diffraction of the electrolyte interface establish
that the reaction assumed was actually taking place? 1In view of the very
small current flow needed to make measurements of emf, how could the X-ray
powder diagrams distinguish between the products of the assumed reaction and
some other? I recognize that they can show that formation of solid solutions
between ZnS and Zn0 was undetectable, and that direct reaction between the
phases in contact, e.g.

2Zn0 + ZnS + 3Zn + SOZ’
was not taking place, but I am unconvinced that they can be appealed to as
proof positive that the cell reaction assumed was taking place solely.

S. C. Schaefer: X-ray diffraction analysis identified the final products of
the cell reaction. Starting mixtures consisting of a 1:1 ratio of sulfide and
its coexisting oxide were blended and thoroughly mixed. These mixtures and
the final products were analyzed by X-ray diffraction. In addition, lattice
parameters were obtained. Other reactions that occur simultaneously at the
reaction site at the interface of the ZnS + Zn0 electrode with the electrolyte
are 50, = 50, + 0.50,, and S50, = 0.55, + 0,. Since equilibrium exists, the
oxygen pressure is the same for all the reactions of the heterogeneous system.
The oxygen pressure, p0,, is obtained directly from the emf measurements and
the independent relationship

AG(cell reaction) = -nFE = RT lmn pO, - RT 1ln p0,
where pO; is the partial pressure of oxygen at the reference electrode.
J. Haygarth: 8o it was the same mixture before and after?

S. C. Schaefer: Correct, in the case of ZnS and MoS,. X-ray diffraction
analysis was used to identify products after emf measurements were completed.

N. A. Gokcen: I think that in the case of nickel sulfide, what you put in the
cell did not turn out to be the same as what you were studying in the cell.

8. C. Schaefer: That is correct. 1In the investigation to determine AG°f of
Ni,S,, the coexisting phases in equilibrium with S0, at 1 atm were identified
as Ni,dxsz and NiQO, High-temperature X-ray and chemical analyses are being
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made to determine the composition of Ni,_ S, and thereby establish the exact
cell reaction. X-ray diffraction method$s were used to identify the final
products after the emf measurements were completed for each system.

N. A. D. Parlee: Considerable disagreement often exists between high-temp-
erature equilibrium data and calorimetric data for oxide systems. This is
apparently in contrast to the excellent agreement which was shown for the
sulfides (ZnS and MoS.,). Is there a possible explanation for the variations
in AH® and AS® that are obtained for the oxides, especially when the equili-
brium data are extrapolated to higher or lower temperatures?

S. C. Schaefer: I would like to say one thing. We ordinarily don't extrapo-
late too far outside our own measurements. If you wish to use this type of
measurement for Asg, then T refers to the average temperature.

o]

N. A. D. Parlee: Do you assume that AHT

and ASE are constant?

S« Cs Schaefer: Yes, within a narrow range of temperature.
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SECTION 4.- IONIC SOLUTIONS

DETERMINATION OF ICNIC ACTIVITIES
OF AQUEOUS METAL SALT SOLUTIONS

by
1 2
Je+ P. Neumann and N. A. Gokcen

ABSTRACT

A novel method for determination of ionic activities of aqueous electro-
lyte solutions is described. The method is based on precise measurements of
the water vapor pressure of solutions by a differential capacitance pressure
transducer. A number of flasks, each containing a solution of different con-
centration, are connected to the transducer, so that several measurements can
be made successively within a short time. The vapor pressure data yield the
activity of water, from which the activity of the electrolyte is computed by
an equation satisfying the Gibbs—-Duhem relation. The activities are expressed
as a function of the molal concentration in the form of an empirical power
series with adjustable parameters; a series with half-integer exponents of the
molality is preferable to a series with integer exponents.

This research is part of the effort made by the U.S. Department of the
Interior, Bureau of Mines to provide fundamental thermodynamic data for the
advancement of mineral resource technology, corrosion protection, environ-
mental preservation, pollution control, and energy economy.

INTRODUCTION

A thorough knowledge of the thermodynamic properties of aqueocus electro-
lyte solutions is useful for the improvement of existing and the development
of new processes (9, 12, 13).° 1In particular, ionic activity data are impor-
tant for understanding processes such as leaching of minerals, purification of
solutions, and precipitation of selected constituents. Extensive activity
data are available for moderately dilute, single-electrolyte solutions at 25°
C, but little work has been done in the area that is of principal technical
interest, namely concentrated, multicomponent electrolyte solutions at various

'Metallurgist, Albany Research Center, Bureau of Mines, Albany, Oreg.
?Supervisory research chemist, Albany Research Center, Bureau of Mines,
Albany, Oreg.

*Underlined numbers in parentheses refer to items in the list of references at
the end of the paper.
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temperatures. A number of empirical equations have been proposed for the
estimation of ionic activities (3, 10-11) but presently accurate data can be
obtained only from experimental measurements.

This report describes a novel method for determination of activities of aqu-
eous single—- and multi-electrolyte solutions. The method is based on precise
measurements of the water vapor pressure of these solutions. Highly accurate
electronic pressure sensors have recently become available (2, 4): they offer
a promising means for convenient, rapid, and accurate determination of the
ionic activity of aqueous electrolyte solutions.

THERMODYNAMIC BACKGROUND

The relationships between the vapor pressure of the solvent and the acti-
vities of solvent and solute for aqueous electrolyte solutions have been dis-
cussed recently in detail (2), and therefore only a brief review will be given
here. Definitions of all symbols used in this paper are given in the Appen-
dix.

The activity, a s of water - the solvent - is obtained from measure-
ments of the vapor pressure of water, P, over the electrolyte solution by
a, = P/P°, (1)

where P® is the vapor pressure over pure water, at the same temperature T as
the solution. For concentrated solutions at elevated temperatures, P and P°
must be replaced by the fugacities f and f°® respectively.

The activity of water, a_, and the mean ionic activity of electrolyte ij,

a dissolved in water, are related by the Gibbs-Duhem equation

ij°
vij
55,508 dln a + Z[mij'dln(a ij)] = 0, (2)

where m, . is the molality and v,. is the sum of the stoichiometric cceffi-
cients v and v. of electrolyte 1j; cations are denoted by i with odd sub-
scripts 1,3,5,9 + «), while anions are denoted by j with even subscripts
(2,4,6,. « )« The summation I extends over all the electrolytes in the solu-
tion. The mean ionic activity, a; s is related to the mean ionic molality,
m and the mean ionic activity coefficient \FPL by

ij#? j
The definitions of my sy and y,. are given in the appendix ; they are ana%ogous
to the definition for a, .. It should be noted that m, ., is generally differ-
R 13 _ _ 13x
ent from m,.; only for v, . = 1 are m, ., and m, .~ equal. The reference

= v
state for %9. is the infinite &klute solutfagzof eleégrolyte ij, that is, v, .
+ 1 for m, > 0. The activity of water, a , is based on pure water as th
standard gf%te, with the concentration of water in solution expressed by its
mole fraction, X, given by
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x = 55.508/(55.508 + Im, + ij). (4)

The activity coefficient of water, yw,is related to a_ by S After
determining the activity of water a_at constant temperature as a %unction of
molality of an electrolyte 12, from m;, = 0 to any desired molality m;, at a
sufficient number of points, a_ can be expressed by a power series with half-
integer exponents of m,,,

55,508 In a = Bulj + Cm}} + Dmf3 + . . « = vy,m,. (5)

The selection of the power series - apart from the requirement that the Debye-
Hickel limiting law be obeyed — is empirical. However, it has been found that
for a given number of terms, a half-integer series describes the experimental
data more precisely than a full-integer series (7). The values of the coeffi-
cients B, C, and D are determined by a nonlinear regression analysis, using a
computer., Since the equations for a_and a,, must satisfy the Gibbs-Duhem
relation 2, it can be shown that, in terms of the coefficients obtained for
a., 8, is given by

vy,In(a,,) = - é:gBm%Z - %fngfﬁ - %fgbm¥§ = eeet vypln my, . (6)

Obtaining the coefficients of the terms in this equation from those in equa-
tion 5 is far more convenient than the graphical integration of Gibbs-Duhem
relation (6). The coefficient B is proportional to the Debye-Huckel constant
a in 1In Y,:'= amj; for 1:1 electrolytes. Because of the large factor, 55.508,
associated with In a_ in equation 5 compared with the term In a,, in equation
6, small errors in a, will result in relatively large errors in a,,. It is
therefore necessary to measure a, as precisely as possible.

EXPERIMENTAL METHOD

The apparatus for the vapor pressure measurements is presently under con-
struction. A general description of the various parts of the equipment is
presented in this section. The solutions whose vapor pressure is to be meas-
ured are contained in six 100-ml Pyrex*® flasks as shown in figure 1; all six
flasks are attached to one side of the pressure sensor. Glass stopcocks per-
mit connecting only one flask at a time to the pressure sensor. A seventh
flask, containing pure water, identical to the others but separated from them,
is connected to the other side of the pressure sensor. The system can be
evacuated by a mechanical vacuum pump which, according to the manufacturer,
has a free air displacement of 60 1/min (Sargent-Welch Scientific Co., Skokie,
I11.; model 1405). The pump is capable of achieving an ultimate vacuum of
10-* torr. The vacuum is monitored by a Penning-Thermistor combination gage,
which provides continuous automatic pressure readings from atmospheric pres-—
sure to less than 10-7 torr (CVC Products, Inc. Rochester, NY, model GPT-450).

%All references to specific manufacturers or equipment brands are made for
identification purposes only and do not imply endorsement by the Bureau of
Mines.



FIGURE 1. - Glass apparatus for aqueous electrolyte solutions.
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The flasks are immersed in a temperature controlled water bath, which has
a capacity of approximately 60 liters. The square-shaped container is con-
structed of polycarbonate sheet; it is mounted in a wooden bench. The sides
and the bottom of the bath are thermally insulated by a 5-em thick layer of
Styrofoam. To be able to measure the vapor pressure as a function of tempera-
ture in the range from 10° C to 60° C, the bath is equipped with cooling and
heating elements; the heating elements and the stirring mechanism are shown in
figure 2. The inner element is a 1,000-W heater, which is controlled manually
by a powerstat. The outer element is a 125-W heater, which is regulated by a
precision temperature controller (Bayley Instrument Co., Kenwood, Calif.,
model 252). The stirrer is driven by a 60-W variable-speed motor (0-2,500
rpm). The temperature of the bath is measured by a quartz thermometer with
digital readout (Hewlett-Packard Co., Mountain View, Calif., model 2804 A).
Using a triple-point-of-water cell for periodic ecalibration, it should be
possible to measure the temperature with an absolute accuracy of *0.01° C with
this instrument (1). An uncertainty of +0,01° C in the absolute value of the
temperature corresponds to a relative error of approximately 20.05 pct in the
vapor pressure of pure water, P°, over the temperature range from 10° to 60°
C. This error is of approximately the same order of magnitude as the rela-
tive accuracy of the experimentally determined wvapor pressure of pure water
(14), but the error in a_ = P/P° is considerably smaller than 0.05 pct as will
be shown later. v

The vapor pressure is measured by a diaphragm—type differential capaci-
tance pressure transducer (MKS Instruments, Inc., Burlington, Mass., model 315
BH-1000 SP), having a measuring range of 0 to 1,000 torr. One side of the
sensor head is connected through the P, port to the flask containing pure
water; the other side is connected through the P, port to the flasks contain-
ing the aqueous electrolyte solutions. The transducer measures the difference
between the vapor pressure of pure water, P°, and that of the solutions, P,
that is AP = P° - P, The transducer is connected via a preamplifier to a dig-
ital readout unit, calibrated in torr. To minimize mechanical vibrations, the
transducer is suspended, together with the preamplifier, from a steel frame
which is mounted rigidly to the wall and the ceiling of the laboratory above
the bath, as shown in figure 3. The sensor, as well as the connections be-
tween the sensor and the glass apparatus, is heated to a temperature higher
than that of the bath to prevent condensation of water vapor.

According to the manufacturer, the transducer has a resolution of (.001
pct of the full-scale pressure, while the overall accuracy is about 0.1 pet of
the pressure reading for pressures between 1 and 1,000 torr. However, the
accuracy of the activity of water, a s, will actually be better, since the
differential transducer measures directly the small difference AP = P° - P
between two pressures P° and P and not the individual values of P and P°. By
substituting the pressure difference AP in equation 1, the following expres-—
sion for the activity, a s is obtained

a, = 1 - {AaP/P°). (N
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FIGURE 3. - Arrangement of differential pressure transducer (lower unit) and preamplifier
(upper unit).
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Differentiation of equation 7 with respect to the two variables, AP and P°,
leads to the following relationship between the errors in AP and P° and the
resulting error in a daW:

_ap[d(ap) dpre|
Idawl = PO[CAP) + POJ' (8)
Since AP/P° =1 - a_, it can be seen that the error in a will be smaller than

the errors in AP and P° by the factor (1 - a_ ). For example, the activity of
water of a 3 M solution of NaCl at 25° C is a = 0.8932 (8), and the factor

(1 - aw) has a value of approxiy 0.l. The relative errors in AP and P° have
been estimated to be 0.1 pct and 0.05 pct respectively, so that the error in
the activity of water will be daw =~ +0.0001%.
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APPENDIX: GLOSSARY OF SYMBOLS

a Debye-Huckel constant
a5 aj Activities of cation i and anion j, respectively
aij Mean ionic activity of electrolyte ij, defined by a, 13 = a,j * a.]
a Activity of water (solvent)
f Fugacity of water vapor over a solution at temperature T
f° Fugacity of water vapor over pure water at temperature T
Yio Yj Activity coefficients of cation i and anion j, respectively
Yij Mean ionic activity coefficient of electrolyte ij, defined by
i Vie Ve
YlJJ Yi YjJ
Yy Activity coefficient of water
i Cation i (designated by odd numbers)
J Anion j (designated by even numbers)
mij Molality of electrolyte ij (mol®kg-')
m mj Molalities of cation i and anion j, respectively; related to mij by
m, = vimij and mj = vj'mij
it Mean ionic molality of electrolyte ij, defined by
miij = m'i m?j;
By 1 N
o, ) Vi
mijt is related to mij by: miji = mij[vil ij
vj Stoichiometric coefficients of cation i and anion j, respectively
vij Sum of the stoichiometric coefficients vy and vj, defined by
v =v, +v

ij i j

P Vapor pressure of water over an electrolyte solution at temperature T
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P° Vapor pressure of pure water at temperature T

AP Pressure difference, defined by AP = P® - P

L Summation Symbol.

T Absolute temperature (K)

X Mole fraction of water

5?.508 Number of moles of water in 1 kg of water
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DISCUSSION

Pamela Rogers: What is the maximum temperature at which the transducer can be
operated?

J. P. Neumann: The maximum temperature is 250° C. There are two types of
pressure gages available commercially. In one type, the sensor and the pream-
plifier form a single unit. These sensors can be operated only at ambient
temperature because the semiconductor components of the preamplifier cannot
withstand elevated temperatures. In the other type of pressure gage, the one
we are using, the sensor and the preamplifier form separate units, which are
connected by a cable. In order to reduce the electronic noise, the cable
should be as short as feasible. In our case, the cable is about 2 feet long.
We keep the sensor at a constant temperature of 100° C. We chose this temper-
ature because it is above the highest temperature of our open water bath. I
think we may be able to go up to 60° C with our vapor pressure measurements.
However, as I said before, the sensor can actually be operated up to 250° C.

Pamela Rogers: Up to what concentration ranges do you intend to make
measurements?

Js P. Neumann: We are interested in the concentration range from about 0,05
molal up to saturation.

E. J. Prosen: What type of transducers are used in your apparatus?

J. P. Neumann: We use a so—called "single—sided” differential capacitance
transducer, which has two electrodes located on one side of the diaphragm.
Other capacitance transducers have one electrode on each side. We selected
for our applications a single-sided transducer because we will also be
measuring solutions containing volatile, corrosive electrolytes 1like
hydrochloric acid and nitric acid. This type of transducer is ideally suited
for pressure measurements of corrosive gases since it is comnstructed of
Inconel and stainless steel; the electrodes are located on the side of the
diaphragm that is not exposed to the corrosive gases.

C. M. Criss: What is the full-scale range of the transducer?

J. Po Neumann: Presently, we have one sensor with a full-scale range of 1,000
torr, but two more sensors with full-scale ranges of 10 and 100 torr are on
order. The smallest range that is available from this manufacturer is 1 torr.

E. J. Prosen: This may mnot concern you because you are iInterested in
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concentrated solutions. What are you doing to take account of any gas
solubility?

Je Po Neumann: I think the standard prodecure for removing dissolved gases is
to alternately freeze and remelt the solution wunder wvacuum. The gas
solubility in the solid state is much lower than in the liquid state.
Repeating this procedure three to four times should remove all the dissolved
gases from the sclution.

R. N. Goldberg: How do you intend to calibrate your instrument? Would there
be any advantage gained by using the instrument in a "null” mode, i.e., by
referencing your measurements to another solution having a well-known vapor
pressure very close to that of the solution under investigation?

J. P. Neumann: We intend to test and calibrate our equipment in two ways:
First, by measuring the absolute vapor pressure of pure water as a function of
temperature and comparing our results with the latest compilation by Wexler of
the National Bureau of Standards; second, by measuring the vapor pressure
difference between pure water and NaCl solutions of various concentrations.
The vapor pressure of NaCl solutions has been measured by several authors and
is well known, although not with the same accuracy as that of pure water. The
advantage of our method is that we measure directly the small difference
between two large pressure values. At higher electrolyte concentrations, the
pressure difference will be larger, and one could use for example a saturated
solution of NaCl as reference; however, this would be a secondary standard.

N. A. Gokcen: We can always connect one side of the transducer to vacuum and
then water will be our standard. The vapor pressure of water is very well
known and it is a dependable standard.

J. P. Neumann: I would 1like to add that anybody interested in seeing the
equipment is welcome to visit the laboratory.
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CALORIMETRY OF IONIC SOLUTIONS

by

Cecil M. Crissl

ABSTRACT

Recent advances in electronics and basic designs of calorimeters have
made it possible to measure thermal properties of electrolyte solutions with
a precision and speed considered impossible two decades ago. Nowhere is this
more evident than in the measurement of heat capacities. Although the newer
techniques have not had such a dramatic effect upon the precision for enthal-
pies of solution and dilution, they have nevertheless led to an increased
speed and ease in making the measurements. In addition, the commercial
availability of calorimetric instruments has made calorimetry more conve-
nient. Finally, the new technology is making it possible to study system
that were not easily amenable to investigation a few years ago, such as solu-
tions of high-vapor-pressure solvents and solutions under extreme conditions
of temperature and pressure.

The greatest changes have occurred in the measurement of heat capacities.
The techniques have evolved from the direct specific heat measurements prior
to 1950, through the integral heat method, commencing in the early 1960's, to
the recently developed differential flow technique. Developments in instru-
ments and cutrrent practices Iin these and other areas of solution calorimetry
are presented.

INTRODUCTION

Applications of calorimetry to the study of ionic solutions have occurred
simultaneously with the development of chemical thermodynamics and ionic
solution theory itself. 1In the latter half of the 19th century a large num-
ber of enthalpies of solution in water were measured by Berthelot, de Forc-

1Department of Chemistry, University of Miami, Coral Gables, Fla.
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rand, Thomsen, Pickering. and others. These measurements were generally made
at high concentrations using mercury thermometers and large bulky calorime-
ters. Many of the currently tabulated thermodynamic values are partially
based on these data (27, 34).2 From the outset it was recognized that
enthalpies of Solutionnzkrémaependent upon the final concentration of the
solution, and during the early part of the 20th century many attempts were
made to accurately measure the concentration dependence and to explain the
results theoretically. In order to improve the temperature sensitivities,
calorimetrists turned increasingly to thermocouples and resistance thermome-
ters. The thermocouple was introduced to solution calorimetry by White (39)
in 1914,

However, the real impetus for accurate calorimetric measurements was the
introduction of the Debye-Hiuckel theory of ionic solutions in 1923 (9). Soon
after the publication of this theory, Bjerrum (3) and Adams (1) independently
applied it to predict enthalpies of dilution of electrolytes in dilute aque-
ous solutions, and in 1929 Randall and Rossini (32) calculated the theoreti-
cal limiting slope for the concentration dependence of heat capacities of
aqueous ionic solutions. The latter authors neglected te include the change
in concentration with temperature in their derivation, but this term was
included in a later derivation by La Mer and Cowperthwaite (22). Adequate
tests of the predictions of the Debye-Hiickel theory required calorimeters
with even greater temperature sensitivities. The c¢limax of these develop-
ments occurred in the 1930's with the extraordinarily sensitive enthalpy of
dilution calorimeters of Lang and coworkers (23-24), Gulbransen and Robinson

(16), and Gucker, Pickard, and Planck (15). These calorimeters had tempera-

ture sensitivities that exceeded 1 x 10“6° C. At the same time calorimeters
were developed that were capable of measuring direct specific heats to better
than 0.0l pct. Among the more precise were the calorimeters of Randall and
Rossini (32) and Gucker, Ayres, and Rubin (13).

These calorimeters and others of similar design were used to measure
enthalpies of dilution to 1 x 10-* molal (m) and specific heats to 0.1 m. 1In
all but a few cases the experimental limiting slopes for enthalpies of
dilution of strong electrolytes were shown to agree with the theoretical
slope. However, as a result of the inability to measure specific heats
accurately at concentrations less than 0.1 m, adequate comparisons with the
theoretical slope were not possible for heat capacities, except for those few
cases for which the temperature coefficients of the enthalpies of dilution.
were available. An excellent review of these precise calorimeters and the
results obtained from them has been given by Gucker (12).

The very precise techniques used in enthalpy of dilution and specific
heat calorimeters were also used to improve the sensitivity of solution calo-
rimeters, although because of the necessity of introducing a solid into the
calorimeter, considerable modifications had to be mnade. Furthermore, the

2Underlined numbers in parentheses refer to items in the list of references
at the end of the paper.
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sudden and rather large temperature changes caused by dissolution of a sol-
ute, and the heat generated by the sample introduction itself obviated the
sensgitivity one could obtain with thousand-junction thermopiles. One of the
more precise of these calorimeters has been described by Slansky (37).

To review in detail the development and variations of the calorimeter
during the 1930's is beyond the scope of the present paper, but one can sum-
marize the general characteristics of the more precise instruments in the
following terms: (1) The calorimeters were batch type, generally of twin
(differential) construction and operated adiabatically, (2) they were large
and bulky, frequently having a volume in the vicinity of a liter, (3) they
employed resistance thermometers or multiple thermocouples, sometimes exceed-
ing 1,000 junctions, along with bridges or potentiometers with their accom-
panying galvanometers for temperature measurements, (4) they were electrical-
ly calibrated using batteries as "constant-voltage” power sources, and (5)
they were individually constructed, and generally complex to operate, and all
data had to be recorded manually. Nearly all measurements during this period
were confined to within a few degrees of room temperature. Developments in
calorimetry reached a plateau by 1940 and remained dormant until new mater-
ials and electromnic instrumentation became available in the 1950's.

Five Important items became available since the early 1950's that have
caused a rapid change in the technology of solution calorimetry. These are
(1) thermistors and commercial thermopiles, (2) highly sensitive low-noise-
level electronic amplifiers, (3) electronic constant-current power supplies,
(4) data acquisition equipment and laboratory computers, and (5) commercially
constructed calorimetric instruments. While none of these has increased the
temperature sensitivity of the calorimeters, they have made the construction,

maintenance, and operation of calorimeters much wmore convenient, and the
required volumes of sample have been significantly reduced. The purpose of
this paper is to examine some of the newer techniques that have been incor-
porated into calorimetry since about 1955, and with which the author has had
some personal experience. The discussion is limited to calorimeters suitable
for measuring enthalpies of solution, heat capacities, and enthalpies of

dilution. Titration and other special types of calorimetry will not be dis-
cussed.

ENTHALPY OF SOLUTION CALORIMETERS

Most of the modern enthalpy of solution calorimeters are of the isoperi-

bol (isothermally jacketed) type and use thermistors as temperature-sensing
element. The substitution of thermistors for thermopiles made possible the

construction of smaller calorimeters, with no significant loss in accuracy.
One of the first reports of a calorimeter incorporating a thermistor is that
by Coops, Balk, and Tolk (7) in 1956. Soon afterwards, Sunner and Wadsd (38)
analyzed the efficienty of several calorimetric designs of about 100-ml cap-
acity, all of which employed thermistors.
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The commercial availability of low-noise—level de microvolt amplifiers in
the 1950's made it possible for the first time to amplify and record bridge
output voltages so that continuous records of temperature variations in calo-
rimeters could be made. Gunn (1l7) described such a system for a rocking—bomb
solution calorimeter using a resistance thermometer, G-2 Mueller bridge, dc
amplifier, and analog recorder. A saw tooth signal was superimposed upon the
recorder trace as a result of oscillation of the thermometer circuit in the
earth's magnetic field. Professor Cobble and his students (2, &, 20, 26)
described a series of calorimeters of different designs which Eﬁpfayéa_thé;;
mistors or resistance thermometers, de amplifiers, and strip-chart recorders.
For the first time electronically controlled constant-current power supplies
were used for electrical calibrations, and consequently current did not have
to be continuously monitored during calibration periods. One of these calo-
rimeters (2) had a total volume of about 7 ml and a thermal sensitivity of 5
x 10~° cal.

Examples of two calorimeters incorporating modern designs and which we
have used in our laboratory (18, 35) are shown in figures 1 and 2. The de-
sign in figure 1 has the advantages that it is easier to construct initially
and easier to charge in operation. However, it has a relatively larger vapor
phase volume which may require corrections for enthalpies of vaporization,
especially for high-vapor-pressure solvents, and it requires a longer time to
come to equilibrium. The all-metal calorimeter shown in figure 2 has a rapid
equilibrium time and low—temperature modulus. This is accomplished by re-
quiring the two stainless steel support tubes to have extremely thin walls so
that the thermal conduction to the surroundings is minimized while at the
same time the better conducting metal enables a faster establishment of ther-
mal equilibrium. Thermistors are used as temperature-sensing elements in
both calorimeters, and the bridge outputs are amplified and automatically
recorded. In the case of the calorimeter shown in figure 2, no attempt is
made to balance the bridge circuit during the calorimetric run; instead, the
bridge unbalance is amplified by a very linear nanovolt amplifier, digitized,
and fed into a data acquisition systenm or computer (35). The data are pro-
cessed completely by computer, which corrects for the nonlinearity of the
thermistor and bridge and removes all possibility of subéectivity in data
analysis. This calorimeter has a noise level of 4 x 107°° C and has been
used to measure the enthalpy of solution of Tris(hydroxymethyl-aminomethane)
(TRIS) in HCl with a reproducibility of 0.04 pct. The vapor seal at the top
also makes it suitable for measurements in anhydrous solvents. Commercial
instruments having a design similar to that in figure 1 are available from
LXB Instruments, Inc., and from Tronac, Inc.

One of the few new adiabatic solution calorimeters to be described re-
cently has been assembled at the National Bureau of Standards by Prosen and
Kilday (30). The adiabatic shield temperature is automatically controlled
through an electronic feedback system employing thermocouples, a microvolt
amplifier, and a power amplifier. The temperature within the calorimeter is
measured either by a platinum resistance thermometer and G-3 Mueller bridge
or by a commercially available quartz-oscillator thermometer.
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FIGURE 1. - Submarine solution calorimeter: A, brass
vacuum jacket; B, reaction vessel; C, evac-
vating tube; D, threaded coupling; E, therm-
istor and heater wells; F, hermetic electri-
cal seal; G, conduit; H, sample bulb; I, stir-
ring shaft; J, anvil; K, forked paddle; L,
steel shaft; M, Teflon bearings; N, shaft
housing; O, filling tube; P and Q, tubes for
purging with nitrogen; R, O-ring; S, threaded
nut. (Courtesy, American Chemical Society.)
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L L

. = Improved submarine solution calorimeter. A, reac-
tion vessel; B, top of outer vacuum jacket; C, stir-
ring shaft housing; D, inner tube of vapor trap; E,
rotating hood of vapor trap; F, stirring shaft; G,
bulb support and smasher; H, hermetic electrical
feedthrough; I, conduit for heater and thermistor
leads.  (Courtesy, American Institute of Physics.)
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Standard reactions for testing the precision and accuracy of solution
calorimeters have been a continual problem. KCl has traditionmally been used
as a calibration standard for endothermic reactions. However, the discrepan-—
cies among the reported values are much greater than one would expect, either
from the estimated accuracy (frequently <0.1 pct) or from the actual experi-
mental reproducibilities of the calorimeters used in the measurements. Sun—
ner and Wadsd (38) have examined several published enthalpies of solution for
KCl and concluded that systematic errors are present in one or more of the
determinations. They questioned whether KCl was really a suitable standard
for solution calorimetry.

In 1964 Irving and Wads©O (19) proposed the use of the reaction of TRIS
with 0.1 N HC!, and recommended a value of 29.723 kj mole~! (35). The
National Bureau of Standards has issued TRIS as a standard reference material
for solution calorimetry,SRM 724 and 724a, and Prosen and Kilday (31) at the
Bureau have measured its enthalpy of reaction with 0.1 N HCl, using the adia-
batic calorimeter described above (gl). On the basis of their measurements
and data from other laboratories, they have recommended 29.771 * 0.031 kj
mole~*., The uncertainty assigned, which is disappointingly large, includes a
vreflection of the values reported from other laboratories. 1In another study
from the Bureau of Standards, Brunetti, Prosen, and Goldberg (4), using an
isoperibol solution calorimeter, obtained a value of 29.792 £ 0.031 kj
mole—!, Again, as in the case of KCl, the spread in results for TRIS is
greater than the apparent inaccuracies of the high-precision calorimeters,
and Prosen and Kilday (31) have concluded that it will probably be some time
before the source of the spread of results is understood.

SPECIFIC HEATS OF IONIC SOLUTIONS

Until the early 1960's specific heats of ionic solutions were measured
directly using highly precise calorimeters developed by Gucker and others, as
described in the introduction. Although the precision of these calorimeters
is superb, usually being better than 0.0l pct, measurements below about 0.1 m
are useless for obtaining apparent molal heat capacities. This 1is easily
understood from the definition of apparent molal heat capacity:

6 =B 27 : (1)

In this equation Cp is the heat capacity of the solution, ﬁ;l is the heat

capacity of pure solvent, and n) and nz are the number of moles of solvent
and solute, respectively. As the solution becomes more dilute in electro-
lyte, both the numerator and denominator approach zero and any error in CP
results in an astronomical uncertainty in ¢c . The magnitude of this
error for a 0.0l pct error in specific heat measurement can be seen in figure
3. Berthelot recognized this problem long ago and suggested that specific
heats could be obtained at lower concentrations by combining specific heats
at higher concentrations with the temperature coefficient of the enthalpy of
dilution at lower concentrations. This approach was first actually used in
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FIGURE 3. - Apparent molal heat capacities of aqueous NaCl. ©Randall and Rossini;
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1905 by Richards and Lamb (33). 1In terms of modern thermodynamic treatment,

the enthalpy of dilution is converted to the relative apparent molal heat
capacity by means of the equation

$9H,
_ 4o _ (8OL _ Dil
bep = bep (—-—BTJP (5 Jp (2)

from which ¢° can be obtained if ¢ is known at a higher concentration.
cp cp

This approach may lead to very accurate values of ¢cp at low concentra-

tions, but it requires two different kinds of highly precise calorimeters an
many time-consuming measurements. Further, in order to obtain the heat capa
city at one temperature, the enthalpy of dilution must be measured at two or
more temperatures. Consequently, very few measurements of this type have
been reported.
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To avoid having to make measurements with two types of highly sophisti-
cated calorimeters, Criss and Cobble (8) suggested in 1961 that standard
state heat capacities could be obtained in many cases by measuring enthalpies
of solution at low concentrations (0.00l m to 0.0l m) and at rather close
temperature intervals. Extrapolation of the enthalpies to infinite dilution
by an extended Debye-Hiuckel equation gave standard enthalpies of solution,
AH;, which were converted to standard partial molal heat capacities by the

equation

oH° A(AH®)
t."o - C° = AC® = ( S) ~ [“__S
AT

_ S 3
p2 p P T X (3)

P

where C; is the heat capacity of the crystalline solute and AC; is the

change in heat capacity for the reaction process. The approximation in equa-
tion 3 is valid if the temperature interval is kept to 5° or 10° C for sys-
tems in which the heat capacity is varying rapidly, such as aqueous solu-
tions. This approach, which is referred to as the "integral heat method,”
has been exploited extensively by Professor Cobble and his students. It has
several advantages: (1) The calorimeter is less complicated to construct and
operate than the specific heat and enthalpy of dilution calorimeters, {(2) the
measurements are all made at very low concentrations, so that extrapolation
to infinite dilution is more reliable, and (3) limiting slopes for enthalpies
are known relatively better than the slopes for heat capacities. The low
concentrations also enable one to obtain heat capacities for electrolytes
which are not sufficiently soluble to obtain by other methods. Furthermore,
since the method is optimized by making measurements at several temperatures,
one generally evaluates heat capacities over a significant temperature range.
The method has three major disadvantages: (1) It is very time consuming to
obtain data, (2) it is practical to obtain heat capacities only at infinite
dilution, and (3) obtaining accurate data requires that the enthalpies of
solution be small (<40 kj mole~!), This last limitation arises because the

method requires taking the difference in the enthalpies of solution at two
temperatures, and even if these are known quite accutately (~0.1 pct), the

uncertainties in absolute numbers will be large if the enthalpies are large.
This becomes az serious limitation for high—temperature aqueous solutions and
some nonaqueous solutions. In spite of these drawbacks, the author has used
the technique extensively for nonaqueous solutions. It works well for sol-
vents with low wvapor pressures, but problems are encountered with high-vapor-

pressure solvents. Heat capacities for NaClOy in water, methanol, and N,N-
dimethylformamide (5) obtained by the integral heat method are shown in fig-

ure 4. These data illustrate the extreme temperature sensitivity of heat
capacities of electrolytes in some solvents, such as water, and the relative
insensitivity in other solvents.

More recently Picker and coworkers (29) have described a differential
flow heat capacity calorimeter that removes many of the disadvantages of the

two methods discussed above. 1In North America a commercial version of the
instrument is sold by Sodov, Inc. The general principle of operation is

shown schematically in figure 5. It consists of two identical parallel cap-
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FIGURE 4. - Standard partial molal heat capacities of NaClQ, in N, N-dimenthylforma-
mide, methanol, and water, obtained by the integral heat method.

illary tubes inside a vacuum chamber. Inasmuch as possible the tubes are
symmetrical; one acts as a reference cell and the other as a working cell.
There are two heaters, Hy and Hy, and thermistors, T, and Ty, for the
corresponding tubes. The thermistors are in opposite arms of a bridge cir-
cuit so that any temperature deviation between Ty and T, results in a
bridge unbalance, which is amplified and fed back into Y, to bring the
temperature at T, back to its original temperature, which is the same as
Iy. The change in power to Hy is reflected in a potential change across
resistor Ry which is recorded. In operation, the valve, V, is adjusted so
that pure solvent passes through the capillary, which 1s thermostated to
temperature, Tj, and continuing through the reference cell, and the delay
line, back through the thermostat and through the working cell. The heaters
are adjusted such that the temperature changes at H, and H, are identi-
cal. The adjustment may range up to about 3° C depending upon the power
setting. Once a base line is obtained on the recorder, the valve is adjusted
to permit solution to pass through the reference cell. If the specific heat
of the solution is different from that of the solvent, the temperature rise
at H. will be different from that at H through which pure solvent is
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FIGURE 5. - Differential flow heat capacity calorimeter: H,, and H, heaters for working and
reference cells; T and T, thermistors; R, and R, resistors for measuring power
to heaters; V, fluid selection valve.

w

still passing. The temperature difference will be detected at the thermis-
tors, and a corresponding change will be made in the power to Hy, this
change will be shown as a deflection at the recorder. After a period of
time, solution 1is passing through both cells and the base line will be re-
established; the wvalve can then be adjusted to permit pure solvent to pass
through the reference cell, and a deflection in the opposite direction is
obtained on the recorder. Comparing the deflections with standard defliec-
tions obtained by electrical calibrations enables one to calculate the heat
capacity of the solution relative to that of the solvent:

(@]

o

- (s ARy, )

o
= olo

where ch and c; are the specific heats of the solution and solvent respec-

tively, P is the base power to the heaters, AP is the change in power to the
heater in the working cell, and p° and P are the densities of the pure
solvent and solution respectively. Professor Robert Wood at the University
of Delaware has shown (40), and we have verified, that it is necessary only
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to know the density ratio at the temperature of the delay line, and not at
the temperature of the actual heat capacity measurements. Consequently the
delay line should be thermostated during the calorimetric measurements and
the densities measured at that temperature.

The differential flow calorimeter has three major advantages: (1) 1t
enables one to measure specific heats for solutions about 10 times more di-
lute (0.01 m) than the direct specific heat method, (2) it is much more rapid
than the integral heat method, and (3) it requires much less volume of liquid
than either of the other methods. This last advantage becomes important when
one is investigating nonaqueous systems. Additionally the flow system is
particularly convenilent to use for anmhydrous solutions, and solvents exhibit-
ing high vapor pressures, such as methanol. It has the disadvantages that
the most dilute concentrations that can be measured are still about 10 times
more concentrated than those required in the integral heat method, and one
must measure precise densities. However, the densities are useful in them-—
selves for calculating apparent molal volumes.

Figure 3 shows ¢cp for aqueous NaCl obtained by direct calorimetry
(32) and several separate investigations by differential flow calorimetry
(11, 21, 28), along with ¢;p(=c§2) obtained from the integral heat method

(g)- One can observe a change in slope near the lower limit of the measure-
ments by direct calorimetry.

Both the integral heat and the differential flow heat capacity techniques
have been used in the author's laboratory to measure heat capacities of num-—
erous electrolytes in several nonaqueous solvents. The results appear to be
comparable in accuracy, uncertainties in the enthalpies of solution at sever-
al temperatures obtained in the integral heat method are balanced by the
uncertainties in the extrapolations of the ¢_ data from the differential flow
method. The large differences in C°  for sBlected electrolytes in four

P2
different solvents at 25° C are illustrated by the data in table 1. _However,
one must be careful in attaching a meaning to the differences in ng for a

given electrolyte in wvarious solvents, since the differences may vanish or
even change sign at other temperatures as one can observe from figure 4.

As a result of the energy crisis there has been an increasing interest in
the thermodynamic properties of aqueous solutions at higher temperatures.
These values are most easily obtained by having accurate heat capacities for
the aqueous electrolytes as a function of temperature, and it is worthwhile

focusing our attention on the problems associated with measuring this func-
tion at higher temperatures.

Measurements up to 100° C present few problems, and numerous data now
exist. Heat capacities for simple electrolytes in water exhibit the charac-
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teristic curve of NaCl0, shown in figure 4, except that they are negative
over the entire temperature range. Above 100° C, C;z becomes rapidly nega-
1

tive with temperature; for example, 6;2 for aqueous NaCl becomes -837 j deg™

mole™! at 300° C (25). Consequently if one desires accurate thermodynamic

TABLE 1. - 652 for electrolytes in various solvents

at 25° € (j deg™! mole™!)

P2
Electrolyte H201 MeOH DMF 2 Ethylene glycol
(28) (21)
Licl -65.2 -119.1 94,2 30.9
LiBr -69.1 ~99.8 70.3 -9.1
NaBr -88.1 -34.6 116.1 11.0
KBr -118.3 -20.4 119.0 4.0
XI -108.7 .2 93.7 39.8

1Desnoyers, J. E., C. de Visser, G. Perron, and P. Picker. J. Sol. Chem. v.

5, No. 9, 1976, pp. 605-616.
2Choi, Y-S., and C. M. Criss. Disc. Faraday Soc., No. 64, 1978, pp. 204-219.

values at higher temperatures, 1t is important to measure accurately the

temperature dependence of ESZ.

High-temperature (above 100° C) calorimetry of aqueous solutions gener-—
ates several new problems. The resulting high pressures require calorimeters
to have thicker walls with the result that the ratio of the mass of fluid to
that of the calorimeter is reduced, causing a corresponding loss in sensiti-
vity. Heat leaks from radiation are also much greater. Finally, materials
that can withstand the corrosive action of ionic solutions at high tempera-
tures are difficult to find. These problems are common to all three types of
calorimeters used for heat capacities, although the first is not significant
for the differential flow calorimeter because of its small volume.

In spite of these limitations, high-temperature calorimeters of each type
have been constructed. Gucker and Christens (14) have described a direct
specific heat calorimeter suitable for measuring specific heats to the criti-
cal temperature of water, but to the knowledge of this author no results from
this calorimeter were ever published. Cobble and Murray (6) have described a
solution calorimeter that they have operated at 300° C to measure heat capa-
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cities by the integral heat method. More recently Wood (40) has constructed
a differential flow heat capacity calorimeter which has been operated suc-
cessfully at 325° C.

In addition to the experimental problems, there are problems in the
treatment of data. The limiting slopes for heat capacities at higher temper-
atures are extremely large and uncertain (36). Consequently extrapolation of
¢cp from the lower concentration limit of 0.1 m obtained from direct
specific heat measurements is impractical. Similar problems arise in extra-
polating data from the differential heat capacity calorimeter, but the extra-
polation is only from 0.0l m which gives some advantage. The integral heat
method is even more advantageous in this respect since the concentrations
covered range down to 0.001 m making the length of extrapolation to infinite
dilution much less. Furthermeore, the limiting slopes for enthalpies of dilu-
tion are known more accurately than those for heat capacities (36). However,
enthalpies of sgolution generally become extraordinarily negative at high
temperatures, more than 400 kj mole=! in some cases (6), so that even for 0.1
pct uncertainty, the uncertainty in absolute number of calories for AH; be-

becomes large, with a correspondingly large uncertainty in the standard state
heat capacity. Upon consideration of all factors, it is the opinion of this
author that the differential flow calorimeter has the greatest advantages at
high temperatures.

ENTHALPY OF DILUTION CALORIMETRY

Most of the recently published enthalpy of dilution data have been ob-
tained from either flow or rotating batch enthalpy of mixing calorimeters.
Both types of instruments are commercially available. The rotating batch
calorimeter appears to be well suited for solvent systems having vapor pres-
sures equal to or lower than water at room temperatures. It uses very small
volumes of liquids (2 ml/4 ml) and has the major advantage that pumps are not
required for its operation, as with flow calorimeters, but it has the disad-
vantage that corrections have to be made for the heat of wetting of the walls
of the cells in precise work. Wood and coworkers have used a rotating batch
calorimeter for both aqueous solutions and N-methylacetamide (10, 4l) and
have described the corrections for the enthalpy of wetting of the walfg—(lg).

The author has employed an LKB-type flow calorimeter® for measuring enth-
alpies of dilution of several alkali metal halides in methanol, from near
saturation to low concentrations. A schematic of the flow cell is shown in
figure 6. Two cells of similar construction are placed in a large aluminum
heat sink and the system is operated in a differential mode, with signals
from the thermopiles being amplified by a microvolt amplifier and recorded on
a strip-chart recorder. A base line is established when pure solvent is
entering both capillaries of the cell. The system may then be calibrated
electrically by means of a heater embedded in the cell, and the peak height
obtained on the recorder compared with the peak height caused by mixing the
pure solvent with solution. With care it is possible to measure enthalpies
of dilution to 0.005 m.
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FIGURE 6. - Schematic of flow cell of heat of mixing calorimeter.
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The major advantage of the flow-mixing calorimeter is the convenience and
rapidity of measurement, especially for systems that must be maintained in
anhydrous condition. The flow technique is especially suited for working
with high-vapor-pressure solvents, since one need not be concerned with a
change in concentration because of evaporation of solvent into the vapor
phase. The major problem of the method is obtaining a reliable pump that can
deliver the solvent and solution with 0.1 pct accuracy, without pulsation.
Pumps are available that can deliver fluids with the necessary accuracy, but
not totally without pulsation, which appears as noise In the signal.

Figure 7 shows the enthalpy of dilution of Nal in methanol and in water.
The extraordinarily large enthalples of dilution appear to be common in this
solvent. Much of this is accounted for by the Debye-Hiickel theory; never-
theless, the experimental slopes are about 30 pct greater than the theoreti-
cal slope. This appears to be caused by ion-pair formation.
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AQUEQUS SOLUTIONS DATABASE TO HIGH TEMPERATU'RES
AND PRESSURES, NaCl SOLUTIONS

by

Sidney L. Philllgs 2 Roland J. Otto, 2
Huseyin Ozbek,” and Mehdi Tavana2

ABSTRACT

A survey is made of available experimental data on sodium chloride solu-
tions which are used in geothermal energy exploration and development for
electrical power production and direct use. The data are classified as ther-
modynamic, transport, and physical; they are useful in the design and devel-
opment of a geothermal area from brine production through utilization to brine
disposal. An ideal data system for geothermal energy is described.

INTRODUCTION

The Lawrence Berkeley Laboratory (LBL) is funded by the U.S. Department
of Energy to provide a single, comprehensive database of properties of aqueous
solutions involved in basic geothermal energy. The compilation, which in-
cludes critical evaluation and correlation, constitutes a single source of
recommended values to be used in research and development of both electrical
power generation by and direct utilization of geothermal energy. In addition,
the result of this work includes identification of areas where data are either
lacking or inadequate, and recommendations for research designed to provide
the needed data.

Reliable data are needed on the basic properties of geothermal brlnes
covering a range of conditions up to high temperatures and pressures (8)
However, geothermal brines are site dependent in the concentration of dissolv-

lsupported by U.S. Department of Energy under Contract W-7405-ENG-48, Office
of Basic Energy Sciences, Division of Engineering, Mathematical and Geo-
sciences

National Geothermal Information Resource, Lawrence Berkeley Laboratory, Uni-
versity of California, Berkeley, Calif.

3Underlined numbers in parentheses refer to items in the list of references
at the end of the paper.
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ed substances; the total dissolved solids vary over three orders of magnitude,
depending on the site. Concentrations differ also for individual wells within
the same geothermal area.

Since data on the basic properties of individual geothermal brines are
virtually nonexistent, it is common practice to rely on those of sodium chlo-
ride solutions in water as a substitute.

The larger LBL project covers energy properties of the following aqueous
solutions:

1. Substances that on dissolving in water change the basic properties of
the resulting solution. Electrolytes such as Nall and KCl and gases
such as C02 are examples.

2. Substances that cause scaling, corrosion, or erosion when present in
brines. Hydrogen sulfide, carbonates, and silicates are examples of
such substances.

3. Materials that react with the brine and are dissolved by the brine.
Examples are rocks in brine reservoirs and steel used in pipes and
turbines.

This report is limited to a survey of the experimental data and correla-
tions for NaCl solutions up to 350° C temperatures and 50-MPa pressures.“ The
objectives of the work are mainly to: (1) obtain correlation equations that
closely reproduce the available experimental data on the basic properties of
aqueous NaCl solutions over a range of temperatures up to 350° C and pressures
to 50-MPa, (2) develop tables of smoothed data based on the correlation ex—
pressions and provide reasonable estimates of these properties through extra-
polation, where necessary, into the reglion of geothermal interest, and (3)
prepare a handbook containing equations, evaluation procedures, tables of
smoothed data and recommendations for future research in areas where the cur-
rent data are either lacking or inadequate.

The basic properties of NaCl solutions can be organized in several ways;
it is convenient here to separate them into a number of categories, as indi-
cated in table 1. The table lists these classes of basic energy data for NaCl
solutions and the experimental measurement means commonly used to obtain the
data.

In this paper it 1s not possible to cover all the data for each solution

of interest. More complete information can be obtained from references 3-5,
10, 13-14, 16, 18, and 22.

“ atm = 101,325 Pascals {(Pa).



246

TABLE 1. - Selected basic energy properties of sodium chloride solutions and

commonly used methods of measurement to high temperatures

Basic property

Temperature, ° C

Method

Heat of solution

Heat of dilution

Heat of solution at
infinite dilution

Heat capacity

Vapor pressure

Viscosity

Thermal conductivity

Electrical conductivity

Density

Solubility

0-100

100-200

300

10-100

184-712 (51;100MPa)

0-300

1-85

25-100
75~700

25-150

25-50
25-150
25-330

0-800

0-200
20-75
25-350
150-500

0-300
148-425

Calorimeter (glass).
Calorimeter (Ti).
Calorimeter (Ti-Pd).

Calorimeter.
Flow calorimeter.
Calorimeter (Hastelloy).

Calorimeter; vapor pressure.

Calorimeter (stainless steel).

Flow calorimeter.
Bomb calorimeter (gold-plated
beryllium copper).

Manometer.
Differential manometer (Pt cups).
Isotensicope.

Bomb (Stellite).

Cannon glass capillary.
Ostwald and Ubbelohde.
Oscillating disk.

Coaxial cylinders.
Continuous line source.
Flat plate.

Conductance cell (Pt-1Ir).
Four-electrode cell (ceramic,Pt).

Sinker.

Pycnometer.

Hydrostatic welghing.
Autoclave, filling temperature.

Sample analysis.
Pressure-temperature (Pt vessel).
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Data Acquisition Systems for Solutions

Prospective users of aqueous solutions are faced with a formidable as-
sortment of computer databases, theoretical and empirical correlation equa-
tions, publications in three major languages, differing units of concentra-
tions and baslic parameter, extrapolated and interpolated values, values cal-
culated for 1 property using data for another contained in over 50 journals,
and reports from over 25 laboratories.

The engineer or scientist needs to consider that for each property the
following must be critically evaluated in selecting data or correlations: the
purity of the water and NaCl used, the instrumental method employed in the
measurement, the calibration procedures used, the number of replicate deter-
minations, the temperature and pressure control, chemical reactions between
the NaCl solution and the instrument, and the sampling and data processing
procedures used. Each step 1is important, and the entire data acquisition
system must be considered in selecting best values.

Both the discussion that follows and specific examples given will center
around the more important geothermal energy properties that have been select-—
ed from those listed in references 3, 8, and 26. The data covered will be
confined to those published since the International Critical Tables in 1929.

THERMODYNAMIC PROPERTIES

The thermodynamic properties covered here are enthalpy, heat capacity,
and vapor pressure. Despite the need for experimental data to 350° C, 50-MPa,
and saturation concentrations, the majority of thermodynamic data available
are still below 100° C and at saturation vapor pressures (table 2). The lack
of data at higher temperatures is so acute that only a few newly published
values are sufficient cause for recalculation of correlation equations. To a
large extent, tables of smoothed values are based on calculated and extrapo-
lated data. 1In the following sections heat of solution, heat of dilutionm,
heat capacity, and vapor pressure are discussed as examples of the current
status of data on thermodynamic properties of NaCl solutions to high tempera-
tures. These are the experimental data most often used to calculate the total
specific enthalpy and entropy of NaCl solution.

Enthalpy

The total enthalpy of aqueous NaCl solutions changes with temperature.
It is calculated from the standard state enthalpy of pure water, the standard
state enthalpy of NaCl solutions, and the enthalpy differences between the
standard state and real solution. The enthalpy of water is obtained from
steam tables (11, 16). The two other terms are obtained from measurements of
the heat of solution of NaCl crystals in water, and the enthalpy change when
NaCl solutions are diluted from one concentration to a lower concentration.
Table 2 contains selected references to experimental data which have been used
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TABLE 2. — Selected experimental data of the basic energy properties of NaCl
solutions to high temperatures

Temperature, ° C Concentration, m Pressure, MPa Reference

HEAT OF SOLUTION

0-95 0.0009-0.02 Saturation Criss 61.

10-65 <4 ND Abrosimov 77.

25 .05-1.3 Saturation Benson 55,56.

114-200 007-.04 do Gardner 69.

200-300 1.7-10.3 do Borodenko 75,76.

<327 ND <100 Puchkov 78,
Dimitriev 77.

300 .003-.018 Saturation Cobble 78.

HEAT OF DILUTION

10-25 0.0002-0.6 Saturation Gulbransen 34.
10-75 ND do Craft 75.

25 .39-1.2 do Vaslow 71.

25 ND do Wood 69.
25-100 .04-5 do Messikomer 75.
30 d-1 do Leung 75.
40-80 .1-6 do Ensor 73.
183-712 .53-6 51: 100 Kasper 79.

HEAT CAPACITY

1.5-45 0.01-3 Saturation Perron 75.
5-85 .04-6 do Tanner 78.
6—-48.9 High dilution do Arnett 70.
10-120 .5 do Ackermann 58.
10-130 4-1.1 do Eigen 51.
24,15 .01-2 do Picker 71.

25 .01-3 do Fortier 74.
80-200 .35-2 do Likke 73.
50-350 +43-6 do Puchkov 76.
20 .1-2 100: 200 Liphard 77.

VAPOR PRESSURE

25.00 0-5.8 ND Pepela 72.
20-30 2.0-4,0 ND Olynyk 43.
25-100 1.0-6.1 ND Gibbard 74.
167-265 .5-1 ND Gardner 69B.
125-270 1-3 ND Gardner 63.
150-350 1.2-5.6 ND Mashovets 73.

ND - No data.
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Temperature, ° C Concentration, m Pressure, MPa Reference
VAPOR PRESSURE (continued)
75-300 4,.8~-sat. ND Liu 72.
125-300 2-1 ND Liu 70.
125-300 .1-3.5 ND Lindsay 68.
20.3 .03-.1 ND Grollman 31.
75-150 .1-3.5 ND Fabuss 67C.
350-400 3 pct-sat. ND Urusaova 71C.
250~-700 Saturated ND Sourirajan 62.
60-101 .05-1.0 ND Smith 39.
61-105 1.5-4.0 ND Smith 39B.
15-45 .1-6.0 ND Robinson 59.
125-270 1.0-3.0 ND Gardner 63.
200-400 2-15 ND Urusova 71B.
450--550 3 pct—sat. ND Urusova 74.
183--646 .1-.5 mole fr. ND Keevil 42.
THERMAL CONDUCTIVITY
20 0.9-5.7 Saturation Riedel 51.
20-80 2.7-5.9 do Tufew 66.
25-150 .7-3.5 do Korosi 68.
25 «7-5.5 do Kapustinski 72.
25-50 1.9-4.5 do Chernenkeya 72.
20-40 1-3 do Chiquillo 67.
30 4.2 do Vargaftik 56,
Prudnikov 70.
VISCOSITY

0-25 0.002-2 Saturation Jones 37.
10-40 «1-5.8 do Lengyel 64.
12-42 .001-.5 do Kaminsky 56.
18-154 Ja=4 1-30 Kestin 77.
20-80 6 Saturation Postnikov 70.
23 .3-2.5 do Gaeta 66.
25-50 .007-5.8 do Goncalves 77.
25 .09-1.2 do Drucker 46.
25-150 .1-3.6 do Korosi 68.
25 .1-5.6 do Janz 70.
25 1.0-5.6 do Ostroff 69.
25-60 1.1-6.1 do Ezrokhi 52.
30-55 1.0-5.0 do Suryanarayana 58.
35 .01-.07 do Chacravarti 40.
20-350 1-20 wt-pct < 30 Pepinov 77.

ND - No data.
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TABLE 2. - {(continued)

Temperature, ° C Concentration, m Pressure, MPa Reference
ELECTRICAL CONDUCTIVITY
0-800 0.001-0.1 1-400 Quist 68.
22-375 2-4 M 30 Ucok 79,
370-600 .01-.0005 N Lukasov 76.
DENSITY
0-25 0.002-1.0 Saturation Jones 37.
0-55 .01-1 do Millero 70.
0.20-100 6 do Cornec 32.
5 .05-3.5 do Vaslow 69,
5-25 4 do Wirth 68.
40-280 .001~1.5 10 Gorbachev 74.
200-680 1-6 56-137 Ikornikova 71.
150-520 1-4 25-175 Lemmlein 61.
100-440 .1-6 1-35 Khaibullin 66.
185-414 1-2 1-30 Samoilovich 68.
385-396 T4 23-26 Copeland 53.
175-350 «5=-3 ND Ellis 63.
50-200 Jd-1 ND Ellis 66.
25-175 .1-2.5 Saturation Fabuss 66.
73.3-133.9ppm ND Masui 78.
25-350 20-24 wt-pct 0-1000 kg/cm? Zarembo 76.
25-150 .1-3.5 Saturation Korosi 68.
20-300 +1-6 10-150 Polyakov 65.
25 .7-1 120 Millero 72.
50 .005-1 ND Millero 72B.
20 Jd-4 ND Passynski 38.
25 .002-.7 ND Kruis 36.
SOLUBILITY
148-425 29.62-48.42 pct Saturation Potter 77.
150-350 Schroeder 35.
285-455 Benrath 37.
183-646 Keevil 42.
75-300 Liu 72.
CRITICAL TEMPERATURE
383-462 0.1-1.8 ND Marshall 74.
CRITICAL PRESSURE

374~-700 0-26.4 pet 2-12 Sourirajan 62.

NI - No data.




251

in calculating the total enthalpy of NaCl solutions up to high temperatures.
Most experimental measurements are below 100° C, and only two are at pressures
different from saturation vapor pressure. However, there are sufficient data
for development of correlation equations.

Bradley and Pitzer fit experimental thermodynamic data to a 30-parameter
equation that reproduces the enthalpy and heat capacity data from 0° to 300°
C. They provide tables of heats of solution at infinite dilution, partial
molal enthalpy, and total enthalpy from 0° to 300° C. Values of the total
relative molal enthalpy agree to within %60 j/mole up to 75° C, and 250 j/mole
at 100° ¢ for 5 molal NaCl. The large value at 100° C is attributed to incom-
patibility between the various types of data. More information appears in
reference 16. Earlier work includes that of Silvester and Pitzer (21) and
Haas (3-4). A method for estimating the enthalpy of geothermal brines is
given by Grens (2) and Potter and Haas (19). See table 3 and figure 1.

The effect of added NaCl is to lower the enthalpy of pure water over the
temperature range 0° to 350° C (figs. 2 and 3). For example, at 300° C, a 5
molal NaCl solution has an enthalpy difference of about 500 kj/kg compared
with pure water at this temperature (11).

In summary, the experimental data on heat of solution, heat of dilution,
heat capacity, and vapor pressure are adequate for calculating the total spe-
cific enthalpy of NaCl solutions to 300° C; see the equation developed by
Pitzer and coworkers (}g). However, additional experimental data are needed
to improve the fit of correlation equations above 100° C and data are espe-
cially needed on the effect of pressures to 50 MPa.

Heat Capacity

Experimental data on heat capacity are available to 350° C and 0.01-6
molal; however, only one set of data is available at pressures different from
vapor saturation (table 2). The available data fit the Pitzer (16) equation
well. The data below 100° C showed an error of less than 0.004 j/g-deg, but
the error was as large as 0.01 j/g-deg at high molalities at temperatures of
45° and 65° C. Also the error in the fit to experimental data increased with
increasing temperature and was %0.03 j/mole-deg C at 250° C for concentrations
below 5 molal, 0.05 j/mole-deg C at 275° C, and 0.17 j/mole-deg C at 300° C;
the error had an average value of 0.56 j/mole-deg C at 325° and 350° C.
Reference 16 gives more details.

The empirical correlation equation developed by Otto reproduces experi-
mental values with an error less than *2 pet from 5° to 300° C and less than
5 pet between 300° and 350° C for concentrations between 0 and 6 molal at
saturation vapor pressures (11).

Figure 4 shows the decrease in heat capacity of NaCl solutions for NaCl
concentrations between 0 and 6 molal. At each concentration, the heat capa-

city increases with temperature; the magnitude of the increase is less as the
concentration increases.
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TABIE 3. - Selected correlations for the basic energy properties of NaCl solutions and

pure water to high temperatures

Temperature, Concentration, Pressure, Reference
Property °C molal MPa Acauracy  {and date
NaCl SOLUTIONS
Thermal 20-300 0-5 Saturation 2% Ozbek 79,
conductivity.
Viscosity 0-150 0.5-5 To 30 +1.5% Ozbek 77.
0-300 0-6 Saturation 17 Potter 78.
Electrical 0-800 0.001-0.1 To 400 Quist 68.
conductivity.
Electrical 22-375 0.2-4 molar 30 27 Ucok 79.
resistivity.
Solubility 0-600 Saturation Potter 77.
Specific volume 40-280 0.001-1.5 10 Gorbachev 74.
0-175 0-25 wt-pet To 350 kgca 2| 1.5 ppt  |Rowe 70.
Density 20-150 o6 To 35 Kestin 77.
80-325 0-30 Saturation 0.002g/cm® | Haas 75.
Ozbek 79.
Vapor pressure 75-325 (saturation 0.32 pct  |Hass 75.
Heat of solution. | 0.01-300 0.25-25 wt—pct | Saturation $KIfmole  |Pitzer 79.
Heat of solution 0-300 Saturation Pitzer 79.
at infinite
dilution.
Heat of dilution Pitzer 79.
Heat capacity 0-300 0.25-25 wt-pct | Saturation 0.004-0.17 |Pitzer 79.
J/mole —deg
Total enthalpy 0-300 Saturation Pitzer 79.
Specific heat 0-300 Saturation Pitzer 79.
capacity.
WATER
Thermal KT<B00 NAP 0.1<P4100 TAPS 78.
conductivity.
Viscosity O4r<800 NAP 0<P<1L00 IAPS 76.
Specific enthalpy | 0.0IKT374 NAP 0.0006113<P< Keenan 78.
22.09
Specific volume 0.01<T374 NAP 0-0006113<¥ Keenan 78.
22.09
Vapor pressure NAP Keenan 78.
Heat capacity Kr374 NAP To 100 Mpa Keenan 78.

NAP - Mot applicable.
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In summary, equations are available for providing tables of smooth values
for heat capacity to 350° C and 6 molal. However, data are needed at tempera-
tures above 275° C, especially from 300° to 350° C. Data at high pressures
are also needed.

Vapor Pressure

The available vapor pressure data cover the temperature range 25° to 700°
C and concentrations from O to saturation (table 2). The experimental results
published by Liu and Lindsay have been widely used. See references 11, 16,
and 21.

Correlation equations which reproduce vapor pressure data were developed
by Haas (3-4), MacMullin (9), and Korosi and Fabuss (7). Vapor pressure esti-
mates may be made as described by Potter and Haas (19) and Grens (2). Haas
gives a table of data covering the temperature range 80° to 325° C and concen-~
tration from 0 to saturation; the standard error is 0.32 pct of the observed
pressure. The vapor pressure decreases with increasing NaCl concentration and
increases markedly at any particular concentration as the temperature
increases. References 3 and 4 give additional information.

While the data on vapor pressure cover the range of geothermal interest,
the correlation should be redone to include data published since 1971.

TRANSPORT PROPERTIES

Transport properties cover viscosity, thermal conductivity, and electri-
cal conductivity.

Viscosity

The currently available experimental data on the viscosity of NaCl solu-—
tions is sparse and covers mainly pressutres from atmospheric to 30 MPa, con-—
centrations from 0 molal to saturation, and temperatures below 150° C (table
2). Above 75° C the available data are those of Korosi and Fabuss (7) and
Kestin (6). An empirical correlation equation was developed which reproduces
the experimental data with an error of less than 1.5 pct over the temperature
range 10° to 150° C (13). The equation is convenient for interpolation and
for machine calculations. Additional laboratory measurements on the viscosity
of NaCl solutions between 150° and 350° C are needed. Laboratory data are
also needed for pressures up to 350 MPa.

The viscosity has been correlated by a number of workers including Ozbek,
Fair, and Phillips (13), Kestin (6), and Potter (17) as shown in table 3. The
equation developed by Potter permits extrapolation to about 325° C. See fig-
ure 5.
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Thermal Conductivity

Published experimental data have been available for some time for the
thermal conductivity of NaCl solutions up to 150° C, and data to 330° C, in
the form of graphs and a correlation equation, were published recently (14).
The correlation equation selected for our data base reproduces most of the
published experimental data to better than 3 pct up to 80° C. The deviation
is considerably larger (5 to 30 pct) for the data of Korosl and Fabuss (7)
over the range 25° to 150° C. ©Unfortunately, the greatest number of experi-
mental points are not available in tabular form but are published as a corre-
lation equation or in graphical form. Based on this equation, which was ap-
plied to all the data used in the evaluation, the thermal conductivity of pure
water is lowered by dissolved NaCl at all temperatures up to 330° C; the
change at 140° C is about 7 pct for a 5 molal solution. For any NaCl concen-
tration up to 5 molal, the thermal conductivity increases with increasing
temperature to a broad maximum at about 140° C then decreases by more than 0.2
watt/m~° C as the temperature is further increased to 330° C. See figure 6.

Few experimental data points have been published on the thermal conduec-
tivity of NaCl solutions. From 100° to 150° C there are only the six measure-
ments reported by Korosl and Fabuss (7). Data to 330° C reported by Yusufova
and coworkers are not tabulated but must be calculated from the published
correlation equation. No data are available on the effects of elevated pres-
sures on the thermal conductivity of WNaCl solutions (14).

Electrical Conductivity

Experimental data on electrical conductivity are available for NaCl solu-
tions for temperatures from 0° to 80° C, a pressure range from 0 to 400 MPa,
and concentrations up to 4 molal. Data were recently correlated as resistiv-
ity measurements to 375° C. The resistivity decreased with increasing concen-
tration over the range 3 to 20 wt—pct NaCl. With temperature the resistivity
decreased to a broad minimum between about 275° and 325° C. Beyond about 325°
C, the resistivity increased to 375° C. At 25°, 100°, and 300° C, the resis-
tivity falls rapidly when the NaCl concentration lies between 3 and 10 wt-pct
then more slowly between conceantrations of 10 and 26 wt—pct. The data were
correlated to *2 pet for NaCl solutions for 3 to 20 wt—pct concentrations over
the temperature range 25° to 375° C (25).

PHYSICAL PROPERTIES
Solubility
The solubility of NaCl in water increases continuously with temperature
at saturated water vapor pressures to 800° C. Potter and coworkers (18) de-

veloped a correlation equation to fit data on the solubility of NaCl seolutions
from 0° to 800° C.

-



260

70 | “"lo m=1

60
o
-]
[}
£
=
e
e}
2
= 551 '
>
-
kS
Y
(8]
3
S 50t ]
o
£
&
-
AS+t
L
40 L A b ) b]
50 100 150 200 250 300

TEMPERATURE, °C

FIGURE 6. - Therma! conductivity of aqueous NaCl solutions as a function of temperature
(m = molal).



261

Density

The data on density of aqueous NaCl solutions are extensive; over 1,300
experimental values have been compiled for temperatures up to 770° C and pres-—
sures to 270 MPa (table 2).

Correlation equations have been developed by a number of workers includ-
ing Kestin (6), Rowe and Chou (20), Potter and Haas (19), Korosi and Fabuss
(7), and Ozbek, Fair, and Phillips (12).

The density of NaCl solutions increases with increasing concentration
from 0 to 6 molal over the temperature range 0° to 300° C. There is no signi-
ficant effect of pressure over this range of temperature up to 20 MPa.
Figures 7 and 8 show the change in density with temperature and pressure,
respectively.

Critical Temperature and Pressure

The critical temperature and pressure of an aqueous electrolyte solution
are functions of the concentration of the solution. At a fixed concentration,
the critical temperature, pressure, and density define the critical point. It
is at this point that the wvapor and liquid phases of the solution have the
same density, and, in effect, a one-phase fluid system is established for all
temperatures and pressures above the critical point. Marshall and Jones (10)
have measured the critical temperature of aqueous NaCl solutions, as well as
for 20 other electrolyte solutions, in the concentration range of 0.1 to 1.8
molal. The electrolytes included both salts and acids. A review of the
available data between 0 and 2 molal in concentration is also given (10).
Sourirajan and Kennedy (23) reported the critical temperature and pressure for

the NaCl-H20 system for concentrations between 0 and 6.2 molal.

SUMMARY AND CONCLUSIONS

A review of the current status of data on selected properties of NaCl
solutions in the temperature range 0° to 350° C and pressures up to 50 MPa
shows that only limited data are available for providing tables of smoothed
values. Experimental data are needed mainly for pressures different from
vapor saturation, and at temperatures above about 150° to 200° C for viscosi-
ty, thermal conductivity, enthalpy, and heat capacity. All properties need to
be correlated as new data are made available; this will result both in improv-
ed fits of the equations and in better extrapolation procedures.

RECOMMENDATIONS
After reviewing current data in light of the needs of the geothermal

energy program, some general observations are appropriate. The "ideal"” data
obtainable from published 1literature should include the following:
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1. Experimental values in tabular form showing concentration, tempera-
ture, pressure, and the measurement of the basic property. The data can then

be used to develop correlation expressions and for calculations of mean values
and deviations from the mean.

2. Measurements on the basic properties of geothermal brines under oper-
ating conditions, or from samples that are preserved to the extent possible.

These measurements would permit a comparison between NaCl solutions and the
various brines.

3. Use of a consistent set of units for the various data. Experimental
values are currently published using a variety of units for temperature,
pressure, concentration, and property; these must then be converted to a
standard form prior to evaluation. The Standard International set of units
should be used.

4. A description of any special instrumentation or materials used in
obtaining the experimental values. Sodium chloride solutions chemically at-
tack some materials at high temperatures and pressures. This can cause unde-
sirable side reactions and interfere with measurement of the property.

5. Data on the effects of the substances (e.g., KCl, CaCl2, CO2) on the
properties of WNaCl solution. Geothermal brines are complicated solutions
which consist of a large number of substances besides NaCl; these are present
in amounts that may significantly change a property of NaCl solution as the
temperature and pressure are changed.

6. TForeign language publications with an English language abstract, and
English language headings for both tables of data and graphs. There is much
delay in evaluating data when there is a need for translations.
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DISCUSSION

R. P. Beyer: Aren't the main constituents of the minerals that plate out in
geothermal wells barium and strontium sulfates?
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5. L. Phillips: It is possible, but there are several other compounds depend-
ing on the locations of the wells. I think in the case of oilfield brines the
bariun and strontium are more prevalent.

M. W. Chase: How does your WaCl work compare with John Haas' work at the
Geological Survey?

S. L. Phillips: 1In this specific instance, we could use the most recent data.
We would use whatever experimental data we might have and then select a cor-
relation, the one that is hopefully widely accepted by the engineers and
others that are working in industry. We provide data that have been evaluated
by others. For the particular instance of heat capacity and the eunthalpy, the
most recent is this work. TIncluded are some of the most recently available
experimental data up to 1979.

B. R. Staples: How does this correlation compare with the work of Potter and
Haas in the U.S. Geological Survey?

S. L. Phillips: We are in the process now of surveying the available data -

the heat capacity and the enthalpy, etc. We believe that our correlation is
quite satisfactory.
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THERMODYNAMIC MEASUREMENTS OF CARBONATE
EQUILIBRIA INVOLVING METAL TONS

by

John E. Bauman, Jr.!

ABSTRACT

The formation comstants K ¢ for complexes involving bicarbonate ion and

various divalent metal ions (Mg2+, Caz+, Mn2+, Cu2+, Zn2+) have been measured
as a function of temperature between 10° and 90° C. In all cases the com-—
plexes become more stable at higher tempertures. The data fit a standard
equation of the form log Xf = A + B log T + C/T from which the standard
enthalpy change AH®° may be determined. A check on these enthalpy values de-
termined by calorimetry shows no significant differences. Problems of activi-
ty coefficients, variations in ionic strength, liquid junction potentials,
absolute ©pH, and Prgs measurements as temperature changes occur are
handled by a computer technique known as a "floating point method.” Data from
a titration are able to give convergent values of an equilibrium coanstant if
the initial activity of HCO3~ is properly selected. Although absolute values
of activities cannot be thermodynamically measured, their ratios or changes
can.

INTRODUCTION
Complexes between Ca2+, Mgz+, Cuz+, and Zn?t with CO32_ and HCO;~ have

been of interest to those concerned with models of electrolytes in studies
appropriate to seawater and freshwater systems. In the pH range of primary

interest (5-8) the principal form of the carbonate species is HCO3~. The
aquated metal ions, except for Cu?t , exist in the M g or M(OH)+ form where M
is a divalent metal. The purpose of this investigation is to determine the

speciation and stability of divalent metal ion complexes in aqueous systems
exposed to CO,. Effects of temperature, ionic strength, and pH are shown. In
additon to classical potentiometric measurements involving specific ion and
glass electrodes, direct calorimetric measurements are made on the solutions
to assess the thermodynamic properties as a function of temperature. TImplica-
tions of these complexes on the Garrels—-Thompson (3) seawater model on the
s0lubility of the carbonates are shown.

1Department of Chemistry, University of Missouri-Columbia, Columbia, Mo.
2ynderiined numbers in parentheses refer to items in the 1list of references at
the end of this paper.
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For the formation of a M2+—HCO3' complex
+ ~ +
2] + [HCO;T] « [MHCO5Y) (1)

Kf=[MHCO3+]/[M2+][HCO3_]- (la)

The molality of the complex is traditionally found by subtracting the free
metal ion concentration, [M2+], from the total metal ion concentration. The
M +] may be measured directly by specific ion electrodes or indirectly by
making use of the mass balance equation for the bicarbonate:

[HCO4™ ]p= [HCO4 ] + [MH003+]: (2)

where [HCO3”] is determined by its acid-base behavior via a pH electrode:
[HCO;™] = K(gcoz)/[ﬂ+]. 3)

If K, Pco,» pH, and the specific ion electrode response can be known as
a function of temperature and ionic strength, Kf can be evaluated. The
situation is further complicated in case of bicarbonates by the very low
solubility of the carbonate salts and by the extensive hydrolysis of some of
the transition metals involved:

m2* + my0 - mor™ + mt. (4)

This paper describes a method by which the weak metal-bicarbonate interactions
can be measured even though one does not have absolute measured values of pH,

Pcozs DM,
EXPERIMENTAL WORK

Potentiometry

A titration was made of KHCO3 solution in equilibrium with pure 002 %

with alternating additions of MCl, and KHCOj solutions where M is Mg

Mh2+, Fe2+, cu“t, or Zn>*. A thermostatic water bath for the runs has been
described by Siebert, McGee, and Hostetler (12). The experimental pH was
monitored with a Orion 801 digital meter and a Beckman 39000 glass electrode
paired with an Orion 90-00-03 double-junction reference electrode. All mater-
ials were reagent grade and analyzed by conventional methods. Dejonized,
distilled water was used in all runs. Commercial buffers at pH 4.008 and
7.000 were used to standardize the meter. Reproducibility of *0.005 pH unit
was achieved omn calibration.

Single~ion activity coefficients were calculated from the Debye-Hiickel
equation:

log v; = Az 21'/2/(1+a 81 1/2) (5)

with A and B values from Helgeson (4), & values from standard sources, and
I, the molal ionic strength.
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The data were calculated by a floating point method described by Siebert
and Hostetler (11) and Hostetler and coworkers (5). 1In this method the HCO3™
molality is considered to be unknown. However, the change in HCO3™ activity
between runs can be accurately calculated if Ppn, remains constant. For
the nth point in a titration

[HCO3 1, = [HCO3 1q[exp(pH,~pH1)], (6)

where [HCO3”]; is the iInitial bicarbonate activity. This value was allowed to
"float” to a value which permitted the K¢ values (equation la) to be con-
stant for the 10 points in a typical titration.

Calorimetry

Two calorimeters were used to measure the heats of formation. Omne based
on the design of Robie and Hemingway (9) employed a digital quartz thermometer
to measure temperature changes in an 800-ml stainless steel vessel equipped
with a buret. The other was a commercial Tronac Model 450~4 isoperibol calor-
imeter consisting of a 100-ml glass Dewar vessel and a thermistor. Dilute
KHCO3; aqueous solution was added to 0.2 molal MCl, and/or M(NC;3), solution.
Corrections were made for heats of dilution, temperature differences between
the buret and the calorimeter, and heats of deprotonation or hydrolysis of the
metal ion. The calorimeters were calibrated electrically after standardiza-
tion between dilute HCl and dilute tris hydroxymethylaminomethane (THAM). The
corrected heat of protonation of THAM was found to be -11.23%0.02 kcal/mole at
25° C.

RESULTS AND DISCUSSION

Table 1 contains typical reaction conditions for the titrimetric determi-
nation of log Kf for the CaHCO3*t ion pair (1l). The average log Kg of
1.225%0.009 represents a typical good convergence. Table 2 contains log XKf
values for a number of complexes measured at different temperatures. The
results for FeHCO3'+ are available only at 25° C and appear to be log Kf =

1.3%0.2 (_% Thus it is significantly less stable than Cu?* and more in line
between + and zn%t

It is noted that the stabilities of all of these complexes increase rap-
idly with temperature. The data were fit to the equation of Lesht and Bauman
(-

log K =A+3B log T + C/T. (7N
f

Table 3 shows the parameters for this equation as well as the calculated AH°
form:

AH® = R(BT - 2.303C). (8)
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TABLE 1. - Typical reaction conditions and species activities in a
determination of the CaHCO3™ ion pair at 25° C (1)

Initial Conditions: 1607.6 g H,0, 24.510 g 0.09883-M solution
(K), 19.336 g 0.093519-M CaCl, solution (Ca) under pure CO, at

1 atm and initial pH = 4.804

Activities (x103 molal)

Grams Solution pH HCO4™ ca’t CaHCO3+ log K¢
10.21 K 4.93 | 1.62 5.26 0.14 1.22
22.08 Ca 4.88 | 1.45 9.40 .22 1.20
12.64 K 5.01 | 1.94 9.28 .31 1.23
24.66 Ca 4.97 | 1.77 13.0 .38 1.21
15.14 K 5.09 2,30 12.8 «51 1.24
27 .47 Ca 5.05 2.12 16.4 .58 1.22
17.50 K 5.15 | 2.67 16.2 .75 1.24
30.21 Ca 5.12 2.48 19.8 .81 1.22
20.12 K 5.21 | 3.07 19.5 1.02 1.23

TABLE 2. - Log K¢ values for M2t + HCO3~ « MHCO3+ at various temperatures

10° C 25° ¢ 40° ¢ 55° C 70° ¢ 90° C

MgZt | 1.05 1.07 1.11 1.16 1.23 1.34
ca?t | 1.23 1.23 1.26 1.31 1.38 1.50
M2t | 1.24 1.28 1.33 1.39 - —
cu?t | 1.91 2.08 2.32 2.58 -— —_
zn’t 1.42 1.40 1.47 1.57 1.63 -

TABLE 3. - Parameters from the equation log Kf = A+ B log T + C/T where T is

in kelvins and AH° is at 298 K

A B C |AH®, cal/mole
Mg2t | -59.85) 21.14| 2,567 779
caZt | -79.08| 27.71| 3,497 213
Mn?t { -80.63| 28.41] 3,462 983
Cu?t {-168.7 | 60.13| 6,560 5,610
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An additional equation relating log K¢ values for electrostatic ion pairs is
due to Fuoss (2):

In K = A" - (B /eT), (9)

where A" = 4Na3/3,000 and B” = lezezka in which a is the ion size parameter,
N is Avogadro's number, k is the Boltzmann constant, € is the dielectric
constant of water, e is the electronic charge, and Z; and Z, are charges on
the cation and anion. The equation is fit at 25° C to calculate an "a" value.
Table 4 shows the fit between experimental K¢ values and those calculated
from the Fuoss equation.

TABLE 4. - Comparison of experimental log Kf values for HCO3“ion palrs

with those calculated from the Fuoss equation

Mg >+, ca’t, Zn?t,
a = 2,53A a = 2.24A a= 2,02A
Temperature,
°C Exp. Calc. Exp. Cale. Exp. Calc.
10 1.05 1.03 1.22 1.18 1.42 1.34
25 1.07 1.07 1.23 1.23 1.40 1.40
40 1.11 1.11 1.26 1.28 1.47 1.48
55 1.16 1.17 1.31 1.34 1.57 1.56
70 1.23 1.23 1.38 1.41 1.63 1.65
90 1.34 1.32 1.50 1.51 - 1.73

Despite the good fit of the Mg2+ data to both equations 7 and 9, a calcu-
lation of AH° at 25° from equation 7 is 780 cal/mole and from equation 9 is
1,190 cal/mole. Furthermore, both equation show AH® to be increasing rapidly
with temperature. Calorimetric determinations of AH®° for HCO3™ complexation
are found to be 630 cal/mole for Ca* (1), 5.0 kcal/mole for Cult (8), and
1.75 kcal/mole for Zn?t (10). These do not differ significantly from the
values determined from calculations based on equations 7 and 8. Table 5 gives
the results for CaZt

The log Kf and AH° data may be combined to calculate AS° for the form-
ation of the complex. 1In all cases this increases from 6 cal/mole-deg at 25°
C to 14 cal/mole-deg at 90° C. This indicates that the enhanced stability of
the MHC03+ unit at higher temperatures may be due to an increase in the number
of water molecules released from the hydration sphere of the uncomplexed metal
cation. Both the positive A8° term and the positive AH®° support this model.

Heat + Ca(H,0)2" +uco;™ ~ [Ca(H;0), (HC031" + yH,0 (10)
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TABLE 5. - Comparison of calculated and measured enthalpies of formation of
CaHCO," complexes

Temperature AH® (calorimetric), AH® (calculated),

°C kcal/mole kcal/mole
10 0.13%0.03 -0.41%0.2
25 .63% ,03 41t L2
40 1.13% .04 1.24% .2
55 1.64% .06 , 2.06% .3
70 1.95% .31 2.89% .5
90 2.67% .20 3.99+]1,

The stabilities of the bicarbonate complexes appear to parallel the Irving-
Williams stability series and to reflect the trends in solubility of the solid
carbonates. The 1:1 bicarbonate-cation complex plays only a limited role in
the solubility and mobilization of carbonates. Higher order bicarbonate and
carbonate complexes also are expected to be important in natural water sys-—
tems.
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DISCUSSION

B. R. Staples: Variation in temperature changes the Kf values for these
equilibria - what does one use for Kf values in these mixtures?

J. E. Bauman, Jr.: We can apply the traditional Xf for water as a function of
temperature, but as far as they are in these solutions at this particular
ionic strength, that is not at all clear. This is kind of allied with the
activity coefficient question.
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DETERMINATION OF APPARENT MOLAR HEAT CAPACITIES BY
FLOW MICROCALORIMETRY: AC; FOR IONIZATION OF

WATER AND HEAVY WATER AT 10°, 25°, and 40° C

by

Gregory C. Allred! and Earl M. Woolleyl

ABSTRACT

A steady—-state flow microcalorimeter and a vibrating-tube densimeter have
been used to determine apparent molar heat capacities and volumes for NaCl,
HC1, and NaOH in H,0, and NaCl, DCl, and NaOD in D,0, all at 10°, 25°, and 40°
C. Solution concentrations ranged from 0.03 to 0.4 molal. Standard partial
molar heat capacities and volumes were obtained by extrapolation. These re-
sults were used to calculate values of AC? for the ionization of H,0 and
D»,0, and further, to obtain values for the standard enthalpy change and the
equilibrium constant for ionization of D,0 over a range of temperatures.

INTRODUCTION

The partial molar heat capaclty is a potentially useful tool in elucidat-
ing the nature of ion—solvent, ion-ion, and solvent-solvent interactions. The
temperature dependence of these interactions may be determined from thermody-
namic calculations based on heat capacities. Further, a knowledge of heat
capacities over a range of temperatures permits the calculation of thermody-
namic quantities at considerably higher and lower temperatures.

Within the last decade a new type of flow calorimeter (19—20)2 has been
developed which has helped to overcome some of the experimental difficulty
assoclated with obtaining precise heat capacity data for dilute solutioms.
With a calorimeter of this type we have measured heat capacities of dilute
(0.03 to 0.4 mol kg'l) solutions of NaCl, HC1l, and NaOH in H,0 and NaCl, DCI,
and NaOD in D;0 with precision of about 0.006 pct. Measurements were made at
10.0°, 25.0°, and 40.0° C. Precise density measurements were also made.
These results were used to derive standard partial molar heat capacities,
C,°, and volumes, V,°, for the solutes and ACS and AV® for the ionization of

water and of heavy water.

lDepartment of Chemistry, Brigham Young University, Provo, Utah.
2Underlined numbers in parentheses refer to items 1n the list of references at
the end of this paper.
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EXPERIMENTAL WORK

Materials

All water used to prepare stock solutions and as reference solvent was
degassed once or twice by aspirating through a fritted glass disk. For mea-
surements on D,0 Solutions at 25° C Pfaltz and Bauer, Inc. D0 having an
isotopic purity of 99.7; mole-pct was used. The average measured density of
this D,0 at 25° C was found to be about 0.04 pct greater than the "best" value
reported by Kell {10). It was assumed that this density difference was due to
isotopic enrichment in 189,  since D,0 from the same bottle was used both as
solvent for the solutions and as the reference solvent for both heat capacity
and density determinations, the values of ¢, and ¢v3 calculated from
equations 3 and 4 were not significantly affected by small variations in the
numerical value of dj used in the calculations. Several density measure-
ments were performed on solutions of NaCl and DCl at 25° C in a mixture of D,0
from Sigma Chemical Co. and from Bio—Rad Laboratories, each having a speci-
fied isotopic purity of 99.8 pct. These results were used to calculate appar-
ent molar volumes for NaCl and DCl, and to calculate densities of solutions
used in heat capacity determinations at 25° C. For all measurements on D,0
solutions at 10° and 40° C, Bio—Rad D,0 was used. All D,0 solutions were
prepared inside a polyethylene glove bag which was flushed with dry nitrogen.

Solute concentrations in stock solutions were determined either by gravi-
metric determination of C1l™ as AgCl, or by pH titration against dried primary
standard potassium hydrogen phthalate using a weight buret. All replicate
determinations agreed to within at least 0.07 pct. All dilutions of these
stock solutions were made by weight, using degassed solvent.

The Picker Flow Microcalorimeter

Heat capacity measurements were made with a Picker flow microcalorimeter
(19-20) bullt at the University of Sherbrooke, Sherbrooke, Quebec, Canada.
This type of calorimeter, in which both the sample and a reference solvent or
solution are made to flow simultaneously and in series through the instrument,
seems to be better adapted to making high-precision measurements in very di-
lute solutions than the more traditional, static-type instrument.

The calorimeter itself consists of a palr of stainless steel flow cells
constructed of 1l.1l-mm-0D tubing, each cell having a pair of Zener diode heat-
ers and a thermistor detector. Each thermistor forms one arm of a Wheatstone
bridge. In operation, the instrument acts as a thermal balance, adjusting the
power input to the Zener heaters as required to maintain the thermistor bridge
in balance. The two flow cells are connected in series so that, by means of a
valve and a delay line, a solution may be caused to flow in one cell while a
reference solvent or sclution flows in the other. The ratio of the wvolumetric
heat capacities of the two liquids is given by the ratio of the power input to
the two Zener heaters. A calibration is performed after each measurement by

35ee equations 3 and 4 for definitions of ¢, and ¢,.
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means of a constant—current power source which 1is used to provide a known
additional increment of power to one heater while a response of the instru-
ment, which reacts to restore balance to the thermistor bridge, is recorded.

The calorimetric measurements were made at a flow rate of about 0.7
em3nin™! with a temperature rise of about 1.9 K. All measurements were made
relative to the pure solvent (H,0 or D,0). Solution densities, which are
necessary to calculate s (J Kk-1! g“l) with this instrument, were determined

with a Picker vibrating-tube densimeter (21).
Heat Leaks

Desnoyers and coworkers (4) observed that results from a newer model of
the Picker flow calorimeter were consistently different from those from an
earlier, prototype version. They tentatively attributed this difference to an
asymmetrical heat flow between the flow cells and the calorimeter jacket in
the prototype. Several tests have been suggested (6, 20) to physically evalu-—
ate this asymmetry, but none has proved practical, since the uncertainty in
such tests has always been greater than the overall uncertainty in the heat
capacity measurements. Desnoyers suggested the use of the correction_factor,
f, which would relate the measured volumetric heat capacity o% (J k-1 cm"a),
to some standard value, O:

_ (0-0®)/c® (1)

(o*%-g®)/0o°

where 0° is the volumetric heat capacity of the pure solvent. Values for O
were determined for NaCl solutions at 25° C over a range of concentrations up
to 1.0 mole kg~! by combining measured values of 0 from three different Picker
calorimeters.-

Olofsson (15) has combined non-flow calorimetric results reported by ear-
lier investigators (9, 22, 25) with measurements made at the University of
Lethbridge using a LKB' calorimeter to get a "best™ set of data for apparent
molar heat capacities of NaCl in the concentration range 0.5 to 3.2 mole kg™
at 25° C.

In practice, 0% is measured in two different ways. 1In the first case, a
solution in the working cell is compared to solvent in the reference cell, and
f would be defined as in equation 1. 1In the second case, where solvent is in
the working cell and the solution is in the reference cell, the following
definition would apply:

£ = (c°-a)/o (2)

~ (o°-o*)/ok

We have calculated values for f and f° for 23 solutions of NaCl at 25° C
between 0.038 and 1.00 mole kg‘1 using the wvalues for ¢ recommended by

“Manufactured by LKB Produkter, Bromma, Sweden.
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Desnoyers. Similarly, values for f and f~ were calculated from the data of
Olofsson for eight solutions of NaCl at 25° C between 0.407 and 2.90 mole
kg_l. The results of these calculations are given in table 1.

TABLE 1. - Values for f and f° from equations 1 and 2 for NaCl solutions at

25° ¢t
Concentration,
mole kg~! £ £
0.038 - 1.00 1.002 * 0.008 1.006 * 0.007
407 - 2,90 1.000 £ ,006 1.008 £ .004

1Uncertainty is *1 standard deviation.

Use of the first pair of f values in table 1 would, in effect, only "cal-
ibrate” the present instrument against other instruments of the same design.
Because of the close agreement between repcrted values of ¢, for NaCl solu-
tions above 0.4 mole kg'l and the nature of the calorimetric methods used for
their determination, the method of Olofsson seems advantageous, except that it
can give no information for solutions more dilute than about 0.4 mole kg"l.
Since the uncertainty in the f values calculated by either method is nearly as
great as or even greater than the difference between f or f° and 1, the pre-
sent results were not corrected by either method. 1In any case, the above
analysis shows that the present results for NaCl solutions at 25° C are in
good agreement with the best results obtained by other workers.

RESULTS AND DISCUSSION

Apparent Molar Volumes and Heat Capacities

For a solution that contains 1,000 g of solvent, the apparent molar heat
capacity of the solute is defined by the expression

- 1,000 _ 1,000
b = (M + g ) - 20052 o2 (3)
and the apparent molar volume by
_ mM,+ 1,000 1,000
¢ = g (4)
v dm dlm

in which M; is the solute molecular weight, m is the molal concentration of
the solute (mole kg_l), cp is the heat capacity per gram of solution, c,
is the heat capacity per gram of the pure solvent, d is the density of the
solution, and dj is the density of the pure solvent.

The ¢, and ¢, results obtained in this study were fit to equations of
the form
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o = ¢; + Ay(dim)1/2 + Bym, (y = c or v) (5)

y
where é? is the limiting slope derived from the Debye-Huckel theory and By

is an adjustable parameter. The limiting slopes used in equatlon 5 were those
given by Perron and coworkers (18) and are listed in table 2.

Included in table 2 are the values of cp and d}] used in equations 3

and 4. Those for H20 are from Kell (10), while the ones for D20 were deter-—
mined in the present study.

The parameters of equation 5 determined from least—squares analysis of
[¢x - Ay (d5m)172] versus m are given in table 3 for solutions in H,O.
The number of separate solutions used in each extrapolation is found under the
columns headed "n.”

The ¢¢ values derived by Parker (17) in her review of earlier heat
capacity data are more negative than the present results for NaCl, HCl, and
NaOH by 6, 12, and 1.6 J K'lmole“l, respectively, at 25° C. Tanner and Lamb
(25) have reported ¢2 = -83.3 J K"lmole ! for NaCl at 25° C, and the inte-
gral heat of solutions work of Criss an Cobble (3) led to Cp values of
-121.3, -79.1, and -64.0 J K~lmole~!, at 10°, 25°, and 40° C, respectively.
Desnoyers and coworkers (4) have used a Picker flow calorimeter to determine
apparent molar heat capacities of NaCl solutions over a range of temperatures,
resulting in values of ¢2 that are more negative than the present results

by about 4, 0.7, and 1 J K lmole=! at 10°, 251, and. 40° C, respectively.

8ingh and coworkers (24) report ¢2 = -84.6 J K~ mole~” for aqueous NaCl at
25° C. Flow calorimetric measurements have led Desnoyers to 92 = -127.0 J
K~ lmole~! and Singh to ¢ = -127.2 J K~ lmole=! for HC1 at 25° C. The

present result is in fair agreement. For aqueous NaOH at 25° C we have $2
= -94.6 J K~lmole~! from Desnoyers and =-96.2 J K ‘mole~” ! from Singh compared
with -100.5 J K~ !mole=! from the present study. Flow calorimetric measurement
for the present electrolytes other than NaCl at temperatures other than 25° C
do not appear in the literature. It may be observed that the general agree-
ment among different investigators using the Picker flow calorimeters is very
good, with ¢2 results from different laboratories differing by usually not
more than 2 or 3 J K-lmole—! for 1:1 electrolytes.

The agreement between the present ¢ values and most of those compil-
ed by Millero (l2) is within a few tenths of a cubic centimeter per mole.
This agreement serves as a check on solution concentrations and densities.

The parameters of equation 5 determined from ¢, and ¢, values for
NaCl, DCl, and NaOD in D,0 are given in table 4.

Our results for NaCl at 25° C may be compared with ¢ = -120 J
K- lmole—! and i r -15.75 cmBmole‘l from Fortier and coworkers (7) and
$§ = 15.78 cm3mole‘ from Conway and Laliberte (1).
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TABLE 2. - Debye-Hiickel limiting slopes, heat capacity, and density of
H50 and D50

H,0 D,0

t, css a5, o as,
o C dil/z Avdlo_llz J K—lg—l g Cm_3 Acdil/z Avdtilfz J K—lg—l g Cm—3

g

C

10f  24.229 | 1.612 4.1919 | 0.999700f 25.180 | 1.695 [4.2802 1.105957
25 28.945 | 1.865 4.1793 .997045| 30.616 | 1.960 [4.2227 |!1.104903
40f 33.805 | 2.131 4,1783 .992215] 35.619 ; 2.235 |[4.1944 1.099984

lpor density determinations on NaCl and DCl solutlions in D,0 at 25° ¢, d] was
1.104420,

TABLE 3. - Parameters of equation 5 for NaCl, HCl, and NaOH in HQOI

t 2 ¢;=C§ 3 Bc 2 ¢“;=V§ ’ Bv b ]
Solute| ° € | J K 'mole~!l| J K"lmole'zkg n | cm3mole™! cm3mole'2kg n
NaCl 10 -128.6%0.2 41.4*1.0 8 14.89%0.02 0.60+0.08 10
25 -83.7+ .3 15.8%£1.4 18 16.63% .02 ~.07t .07 18
40 -65.2% .5 -.4%2.6 20 | 17.40% .06f -.45% .27 | 20
HC1 10 -147.7% .8 7.0%4.0 13 17.15% .04 -.56+ ,21 13
25 -124.7% .7 -6.5%3.5 10 17.89% .02| -1.11t .10 10
40 -115.2% .5 § -10.2%2.3 13 | 17.91% ,02{ =-.91% .09 | 15
NaOH 10 -167.4% .8 82.4%4.1 14 -7.54% .03 2.24% ,16 14
25 -100.5% .5 41.2%2.2 12 -5.37% .02 1.35¢ .11 15
40 -67.3% .7 15.7%3.3 10 | ~4.30% .03 .79 .13 | 10

'Standard deviations of slopes and intercepts (26) are indicated by % values.
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ACS and AV® of Ionization

The ionization of water is represented by

Ho0(liq) = H'(aq) + OH (aq). (6)

Because ¢Z = ﬁ;z for a solute at infinite dilution, we can obtain ACS for

reaction 6 from
Acp = ¢ (HCL) + 9% (NaOH) - C3 (H20) - ¢2(NaCl). (7N

An analogous equation applies for Dp0. Results of calculations based on equa-
tion 7 are summarized in table 5.

Olofsson and Olofsson (13-14) have reported calorimetric measurements
leading to AH®° for ionization of water at several temperatures and they have
derived AGS  values (16) of -265(*8), -213.4(*5), and -190.5(*8) J
K-'mole-! at 10°, 25°, and 40° C. Our more directly measured values agree to
within at least 3 J K-lmgle~! in each case. Singh and coworkers (24) derived

ACE = =215.2 J K mole~" as a result of flow-calorimetric dinvestigation of
eight 1:1 electrolytes at 25° €. Similarly, Enea and coworkers (5) obtained
ACS = -214.6 J K‘lmole'1 at 25° C, while in another investigation, Singh

ang coworkers (23) obtained AC3 = -213.8 J K‘lmole‘ . Covington and co-
workeprs (2) have derived values for K, the ionization constant of D20, from
very careTul electromotive force measurements made over a range of tempera-
tures. By successive differentiation they derived ACE = =229 J K “mole”
for the ionization of D,0 at 25° C.

Values of AV® for ionization of water and of heavy water calculated from
our ¢g results are listed in table 6. V° values are from Kell (10).

The following equations were found to represent the present ACS
results over the range 5° to 45° C.

For HZO:

ACS = -216.8 + 2.3133 (t-25) - 0.046667 (t-25)* (8
For D,0:

ACS = ~249.0 + 3.9533 (£-25) - 0.076444 (£-25) 9

where t is the temperature in ° C. These equations may be used to integrate
the Kirchhoff equation

dAR®
28 ) = Ace
( T )p Cp (10)

and then the van't Hoff equation

(d 1n K) _ Am°

(11)
dar P Rrr?
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TABLE 4. - Parameters of equation 5 for NaCl, DCl, and NaOD in D7O1

t be=C2, Be> ¢;=V;, Bys
Solute| ° € | J X~ lmole~!| J K‘lmole‘zkg n | cm®mole! | cm®mole~?kg| n
NaCl 10 1-203.0%*0.5 75.0%1.9 8 | 13.53%0.03] 0.85%0.12 | 10
40 |- 93.8% .3 8.1%1.1 10 16.96% ,01 -.41% ,03 10
25 -150.8%1.1 7.3%5.2 9 | 17.66% .06] -1.56% .32 9
40 |-125.6% .4 -18.3%1.6 8 { 17.75% .01{ -1.08%t .05 | 10
NaOD 10 1-254.4%1.0 125.5%3.7 10 | -9.66% .02 2.89* .08 | 10
40 -91.1% .3 28.9%1.3 10 -5.07% .01 .98t .04 10

lstandard deviations of slopes and intercepts (26) are indicated by * values.

TABLE 5. - ACS of ionization of Hy0 and Dp0', J K™ 'mole™!

t,

PC | Gy (H0) | ACH (Hy0) | Cp (Dy0)% | ACK (Dy0)

10 75.52 -262.0%1.2 85.72 ~325.5%1.4

25 75.29 -216.8% .9 84.68 -249.0%1.6

40 75.27 -192.6*1.0 84.00 -206.9* .6
1y

values represent standard deviations.

2CI°,(D20) at 10° and 40° C from present measurements
using the molecular weight given by Kell (10). C;
(D,0) at 25° C from Kiyohara and coworkers (11).

TABLE 6. - AV® of ionization of H,0 and of D901, cm® mole™!

t, | V° (H,0) AV® (H,0) V° (D,0)? AV® (D,0)
10 18.021 +23.30%0.05 18.108 ~24.75%0.09
25 18.069 -22.18* .03 18.134 -22.75% ,07
40 18.157 -21.95% .07 18,208 -22.49% .02
1y

values represent standard deviations.
2Reference 10.
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to obtain relations for the standard enthalpy for ionization and the equili-
brium constant for ionization as functions of temperature. Table 7 summarizes
the results of such calculations for D20, using AHS9g = 60,618 J mole~! from
Goldberg and Hepler (8) and Ky (298.15) = 1.371 x 10-1° from Covington and
coworkers (2). TIncluded in table 7 are values of AH°"and K; calculated
assuming constant AC3 and constant 2&H®, respectively. Kp 1s expressed
in terms of moles of solute per 55.508 moles of solvent, the so-called aqua-
molal concentration scale.

It can be seen that equation 9 may be used to predict the value of Xp
to within 2 or 3 pct of the measured value over the whole temperature range,
while the error resulting from the assumption of constant AH®° may be as much
as 8 pct. The difference between AH° values predicted by means of equation 9
and those derived assuming constant AC§ is as much as 1.5 pct. No experi-

mentally determined values for 2H° for the ionization of Dy0 at temperatures
other than 25° C are presently in the literature.

CONCLUSION

Flow microcalorimetry has been shown to be a wvaluable tool capable of
determining heat capacities of dilute solutions which are precise enough to be
used for extending thermodynamic calculations over a range of temperatures

with reasonable accuracy.
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TABLE 7.- Standard enthalpy of ionization and equilibrium
constant for D,0(lig) = D'(aq) = OD”(aq)

t, 3: R ;G K, (2), K,° K,

°C | kJ mole~!| kI mole! | x 10!° x 1015 | x 1015
5 66.59 65.60 0.2249 0.217 | 0.236
10 64 .88 64,35 .3681 .359 .375
15 63.33 63.11 .5834 .576 .587
20 61.92 61.86 .9036 .899 .903
25 (60.618)| (60.618) | 1.371 (1.371) {(1.371)
30 59.42 59.37 2.032 2.04 2.05
35 58.30 58.13 2.951 2.99 3.03
40 57.24 56.88 4.207 4.28 4.42
45 56.23 55.64 5.888 6.03 6.38
1Using equations (9) and (10).

2Using equation (10) with ACp = -249.0 J K lmole™!.
3ysing equations (9), (10), and (11).

quing

equation (11) with AH® = 60,618 J mol™l.
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SECTICN 5.- DATA COMPILATION

EVALUATION OF ACTIVITY AND OSMOTIC COEFFICIENTS
FOR ELECTROLYTE SOLUTIONS, BASIC METHODOLOGY

by

Bert R. Staples1

ABSTRACT

A number of models and associated correlating equations used in electro-
lyte theory and critical evaluations of thermodynamic properties of agqueous
solutions are discussed. The methodology and philosophy used in critical
evaluation schemes are summarized.

INTRODUCTION

Studies of problems in the area of water quality control, the application
of geothermal energy, the desalination of water, sewage treatment, industrial
applications, and bioengineering all must treat aqueous solutions containing
ionic species. A significant need for reliable quantitative data on the prop-
erties of aqueous solutions has become apparent in recent years, particularly
with the development of large-scale models that attempt to simulate complex
aqueous ecosystems (12, 32). Reliable quantitative data must often be selec-—
ted from discordant results of various experimenters. A critical evaluation
is the best apprcach to providing "standard” sets of data.

Critical evaluations of activity and osmotic coefficient data were under-
taken in the 1930's by Harned and Owen and by Robinson and Stokes. The most
recent revised editions of their books (9, 23) were published in 1958 and 1965
respectively. Wu and Hamer (31) evaluateavhctivity and osmotic coefficient
data for a series of electrolyEEE until about 1968, but their work on polyval-
ent electrolytes was not completed. Their work on the 1:1 electrolytes (8)
was published in 1972. The evaluation of polyvalent electrolyte data has been
continuing in the Electrolyte Data Center at the National Bureau of Standards,
and this and the subsequent paper will summarize the methods and philosophy
used in evaluating data for over 100 aqueous polyvalent electrolytes. Models
and the associated correlating equations will be discussed, as will the
methodology for the correlating schemes.

1Electrolyte Data Center, National Measurement Laboratory, National Bureau of
Standards, Washington, D.C.

ZUnderlined numbers in parentheses refer to items in the list of references at
the end of this paper.
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MODELS AND CORRELATING EQUATIONS

The Debye-Hickel limiting law was derived in 1923 and has served as an
excellent model for simple salts at very low concentrations. The limiting
form of this theory can be derived in several ways that give correct results
at moderate (up to 0.5 or 1 mol-kg'l) concentrations (2). The mathematics
involved in proceeding beyond the limiting law stage are so formidable that
the theories have been of very limited use in the experimental range of con-
centrations.

Friedman (3) has used the cluster theory of Mayer (11) to derive equa-
tions that givémthe thermodynamic properties of electrolyEE solutions as the
sum of convergent series. The first term in these series is identical to, and
thus confirms, the Debye-Hiickel limiting law. The second term is an I4nl term
whose coefficient, like the coefficient in the Debye-Hlickel limiting law equa-
tion, is a function of the charge type of the salt and the properties of the
solvent. From this theory, as well as from others referred to above, a higher
order limiting law can be written as

(Z\Jizisz)2

= — 172 _ 1 - .2
In Yy = - |zge| AT STeoaZ s A Tl (1)
; (V173

where Y+ is the mean ionic activity coefficeint, z 1is the ionic charge, Ay
is the Debye-Hiickel constant on the molality scale, T is the ionic strength,
and Vv; is defined after equation 4. For symmetrical electrolytes the coef-
ficient of the I4nl term is zero.

Higher terms involve direct potentials corresponding to the forces be-
tween sets of ions and become mathematically very difficult.

Pitzer and coworkers (13-19) have proposed a set of equations based on
the general behavior of classes of electrolytes. They write equations for the
excess Gibbs energy AGeX, the osmotic coefficient ¢, and the activity coeffi-
cient Y+ for single unassociated electrolytes as

(86%%/n RT) = £€% + n? (2 V) B TF + w3200 3 2] 0 oE (2)
2V Vv 2(v,, v )3/2
$ - 1= IZMZXI £ + m(—L-%) BMX¢ 2 ML CMX¢ (3)
2v, v 2( v,V )3/2
fny = leZX‘ £+ (55 By m? M oy (4)

where V,, and V., are the numbers of M and X ions in the formula M, X , and =z
M X VM VX M

and zy are their respective charges in electreonic wunits; also v = Vy T Vx
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while o, is the number of kilograms of solvent and m is the conventional mola-

lity. Other quantities have the form

£ = = A GI/b) 1n (1 + b1V D) (5)

4w ay — L (6)

£Y - —A¢[I—;l%§§7§— +21n (1 + b1l/2)) (7)

Byy O = By (00 + Eg%%££1 (- e (14 arl/2y) (8)
Bug? = B® + B (Ve 2 (9)

By | = 2B, (%) + E§%§£iz (- % (b a2 - (y2ye?n]. (10

In addition, several other forms of correlating equations give comparable
fits to the experimental data. One equation uses the higher order limiting
law, equation 1, followed by an empirical polynomial in the square root of
molality. Here, A} and Ap are coefficients calculated from equation 1 and the
Bi{ are adjustable parameters:

N i
tn Yy = —A, T2 - A TanT + % B, m(iTD)/2 (11)
x 1 2 {=1 1
A, T1/2 N . .
q) =1 - 1 — AsT [g’n T + 1/2] e EB _&tl)_. m(1+l)/2. (12)
3 2 ) 1i (i+3)
1=

Similarly, another equation uses the Debye—Hickel limiting law, with B (in
equation 13) set equal to =zero, followed by an empirical polynomial in the
square root of molality.

Effective correlating equations should represent the experimental data
adequately over a wide range of concentrations. They also should take into
account the very dilute regions because they are used to evaluate the integral
in the Gibbs—-Duhem relation. Thus it is appropriate to include the Debye-
Huckel limiting law as the first term. What is appropriate at slightly higher
concentrations is difficult to determine. 1In our work, correlations are car-
ried out wusing a variety of equations, but the tabulated and recommended
values are generally based on the empirical form of an equation used previous-
ly by Hamer and Wu (8) and Leitzke and Stoughton (10):
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-z, z_ |a 1172
n Y4 = ~l4tmftil«,—m-+ Cm + Dm? + Em® + . . . (13)
+ 1/2
1 + BI
2

is and B is used to denote Bca,

The ionic strength T is given by T = 1/22miz
i

with a being the distance of closest approach in the Debye-Hiickel expression.
The constants B, C, D, E, etc., are empirical.

The osmotic coefficient and excess Gibbs energy can be expressed in terms
of the same parameters by

-|a
o =17 liggfl—ﬂ [- (1 + B1!/2) + 28n¢1 + BTY/2) + 1/(1 + BIY/2)] +
(1/2)Cm + (2/3)0m? + (3/4)Em® + . . ., (14)

and

lz z_|A
AGEX = vmRT —E =B [ (2-11/ 211/ 2 — 21n(14811/%))
B 1

+ (1/2)Cm + (1/3)Dm2 + (1/&)Em+ . « . . (15)

Values for the parameters are determined by a least squares fit of exper-
imental data using equation 13 for experiments such as galvanic cell measure-
ments that measure solute activity and thus Y/Yref values, and equation 14 for

experiments such as vapor pressure measurements that measure solvent activity
and thus ¢ values. As explained below, these two types of measurements are
used in a single fitting program to determine the best value for the param-—
eters.

BASIC METHODOLOGY

An overview of all available data is necessary before a critical evalua-
tion can be accomplished. All available reprints of original articles for
each compound are assembled through a combination of the in-house files of the
Chemical Thermodynamics Data Center, the files collected by Wu and Hamer, and
a computer search of Chemical Abstracts and National Technical Information
Service. A bibliography of data sources for activity and osmotic coefficient
data has been compiled (7). Another bibliography on thermal properties (24)
has also been published. 1In general, experimentally observed data are used as
a starting point rather than smoothed or recalculated data. Thus for electro-
motive force data the observed compositions and cell voltages are the primary
data, and for isopiestic vapor pressure measurements the observed isopiestic
molalities of the salt being investigated and the reference salt are the pri-
mary data.
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All the data are made consistent with the }2C scale of atomic weights,
and where necessary are corrected to the most recent recommended values of the
physical constants (1).

To obtain values of fn Y4 and Y; from the cell measurements, it is neces-

sary to know a value for Yeaf 8L @ reference molality for each set of experi-

mental data. We arrive at the value of Y+ by an iteration technique. Tni-

tial values for Yref are calculated by equation 13 using initial parameters

given by Wu and Hamer (31). Using this reference value, a pair of values of
m, Y+ is obtained at each experimental point. These data are then combined
with the pairs of m, Y+ values from diffusion data, m, ¢ values from freez-
ing point data, and vapor pressures, and a new set of parameters for equations
13 and 14 is calculated by a nonlinear least-square fit to minimize Zw, [f.-
fi(calc)]z, where w is the assigned weight and the functions f are fn Y, or ¢

and are obtained from equations 13 or 14, respectively. The summation is over
the number of experimental points. Using the new parameters, a new set of
Yoag are calculated, and the fitting procedure 1is repeated. This process

continues until the parameters remain esseuntially unchanged. Many of the
basic computer programs have been documented in a Naticnal Bureau of Standards
Technical Note (29), although these have been refined over the past few years.

Initially all the experimental data are weighted equally and included in
the fitting procedure. The data are divided into sets according to source,
and an estimate of the standard deviation of each set is made by equating it
to the root-mean~square deviation of the points in the set from the curve
obtained in the initial fit. Using weights corresponding to these estimates
of standard deviations, a second fit of the data is made. The results of
these calculations, together with subjective evaluation of experimental proce-
dures, are used to weigh the experimental points. After the first iteration,
experimental points with deviation from calculated values of greater than 0.1
in ¢ or Y are usually given zero weight.

Using this iterative and selective approach, all of the available data
are being correlated through the model equations. Recommended values of para-
meters of these correlating equations as well as standard tables of values are
published.

Ongoing efforts in the Electrolyte Data Center include critical evalua-
tions of osmotic and activity coeeficilents for aqueous polyvalent electrolytes
at 298.15 K. These compounds include CaCl,, H,S0,, all of the 2:1 charge—type
electrolytes of the periodic group II such as MgCl,, and compounds of iron,
nickel, cadmium, cobalt, lead, copper, manganese, uranium, and other charge
types (alkali metal nitrites, sulfates, carbonates, and others) (4-6, 27-29).
Some work has begun on the evaluation of other thermodynamic properties such
as equilibrium constants (26) enthalpy of dilution and heat capacities of
solutions. T

Several investigators are engaged in the modern evaluation of data, such
as Pitzer's group (13-19), who are covering a wide range of electrolytes and
their properties, and Rard and coworkers (20-22, 25), who have recently pub-
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lished evaluations of activity and osmotic coefficients for (aCl,, H,S80,, and
many of the rare earth salts.

The various experimental techniques that serve as a source of data and

the results of correlations of thermodynamic properties for a number of
aqueous polyvalent electrolytes are discussed in the succeeding paper by R. N.
Goldberg.
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EVALUATION OF ACTIVITY AND OSMOTIC COEFFICIENTS FOR
ELECTROLYTE SOLUTIONS: APPLICATIONS TO REAL SYSTEMS

by

Robert N. Goldberg1

ABSTRACT

Some of the philosophy that has guided the evaluation efforts in which
the author has recently been engaged is presented. Consideration is given to
the accuracy and the state of the art with which activity and osmotic coeffi-
cients for aqueous electrolyte solutions can be calculated using the following
methods of measurement: vapor pressure measutrements, direct and relative
(isopiestic); electromotive force measurements with and without transference;
freezing point depression measurements; vapor pressure osmometry measurements;
diffusion measurements; solvent extraction measurements; and ultracentrifuge
measurements. The role of the choice of the correlating equation(s) and the
difficult problem of the proper merging of the experimental data with the
Debye-Huckel limiting law are discussed.

INTRODUCTION

This workshop offers an excellent opportunity for the author to present
some of the philosophy and opinions that have guided his recent work on the
evaluation of activity (Y) and osmotic coefficients (@) of aqueous electro-—
lytes. The research in which I have recently been engaged (4-9)2 is an exten-
sion and continuation of the earlier work of Wu and Hamer (13, 37-38) and has
been performed both in collaboration with and parallel to the research of
Staples and Nuttall (30-33) at the Electrolyte Data Center of the National
Bureau of Standards. I would first like to state my belief that data evalua-
tion is best undertaken on a systematic basis. From the logistical point of
view, it takes considerable amounts of time to build up the necessary tools to
be able to perform a competent evaluation of a given property of a given ma-
terial. There is a large investment required (1) to establish the data base

1Electrolyte Data Center, National Bureau of Standards, National Measurement
Laboratory, Washington, D.C.

2inderlined numbers in parentheses refer to items in the list of references at
the end of this paper.
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of literature references, (2) to devise the computational procedures and to
write the necessary computer codes, and (3) to obtain a “"feel” for the data
and for the theory that (hopefully) ties the data together. Having made this
investment, it is desirable to make the most progress both in a practical and
in a scientific sense by systematically evaluating a large body of related
data. This type of effort requires a commitment of time and facilities for a
pericd of several years.

METHOD OF MEASUREMENT

The detailed procedures that we have used for the evaluation of the ac-
tivity and osmotic coefficients have been described in detail elsewhere (§3
32-33). To summarize briefly, the values of the activity and osmotic coeffi-
cients that we calculate are largely based upon the following experimental
methods: (1) vapor pressure measurements, direct and relative {isopiestic),
(2) electromotive force (emf) measurements with and without transference, (3)
freezing point depression measurements, and (4) vapor pressure osmometry. The
emf measurements involving transference require accurately known values of the
transference number as a function of the molality, while the freezing point
depression measurements require a knowledge of the relative apparent molal
enthalpy (%) and the apparent molal heat capacity (%g). Miscellaneous
methods which have also been utilized include diffusion measurements (14),
solvent extraction measurements (17), and ultracentrifuge measurements (16,
29). Each of these methods has its utility, its place, and its own potential
systematic errors. It is the tying together of the data and testing for con-
sistency of these different methods of measurement that is both a crucial part
of the methedology and an Important product of the data evaluation process.
Generally, one feels more confident in values of thermodynamic properties that
have been obtained from different methods of measurement, and that are in
agreement. We shall now consider the status of the various methods of mea-
surement that have been used to obtain activity and osmotic coefficients.

Freezing Point Depression Measurements

This 1is a highly developed method of measurement which, in principle, is
capable of high precision and accuracy. The reader is referred to the classic
paper by Robertson and LaMer (27) for a discussion of the high degree of care
that is required if systematic errors are to be minimized when using this
method. These workers claimed an inaccuracy of about 10 ¥K in the temperature
measurement and also described the proposed construction of an apparatus suit-
able for obtaining data good to 1 pct at 5 x 10-3 mole *kg™ 1, 1f all inaccura-
cies are represented in the measured freezing point depression, this very high
level of accuracy would correspond to an inaccuracy of about 3 MK in the mea-
surement of the temperature depression. Although modern techniques permit the
measurement of temperature differenes to a precision of a few MUK, the author
is not aware of any freezing point depression measurements on electrolyte
solutlions that have been performed to this degree of accuracy, and a more
realistic estimate of error would be between 20 and 50 WK for very careful
work. This propagates, using a representative inaccuracy of about 50 uKk, to
an uncertalnty of about 1 pct in @ at 0.001 mole‘*kg~ 1 and 0.1 pet at 0.01
mole°kg for a 1-2 or 2-1 type electrolyte. At higher molalities, the utili-
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ty of the freezing point depression method for obtaining accurate values of
the osmotic coefficient becomes very much dependent omn the accuracy with which
the auxiliary thermal data (%, and %) are known.

Isopiestic Measurements

The development of this method is described in the many papers by
Robinson and Stokes (28). The accuracy of this method is largely based upon
the certainty with which the osmotic coefficient for the reference electrolyte
is known (XCl, NaCl, CaClp, and H280y, are the traditional reference electro-
lytes). Current reviews (13, 23-24, 31, 33) of the status of these reference
electrolytes indicates that @ is | known for these systems to within a few
parts per thousand. The isoplestic method is a reliable and general method
for use from moderate molalities (0.1 mole*kg™ ) to beyond saturation. It
might be possible with extreme care in the weighings, equilibration, and ther-
mostattlng to extend the use of this method to molalities as low as 0.0l
mole°kg The practical lower limit to which the method way be utilized is
probably determined by the extremely long time period required to reach equi-
librium wunder such conditions and the care with which dissolved gases are
removed from the solutions.

Direct Vapor Pressure Measurements

In assessing the Inaccuracies inherent in the use of data obtained from
direct vapor pressure measurements, we refer to the results of Bechtold and
Newton (1) on aqueous BTC12 and our treatment (7) of their data. At a molal-
ity of T.6001 mole*kg™" an error in the pressure measurement of 0.001 torr
will cause an error of only 0.06 pct in @, while at a molality of 0.01017
mole'kg a similar error will cause an error in @ of 16 pct. Accordingly,
and again depending upon our subjective judgement of the care with which the
measurements have been performed, we have tended to give lower weight to vapor
pressure measurements performed at molalities less than a few tenths
mole°kg

Electromotive Force Measurements

Electromotive force measurements can be performed with a very high degree
of precision. In the analysis of data from such measurements, we view inac-
curacies as generally not being assoclated with the precision of the emf mea-
surements, but rather with the degree of certainty with which the chemical
processes are known = specifically, the absence of side reactions and the
attainment of a truly reversible electrode. Because of these possible syste-
matic errors, which usually have not been investigated, we have generally
tended to prefer the results of careful isoplestic measurements over enf
measurements or, when there exist only emf measurements at low molalities, to
examine closely just how well the emf measurements merge with the isopiestic
measurements.
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Vapor Pressure Osmometry

The basis of this method has heen discussed in a recent review (8). The
author's present views of this method are (1) in principle, the method should
be valid at moderate molalities (a few hundredths to a few m,ole'kg'1 (2) the
real accuracy and precision of this method have not yet been properly demon-—
strated and/or documented, and (3) data have been obtained for many systems
using this method alone; in such situations, we have relied to date in our

evaluations solely upon data from that one source. A detailed study of the
utility of this method would be of real value.

Activity Coefficients from Diffusion Measurements

Harned (l4) has described the basis of this method. From our point of
view, the method has two important features: (1) Using the conductance meth-
od, the measurements can be performed at very low molalities (data exist at
0.0001 mole'kg'l), and (2) from a strictly phenomenological view point, it is
not a rigorous method of measurement (18). Yet, because of the small magni-
tude and cancellation of higher order electrophoretic effects (28) and also
since the method ylelds values of the activity coefficient that are in reason-
able agreement with values obtained by other methods, we have used activity
coefficients calculated by this method. It is interesting to note that since
the cegsation of these measurements in Harned's laboratory in the 1950's, few
diffusion measurement that extend to such low molalities have been reported in
the literature.

Solvent Extraction Measurements

To date, we have encountered only one set of data (17) obtained by this

method. The data pertain to UO2(NO3)2. When subjected to analysis, the data
obtained by this method were found to be in reasonable accord (agreement to

within a few percent im Y) with values of the osmotic coefficient obtained
from careful isopiestic measurements.

Ultracentrifuge Measurements

This method has not been very widely used, and the reader is referred to
the paper by Johnson, Krauss, and Young (16), and to the book by Robinson and
Stokes (28) for a discussion of its basis. We have examined its application
to only one system, BaCly (7), and have found the results of measurements by

this method to be in good "agreement with results obtained from emf, direct
vapor pressure, and isopiestic measurements.

MODEL DEPENDENCY OF ACTIVITY COEFFICIENTS

Choice of Correlating Equation

The calculational procedure requires the selection of a correlating equa-
tion. The three equations used to date for the activity coefficient are:
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1/2
H,ny:—AlI + Cm + Dm? + Em> . . (1a)
1481172 ’
N
ta ¥ = -Aj 12 - AT ta1 + 2 B(IHD/2, (2a)
i=1 *
and
N
fn Y = —A111/2 + I Bim(i+1)/2. (3a)
=1

For the osmotic coefficient, the corresponding equations are:

A
p=1+ E%I -1 + B2y + 2 an¢1 + BIY/2y + 1/¢1 + BIY/2)} + 1/2 Cm

+ 2/3 Dm? + 3/4 Em + . . . , (1b)
g=1-2L1/2 2820 orvas2) 4+ 8, %iil—} n(it1)/2 (2b)
3 2 j=1 1 (143
and
ﬂ=1-%11/2+§ Big}%}m(iﬂ)/z (3b)
1=1

The essential thermod¥namic parameter that 1s treated is the excess Gibbs
energy (AG®X) in J<kg™ ", given by the relationship

AG®* = G2 = Gydear = VERT(L = ¢ + nY). (4)

In the above equations, T is the ionic strength, m is the molality, R is the
gas constant, T is the absolute temperature, and Vv is the number of ions
formed form one molecule of solute (M, X, ) assuming complete dissociation.

IV z 3)2
iiid

VI(v Z
Ivi( %1 )
constant equal to 0.51084 logg,10 kg!/2+mole~1/2 at 25°, and zt+ and z- are
the charges of the cation and anion, respectively. Equations 1 have a long
historical background (10-11,13), and in using them we have allowed the value
of the B coefficient to be determined empirically via the fitting procedure.
Equations 2 include an additional term that is theoretically predicted (é).
Equations 3 use a Debye-Huckel first term with a zero B coefficient followed
by a polynomial in m!/?, This latter equation has a particular utility when-
ever the value of the B coefficient obtained in equations 1 becomes too nega-
tive, thus causing the osmotic coefficient to become an imaginary number.

Az, A is the Debye-Huckel

A, is equal to Alz+z— » Ay 1s equal to
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It is important to realize that the values of the activity coefficient
that one calculates will depend upon the correlating equation(s) or model that
one selects and that one finds numerical differences between activity and
osmotic coefficents calculated using different methods. Typically, over most
of the molality range, we have found these differences to be less than 1 pct
in Y and less than 0.010 pct in @. One must expect the largest discrepancies
at the highest molalities for which data exist. These differences can range
as high as several percent. We have also examined the numerical differences
between the wvalues of Y that we have calculated and the values of Y that can
be calculated from the coefficients given by Pitzer and Mayorga (20); in
general, we have found the agreement to be quite good; i.e., differences of
less than a few percent are typical.

I take note of a problem for which I presently have no solution. 1In this
research we have attempted a detailed recalculation, evaluation, and represen-
tation of the experimental data by means of empirical virial equations to the
highest molalities for which data exist. This has, for several systems, ne-
cessitated the use of a large number of empirical parameters (as many as 12).
Because of the numerical coupling effects implicit in the fitting process, it
is very difficult to ascribe physical significance to any individual wvirial
coefficient. Pitzer and Mayorg? SZO) have ascrjbed physical significance to
the three virial coefficients (8 B(l , and C¥) they tabulate, but for many
of the systems they investigated, this has precluded doing fits to the
maximun molalities for which data exist.

MERGER OF THE EXPERIMENTAL DATA WITH THE DEBYE-HUCKEL LIMITING LAW

1f accurate experimental measurements (@ and/or Y/Y data) extending to

ref
very low molalities existed, the data evaluation procedure would be on a much
surer footing than it presently 1s. In such a case, it would be possible to
ascertain clearly the nature of the merger of the experimental curve with the
Debye-Huckel limiting law and to perform rigorous calculations of the activity
coefficlents and the excess Gibbs energies at various molalities. Note that
the absolute values of the experimentally determined osmotic coefficients
stand independently of this 1issue. 1In the general absence of such data, we
and others have frequently assumed a smooth merger of the experimental data
with the Debeye-Huckel limiting law. This approach does not seem to be unrea-
sonable provided that there iIs no complex chemical behavior in the solution
such as ion assoclation or hydrolysis, or if there 1s, that such behavior is
not too extensive.

Some History

When such complicating chemical behavior does occur, it is very much a
moot point as to just how such systems should be treated. Much of the past
effort has focused on systems that undergo extensive ion pairing, such as the
electrolytes of charge type 2-2, hydrofluoric acid, the cadmium halides, and
sulfuric acid. Harned and Owen (15) simply estimated Y equal to 0.15 at a
molality of 0.1 mole'kg"1 for the 2-2 electrolytes and used this value as the
basis for the assignment of activity coefficlents. Brown and Prue (2) intro-
duced an association model in treating six electrolytes of charge type 2-2.

4
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Pitzer (19) refined and generalized upon the equilibrium model of Brown and
Prue (2) and also introduced a triplet ion of the type (M+)(X2 ), when treat-
ing the 2-2 electrolytes. Subsequently, Pitzer and Mayorga (21) discarded the
explicit treatment of ion association and used a correlatiﬂg'equation which
aids in the merger with the Debye-Hiickel limiting slope - although it is still
possible to demonstrate a relationship between the virial coefficients and an
association constant. Hamer and Wu (12) treated the activity coefficients of
HF by utilizing an equilibrium model and conductivity data and estimating the
fractions of the wvarious ionic species, H+, F~, HF®°, and HF3, present in
solution. A very intricate, self-consistent equilibrium-type calculation was
employed by Reilly and Stokes (26) in treating the data for CdCl,. Pitzer,
Roy, and Silvester (22) were able to extract a dissociation constant for
sulfuric acid from their treatment of the activity and osmotic coefficient
data for that system; and recently Wood, Lilley and Thompson (35) treated the
ZnS0, electrochemical cell data of Rassiah (25) by utilizing a novel activity
expansion approach, which, while it introduces a new kind of equation of
state, still contains in it an equivalence to an ilon-assoclation model.

The Approach of Wu and Young

One very interesting approach, applied by Wu and Young (36, 39) to the
analysis of the enthalples of dilution of sulfuric acid, used Raman spectral
data to obtain the fractions of the ions HSO: and SOE" in solution, and then

estimated the relative apparent molal enthalpy for H,50, as follows:

=qa &

L(1-1) + (1l-a) @

+ A H + abH°. (5)

®L(H,80,,) L(1-1)

In the above equation, o« is the fraction of HSOZ, ¢L(l—l) and QL(l—Z) are,

respectively, the relative apparent molal enthalpies of relatively unassociat-
ed 1-1 and 1-2 electrolytes, AyH is an enthalpy-of-mixing term, and AH® is
the standard state enthalpy change for the process

B (aq) + 507 (aq) = HSOZ(aq). (5a)

Wu and Young (36, 39) took AyH to be zero (40) and used ¢ for HCl and
LiCl for ¢L(1—1)’ and ¢, for 11,80, for ¢L(1-2)' AH® was obtained from calo-—

rimetric measurements (15). It should be noted that the single largest con-
tribution to QL(HZSOH) comes from the term oAH°. Also, while ¢L(H2804) must

be considered an estimated quantity, the experimental data do not exist for
the very low molalities at which &; is being estimated. However, Wu and
Young (36, 39) were able, using a "chord-area-type" plot, to compare estimated
values of (AQ /bwl’2) with ex erimental data and found good agreement in the
region m1/?% = 0 03 to 0.3 mole 'kg /2,

Extension of the Approach of Wu and Young (36, 39) to the Excess Gibbs Energy

Applying similar reasoning to Gibbs energy data, one can obtain, for
H,580,, the equation
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AG%% = o AGTE; + (1-a) AGYX, + A G + omAG®, (6)

where AG®* is the excess Gibbs energy in J'kg-l, o has the same meaning as
above, AG is a Gibbs energy of mixing term which should largely be account-
ed for by an entropic term, -TA S, and AG° is the standard Gibbs energy

change for process 5 in J*mole™ ". AG%fl and AG%fz are the excess Gibbs

energies for relatively unassoclated electrolytes of charge type 1-1 and 1-2,
respectively. If one were dealing with a system more complex than sulfuric
acid, involving multiple complex ion formation and/or hydrolysis, a general-
ized form of equation 6 would be

AGE* = %fiAcix + A6 + m I;A65, (N

Where the fi's represent the fractions of the various ionic species, AG?x and

AG} are, respectively, the appropriate excess Gibbs energies and standard
state Gibbs energy changes in J'mole_l, and m is the molality of the solution.

The application of equation 7 to real systems requires (1) an estimate of

the AGix terms and the A G terms, (2) knowledge of the f;'s, and (3) knowledge

of the AG] terms. Let us assume that (1) can be done reasonably accurate-
ly. Then, 1if the AG;'S are known, but the fy's are not, it becomes
necessary to calculate values for the f; terms by applying chemical equili-
brium principles. (Note that, in general, it will be necessary to assume
single~ion activity coefficients.) If the AGj{'s are not known, then one
must either estimate the AG{'s or perform a calculation where the AG}
terms are guessed at and used to calculate the fy's which, together with the
estimated AGS™ and A_G terms are used to calculate values of AG®* for the
solution using equation 7. Values for f and (Y/Y,,¢) may then be calculated

from the estimated values of AG®* and compared with the experimental
values in a self-consistent and iterative—-type calculation where the sums of
the weighted squares of the differences between the experimental and
calculated values are minimized.

It has been the purpose of this section of the paper to review some of
the earlier approaches to a very difficult problem and to suggest a possible
approach to it which builds upon the work of Wu and Young (36, 39), Reilly and
Stokes (26), Wood, Lilley, and Thompson (35), and others. It is a problem
that, for many systems, is logically incapable of resolution in the absence of
experimental data; i.e., osmotic coefficients (@) and ratios of activity
coefficients (Y/Yref) at much lower molalities than are presently accessible

by current measurement techniques.
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DISCUSSION

C. M. Criss: How do you handle electrolyte solutions of the type which Loren
Hepler calls "almost strong” electrolytes? Some electrolytes are not quite
strong in nonaqueous solutions. We need an equation which will work over the
entire range, and the form of equation is important for extrapolating data to
infinite dilution. Normally, one type of equation 1is wused for strong
electrolytes and another for weak electrolytes, but if a system is studied
which gradually shifts from a strong to a weak electrolyte, then there is a
discontinuity in the extrapolated results when one shifts from one equation to
the other.

R. N. Goldberg: One possibility would be to utilize the approach of Wood,
Lilley, and Thompson (J. Chem. Soc. Faraday Trans. I, v. 74, 1978, p. 1301) in
that 1t appears to avoid all arbitrary distinctions between weak and strong
electrolytes. Another approach would be to use the extension of the method of
Wu and Yound (see my symposium paper) where the association constants become
an explicit part of the excess Gibbs energy function. It is iImportant to
realize that there is no definitive answer to the problem of how to ascertain
the correctness of the absolute values of the excess Gibbs energy and enthalpy
in the absence of experimental data at very low molalities and that in the
absence of such data, it will probably be necessary to resort to estimation
schemes and self-consistent type calculations in order to obtain approximate
answers. In any case, it 1is iImportant to preserve the experimental data,
whatever evaluation scheme is utilized.

Anonymous: Can I give you one more thought? I notice a lot of people spend
more time fussing about how to treat their data than generating them, and
maybe I shouldn't knock data evaluation, or data treatment, but I am willing
to bet that 50 years from now, people will come back and think of a different
way of treating the data than we do right now. What really counts are the
good experimental numbers. In other words, ome thing we cannot do as data
evaluators is to turn a bad experiment into a good one. I imagine we could do
the reverse if we mess up on a calculation.
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Pamela Rogers: I would like to make a comment on the use of the b parameter
in the limiting law term

0.5
1n = Al +Cm+ C,m™ + Cym?, . . . .,

a + bI®®

where "b" is a constant value and absorb the temperature effect in the re-
maining fitting constants C,, C,, C;, etc. The reason becomes apparent when
you start taking temperature derivatives of this equation to obtain expres-
sions for the enthalpy and heat capacity. Having a "“b" term that varies with
temperature complicates these derivatives.
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SURVEY OF BUREAU OF MINES CRITICAL COMPILATIONS
by

A. D. Mah

The U.S. Department of the Interior, Bureau of Mines, critical compilation
history began in Berkeley, Calif., in 1932, when K. K. Kelley published the
first volume of a long series of publications under the title "Contributions
to the Data on Theoretical Metallurgy.” His first work, subtitled "The Entro-
pies of Inorganic Substances” (l)“ was followed the next vyear by a second
volume, “High-Temperature Specific Heat Equations for Inorganic Substances”
(2), three more additions to the theoretical metallurgy series were published
in the following 3 years, as follows: “The Free Energies of Vaporization and
Vapor Pressures of Inorganic Substances” (3), "Metal Carbonates-—-Correlations
and Application of Thermodynamic Propertiéé" (4), and "Heats of Fusion of
Inorganic Substances” (5). -

By 1936, sufficient data had accumulated in the literature for Kelley to
prepare a second edition of the first volume of "Contributions to the Data on
Theoretical Metallurgy"” subtitled "A Revision of the Entropies of Inorganic
Substances” (6), and two more additions to the series appeared in 1937, "The
Thermodynamic Properties of Sulfur and Its Inorganic Compounds” (7) and "The
Thermodynamic Properties of Metal Carbides and Nitrides" (g).

As the years went by, Kelley's compilation work was interrupted, first by
experimental low-temperature heat-—capacity investigations and then by supervi-
sory duties as chief of the Bureau of Mines thermodynamics group in Berkeley.
In spite of added responsibilities, he continued his compilation interests,
and in 1941 published a third edition of the popular entropy bulletin, calling
it "The Entropies of Inorganic Substances. Revision (1940) of Data and Meth-
ods of Calculation” (9).

In 1949 to 1950, after several shorter compilations, Kelley published two

lResearch Chemist, Albany Research Center, Bureau of Mines, Albany, Oreg.
2Underlined numbers in parentheses refer to items in the list of references at
the end of this paper.
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more volumes of the theoretical metallurgy series. "High-Temperature Heat-—
Content, Heat-Capacity and Entropy Data for Inorganic Compounds"” (10) was the
first revision of the 1933 high-temperature bulletin, and "Entropies of Inorg-
anic Substances. Revision (1948) of Data and Methods of Calculations™ (11)
was the fourth edition of the widely circulated entropy bulletin.

As the volume of literature data expanded at an increasing rate, Kelley
recognized the need for skilled evaluators and trained J. P. Couglin, A. D.
Mah, and E. G. King in the critical evaluation and compilation of thermodyna-
mic properties. In 1954, J. ©P. Coughlin published the 12th volume of the
"Countributions to the Data on Theoretical Metallurgy”™ series, "Heats and TFree
Energies of Formation of Inorganic Oxides" (12).

Kelley continued with compilation work and in 1955 wrote a chapter titled
"Thermodynamic Properties of Zirconium Compounds” for the book "Metallurgy of
Zirconium” (17). In 1959, Kelley published with A. D. Mah "Metallurgical
Thermochemistry of Titanium" (19).

Three compilations came out in 1960. The foremost was Kelley's third and
final revision of the high-temperature work, Bureau of Mines Bulletin 584,
"Contributions to the Data on Theoretical Metallurgy. XIII. High-Temperature
Heat-Content, Heat-Capacity, and Entropy Data for the Elements and Inorganic
Compounds"” (13). This valuable work is still in use. Following the high-
temperature bulletin came a chapter, "Thermodynamics of Hafnium and Its Com-
pounds,” written by Kelley and E. G. King for the Naval Reactor Handbook, "The
Metallurgy of Hafnium" (18). This was followed by publication of "Thermodyna-
mic Properties of Manganese and Its Compounds," by A. D. Mah (21).

In 1961, Kelley and King published the fifth and final revision of the
popular entropy compilation, Bureau of Mines Bulletin 592, "Contributions to
the Data on Theoretical Metallurgy. XIV. Entropies of the Elements and Inorg-
anic Compounds” (14). Like Bulletin 584, this work is still im use. 1In 1962,
in response to demand, four of Kelley's older bulletins were republished as
Bureau of Mines Bulletin 601, "Contributions to the Data on Theoretical Metal-
lurgy. XV. A Reprint of Bulletins 383, 384, 394, and 404" (15).

After Kelley's retirement, A. D. Mah; continued intermittently the criti-
cal compilation work and in 1966 published “Thermodynamic Properties of Vana-
dium and Its Compounds" (22). After the Berkeley Thermodynamics Laboratory
moved to 1ts present location in Albany, Oreg., E. G, King's computerization
of compilation methodology provided techniques that have been useful up to the
present time. Recently, N. A. Gokcen proposed further modernization of the
compilation effort, using wup-to-date data processing methods. An inhouse
minicomputer system designed by J. M. Stuve for this purpose was successfully
implemented, with adaptation of software by R. P. Beyer.

In 1973, by cooperative agreement with the International Copper Research
Association, King, Mah, and Pankratz published a monograph “"Thermodynamic
Properties of Copper and Its Inorganic Compounds” (20), and in 1976 Mah and
Pankratz published "Contributions to the Data on Theoretical Metallurgy. XVI.
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Thermodynamic Properties of Nickel and Its Inorganic Compounds” (16).

The earlier compilations were made a part of the National Standard Refer-
ence Data System library collection when NSRDS was established. The last two
volumes were reviewed by the Office of Standard Reference Data of the National
Bureau of Standards at the time of publication and incorporated into the Na-
tional Standard Reference Data System.
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THERMODYNAMIC DATA EVALUATION
by

L. B. Pankratz!

One of the Bureau's current compilation projects is the revision of
Bulletin 605, "Thermodynamic Properties of 65 Elements, Their Oxides, Halides,
Carbides, and Nitrides,” by Wicks and Block. The major effort of this revi-
sion is to completely reevaluate the high-temperature data for these substan-
ces. This reevaluation has been made easier by the continuing effort to main-
tain an up-to-date file of thermodynamic data from the literature. Related
data such as vapor pressures, temperatures and enthalpies of transformation,
decomposition studies, phase studies, and pertinent gas data are also collect-
ed. The major source of references is from a search of Chemical Abstracts.
However, references in collected articles and bibliographies of compilations
and review articles are also examined.

After collection, the first step of evaluation is to assess the method
used to generate the data, that is, the calorimetric system. Though the fol-
lowing discussion centers on the copper-block drop calorimeter, it should il-
lustrate the processes used. Particular points of the system examined are the
temperature measurement of the sample, calibration techniques, the calorimeter
itself, and the actual measurements.

The sample temperature-sensing device, usually a thermocouple, should be
referred to some well-defined temperature scale by appropriate calibration.
Also, the method of calibration must be able to show any changes if the
thermocouple is used at higher temperatures; for example, above 1,500 K for
platinum versus Pt-Rh couples. Needless to say, the equipment associated with
the thermocouple should not degrade its accuracy. Regardless of the care
taken to insure measurement accuracy, it is meaningless if the sensing device
does not indicate the true temperature of the sample through poor positioning,
or if part of the sample is hotter or colder than the indicated temperature
because of an inadequate isothermal zone in the furnace.

Along with the calibration of the temperature-measuring device, an exam—
ination is made of the techniques used for other equipment, such as standard

1
Research chemist, Albany Research Center, Bureau of Mines, Albany, Oreg.
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cells, standard resistors, timers, and potentiometers.

The calorimeter and the actual measurements are studied from several
points. First, is the method appropriate? For instance, drop calorimeters
are not very precise below 400 or 500 K, nor are they suitable for cases where
the sample does not return to the same well defined state upon cooling. Sec-
ond, are the design and operation such that heat exchange between the calori-
meter and its surroundings is well defined and accounted for? Obviously, any
unknown or unaccounted heat leak will affect the accuracy of the measurements.
Third, how was the calorimeter calibrated? This is usually done by direct
electrical measurement and, if done often, will reflect any small, long-term
changes., Comparison of measurements of standard substances, such as alpha
alumina, with those of other workers can indicate the overall accuracy and
precision of the system but should not be used as a calibration.

The second step of evaluation is to assess the sample and its treatment.
Two particular areas are examined, characterization of the sample and possible
reactions or changes occurring during measurements. Certainly, a careful an-
alysis of the sample's chemical composition and stoichiometry should be made.
Other data needed for a more complete characterization of the sample would be
its crystal structure, the presence or absence of other phases, and the methed
of preparation. During measurements, some check should be made to determine
if the sample is returning to the same state on cooling in the calorimeter.
Also, during measurements, the possibilities of decomposition vaporization and
reaction with the container or with impurities should be examined. Sometimes
a complete reanalysis of the sample is necessary after completion of the mea-
surements.

Some final points in assessing the data include corrections for the sam—
ple container, corrections for impurities, and other calculations.

Except for heat capacities, which are treated separately, all evaluated
data are converted to enthalpies relative to 298 K and calories per mole for
comparison. These data are plotted as the function (HT'— H Y/ (T - 298.15)
versus temperature. This function is used because it emphasizes enthalpy dif-
ferences; also, it is equal to the heat capacity at 298 K. All data for a
single substance are plotted on the same graph with the enthalpy data derived
from low-temperature data. Only a short range of low—temperature data, usual-
ly 50 degrees, is used, since the primary purpose is to achieve a reasonable
merging of high- and low-temperature data.

The evaluation of the calorimetric systems and samples, the enthalpy
function plot, and any other pertinent data, such as phase studies, transfor-
mation temperatures and enthalpies, and decomposition studies, are then used
to select "best" wvalues., These selected experimental values are fit with a
polynomial expansion in terms of temperature, using a computer program. Sev-—
eral calculations with different parameters are usually needed before an ac-
ceptable fit is obtained. The program also calculates and tabulates, at even
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temperatures and at transition points, heat capacities, entropies, Gibbs
energy funtions, and relative enthalpies.

Two real problems may remain at this point. The first is that two appar-
ently equally good studies disagree well outside their experimental errors.
The resolution of this disagreement requires the complete reassessment of the
evaluation and the examination of any other work not previously studied. This
examination includes results for different substances by the authors under
consideration, as well as those by other investigators. Estimation of wun-
available data is the second problem. Though many methods of estimation have
been published, none have seemed adequate. As a consequence, estimations are
rarely made, and then only with some supporting evidence and consultation with
others.

The collection and evaluation of data for the elements and oxides are
essentially complete, and the results are in process for publication. The
tabular data will include heat capacities, standard entropies, Gibbs energy
functions, and enthalpies relative to 298 K. Tables for the oxides will also
include heats and Gibbs energies of formation. Standard-form equations have
been fit to the tabular relative enthalpies. These equations, along with
those derived for heat capacities, heats of formation, and Gibbs energies,
will also be given. '

DISCUSSION

N. A. D. Parlee: What Bulletin were vou revising?

L. B. Pankratz: It was Bulletin 605.

N. A. D. Parlee: This thing is tremendously important to us. This
publication is very wvaluable because it could be purchased at our book store
and then we could direct our students in materials science to buy it, if it
were made available for purchase; they could use it in their classes. They
go to the library and it is out. They bother the professor to borrow his
copy, and pretty soon they are all lost. Some have been copied and sold. All
I am pointing out is how tremendously valuable this material is. Lf the stu-
dents did have something to use that was low priced, and have it available for
them, it would be wonderful. I would like to request here that our Government
try to provide our students with some type of modestly priced publication,
keep it available, and not let it run out of print.

L. B, Pankratz: That is the intention of this publication. At the moment we
do not propose to have all the elements and compounds in one volume. The
first volume coming out will be the elements and oxides, and then the halides,
carbides, and nitrides will follow in another volume. I sincerely doubt
whether you will get it for a dollar anym number. I mean, the number is
usually small, so if there are any sales at all, that is sold out early and
normally they won't reprint it. Geological Survey Bulletin 1259 was that way.
It was out of print for 5 years before the new version was printed. I would
be willing to bet that the new version will be out of print. They just don't
want to print it. It is the GPQO, not the Bureau.

L. B. Pankratz: That's right. We've had many requests for Bulletin 605, and
I have a copy which I lock up every night just so that I have a copy that I
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can refer to. Otherwise, it might disappear. We intend to publish
essentially the same type of data, with the equations, and as I said, heats
and Gibbs energies of formation. Tt will be in a slightly different format,
but it will all be there, and hopefully more.

N. A. Gokcen:!: Lou Pankratz has revised the oxides section of Bulletin 605 and
it will be published probably within one year., Bulletin 605 was completed in
1961 and since then the available data for oxides yielded more tables than all
the tables in Bulletin 605 for oxides, halides, carbides, and nitrides.

Y. A. Chang: Are you going to include phase diagrams? Thermodynamic data
alone do not tell you the full story.

L. B. Pankratz: No, there will be no phase diagrams, but 1 agree with your
remark. It comes down to how much one can do. It would be nice if I could
include the phase diagrams if I had help, or more time; but I just don't, and
that's what it amounts to. It is a matter of time.

Anonymous: Are there duplications in data evaluation and compilation?

L. B. Pankratz: There are efforts to eliminate duplication. Revision of
Bulletin 605 was announced in the Bulletin of Thermodynamics.

M. W. Chase: I see Leo Brewer often enough, but I had no indication from the
Bureau of Standards that they were working on molybdenum when I started. When
I started molybdenum, I had done all the low temperature work before I saw the
Bureau of Standards publication. When I was out to see Brewer and told him I
was having trouble with molybdenum, then he told me that he had been working
on it. Oftentimes it is just a case of everybody writing down what they are
going to do for the next year, and exchanging it, but that is not happening.
Normally, there is no overlap between myself and the Bureau of Standards.
Recently, there was more overlap between JANAF and Brewer. I think we've
ironed that out so as to eliminate duplication. For the work overseas, I know
what they are doing now, so we won't overlap with them.
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ANALYSIS OF {EQUILIBRIUM CONSTANT TEMPERATURE} DATA;
NEW EQUATIONS FOR CALCULATION OF CHANGE IN PLANCK FUNCTION FROM Ac;
by

Robert D. Freeman:

ABSTRACT

The general equation for analyzing (K, T) data by both second- and third-
- law methods is

h

rer,T®, ) = AY(T;T0,TS) - R In K = T-lAme(T?) - Ase(T®..

Calculation of T from AC® data appears more complicated than calculation of
the traditional L. For example, if the usual form ACB = Aa + ABT + AcT™? is

substituted into the expression

) T ° -1 T
AY°(T;T,,T,) = IT (ACP/T)dT -T IT Ac;dT,
X X

one obtains, on the right side
Ba[In(T/T,) - (T - T,)/T] + Ab[T - T - (T% - T2)/2T]

+ac[t~t (Tl - Tty - (172 - T 2)/2).

However, if one defines ¢ = (T - TX)/T, this result may, with no approxima-

tions, be put into the much simpler form

AY°(T;T,,T,) = ($2/2)[AbT /(1 -¢) + AcT %] - Ba[¢ + In(1 - §)].

Further, if In(l - ¢) and 1/(1 - ¢) are represented by series, and ¢ is suf-
ficiently small, this reduces to the remarkable form

AYU(TST,, T, ) = (42/2) ACH(T,).

An appreciably better approximation is provided by
AY°(T;T,,Ty) = ($2/2)(L + q9) AC(T,)

with q = 0.6 for $ < 0 and q = 1.0 for ¢ > O.

1Department of Chemistry, Oklahoma State University, Stillwater, Okla 74078.
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Availability of these last three equations renders obsolete the integrat-
ed van't Hoff equation—-IZ-plot method, and the plotting of “uncorrected” 1In K
versus 1/T.

INTRODUCTION

Before describing the new results cited in the title, a brief summary of
key points from earlier papers (7-8, 10-11)2 in this series would secem to be
in order. 1 shall use, without exteaded discussion, the compact functional
notation (CFN) introduced in references (7-8) and described in detail in the
Calorimetry Conference COSSSUN report (2).

THE COMPACT FUNCTIONAL NOTATION

The essential feature of the CFN is that it provides a simple, straight-
forward, flexible, compact, self-consistent scheme for representing the exper-
imentally realizable portion of each of the seven common thermodynamic func-
tions: U, S, H, A, G, J, Y. For example, the result of integration of Cpto

obtain a value of H(T) is
h T ¢_dr.
H(T) = H(T®) + fTh p (1)

Since the enthalpy H(Th) at the reference temperature Th [which typically is O
or & = 298.15 (2)] is unknown, the experimentally realizable portion of H(T)
is the integral, which in CFN is represented by H(T;Th)(Z). It follows from
equation 1 that N

H(T; TR = H(T) - H(TM). (2)

Similarly, for the entropy one has

T
S(T) = s(T%) + [TS ¢ d1nT (3)

and

T
S(T;TS) = ITS C,d1nT = S(T) - S(TS). (4)

The usual convention for tabulating entropy assumes that for each sub-
stance there is at T = 0 a perfectly ordered state for which the entropy can
be taken as zero. This perfectly ordered state may not be "actually attained”
as T * 0. Hence, it is useful, even necessary, to distinguish between the
entropy S(0) which the real system has as T * 0, and the entropy S(#) which
the system would have if, as T + 0, it became perfectly ordered. (The usual
conventions about isotopes, nuclear spins, etc., remain in effect.) Hence,

2gnderlined numbers in parentheses refer to items in the list of references a
at the end of the paper.

y
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S(#) is the reference state for the conventional entropy (2): S(T;@) = S(T) -
S(d). The quantity S{0) - 8(@#), if nonzero, corresponds to “residual
entropy.”

THE PLANCK FUNCTION

If the expressions in equations 1 and 3 for H(T) and 8(T) are substituted
into the defining equation for the Planck function (2)

Y(T) = S(T) - [U(T) + pV}/T = S(T) - H(T)/T, (5)

one obtains

T T
- h - 71
Y(T) = [S(TS) - H(TM)/T] + fTs CpdlnT - T fTh C,dT (6)

h

[s(r®) - H(T™)/T] + Y(T;T",T%). (7)

i

Clearly Y(T;Th,TS) represents the two integrals of equation 6 and equally
clearly it represents the experimentally realizable portion of the Planck
function Y(T), since S{T®) and H(T") in equations 6 and 7 are the unknown and
unknowable terms from equations 1 and 3. From equations 7, 6, 4 and 2 one can
immediately write

h _T *_lT
Y(T;T",TS) = ITS ¢ dlnT - T fTh C dr (8)
= s(T;T%) - T (T Th) (9)
= Y(T) - [S(T) - H(TM)/T]. (10)

$ and Th = ¥, and if one sub-

If in these last three equations one takes TS

stitutes Y(T) = ~G(T)/T, equation 10 becomes
Y(T;&,8) = =G(T)/T - S(@) + H(E)/T = -[G(T) - H(E)]/T - S(@). (11)
If the third-law convention S(@) = 0 is adopted, equation 11 may be written
as
Y(T;&,8) = —[G(T) - H(E¥)]/T. (12)

The right side of equation 12 is the familiar "free energy function” as tabu-
lated, for example, in the JANAF Tables (3-6). Hence, the traditional "fef"
is seen to be identical with the experimentally realizable portion of the
Planck function. Use of the symbols Y(T;%,8), Y(T;0,8), etc, and the name
"Planck function (at T) wtih H referred to & (or 0) and S referred to 9 is
recommended (2).
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THE GENERAL EQUATION RELATING K TO T

If the A operator is applied to equation 10 and standard-state pressure
is specified, one obtains

AY°(T;TD,TS) = AYS(T) - AS°(TS) + Am°(TM)/T. (13)

It should be remembered that the left side of equation 13 is, with proper
choice of Th and T%, identical with the familiar A("fef") or A("gef"). From
the defining equations for Y°(T) and G°(T), one gets

Y°(T) = -G°(T)/T, and AY°(T) = -AG°(T)/T (14)
If this result is combined with the well-known expression for In K, one has
AY(T) = -AG°(T)/T = R 1n K, (15)
and, if this equation is substituted into equation 13,
AY°(T; T, T5) - R 1n K = ARO(TD)/T - As°(TS). (16)

This last equation is the general equation (8) relating 1n K to T and subsumes
all second- and third-law methods known to the author: 1. Differentiation of
equation 16 with respect to T readily produces the van t Hoff equation (8).

2. If the left side of equation 16 is represented by T° (T ,I%) and if both T

and T® are taken to be Tc, one has

To(T;E,8) = MR°(T)/T - AS°(B), (17)

and it is clear that a "second-law plot" of T versus 1/T yields AH°(E) and
AS°(®) from slope and intercept. 3. If T = € and 15 = #, as in the JANAF
Tables, one has

I°(T;8,0) = AH°(E)/T - AS®(H) (18)
or, if one invokes the third law and sets AS(¢) = O,
F(T;&,8) = AH°(E)/T; (19)

the slope from a plot of T versus 1/T, with the line constrained to have in-
tercept T = 0 at 1/T = 0 [because AS(#) = 0], provides the correct (8) third-
law value for AH°(T). 4, The conventional third-law value for AH°(T) is
obtained as the average value of T<I°(T;®,#) (cf. equation 19 after multi-
plication by T), and is equivalent to the average slope I'/(1/T) of the various
lines that connect the origin to each experimental (I', 1/T) point (8).

vo(T;",7%) and AY°(T;T",T%) From Co, ACS Data

It happens not infrequently that tabulated values of Y°(T;%€,8) or Y°
(T;0,8) are not avallable for a particular substance. For this situation,
calculation of AY°(T; Th ,T%) and use of the general equation are conveniently
discussed under three subheadings.
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C; Data Available for All Desired Temperatures

This rather trivial case requires only that one evaluate Y°(T:;¥€,0)
for each substance using equation 8 and the available C; data. It may be

convenient to write equation 8 as

vé(T;E,0) = gmcgdlnT + éTc; d1nT - T‘lf;c;dT (20)

and to evaluate the first integral numerically or graphically and the other

two integrals analytically from algebraic equations for C;. It may also be
convenient to use equation 20 in the A-form:
AY°(T;E,0) = AS(E;0) + fTAc;dlnT - T‘lfTAc;dT, (21)
g &

and to evaluate AY°(T;&,0) directly from ACE and the conventional entropy
change for reaction at &: AS°(T;0).

C; Data Available Only for T > 298.15 K

The lower limit of both integrals of equation 8 would typically be chosen
as & = 298.15 K, and

AY°(T;8,8) = [Tac2dinT - T-1fTAcedT (22)
g P g P
would be evaluated analytically or numerically as required by the available
data.

No C; or AC; Data Available

It is usually possible to make a "reasonable”™ estimate of AC;. If it can
be done for the reaction of interest, then, rather than make no "ACp correc—

tions” to In K, it is preferable (8) to evaluate

T LT
AY°(T;T.,T.) = [ Ac°dinT - 17! AcedT (23)
X X TX P TX P

from the estimated ACS, and then to obtain AH°(TX) and AS°(TX) from
AY°(T;TX,TX) - R 1ln K = AH“(TX)/T - AS°(TX). (24)

The temperature T, would typically be a convenient value near the middle of

the experimental temperature range, a choice which minimizes the magnitude of
” o . ” [=] o
the ACP correction” AY (T3T,, T, ).
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NEW EQUATIONS FOR EVALUATING AY°(T;TX,TX)

It is apparent from equations 21, 22, and 23 that evaluation of AYD(T;Th,
TS)from ACS data typically involves evaluation of two integrals with identical
upper and lower limits, which are hereinafter designated by T and T3 hence,
the integrations produce a value for AY°(T;TX,TX). If the usual form ACS =

Aa + AbT + AcT™? is substituted into equation 23, integration produces

AY°(T;T ,T,) = Ba[in(T/T,) ~ (T - T,)/T] + Bb[T - T, - (1% - T2)/27]
+ def(r7! - T hy/T - (172 7 1B/, (25)

a form not particularly convenient for routine use. However, if one defines
¢ = (T - TX)/T - that is, ¢ is the "fractional temperature change” associated
with "correction” of data from T to T, - equation 25 can, with straightforward

algebra andno approximations, be put into the considerably more convenient
form

AY°(T3T,,T,) = (62/2)[BBT, /(1 = ¢) + AeT;?] - Ba[¢ + In(l - §)]. (26)

If In(l - ¢) and 1/(1 - ¢) are represented by series, one has, for -1 < ¢ < 1,

AY°(T3T,,Ty) = ($2/2)[dall + 26/3 + 62/2 + ...)
+ ABT_(1 + 6 + 62 + ...) + AeT7?). (27)

Retention of the quadratic terms 1in the series is often not justified (see
below). 1If $ << 1, the first power terms may also be deleted. The result is
the remarkable form

BYT(T;T,,T) = (9%/2)[Ba + BBT, + AcT?] = (42/2)AC3(T,). (28)

From equation 27 one can readily deduce that the approximation represented by
equation 28 would be improved by inclusion of a term of the form (1 + gqb) with
qs 1:

BT T, ) = (62/2)(1 + qd)AC(T,). (29)

The import of equations 28 and 29 is especially noteworthy. From a wvalue of
Acgat one temperature Tx’ values for AY°(T;TX,TX) can be calculated for any

temperature T over a range which remains to be defined. It also bears
repeating that equation 26 is rigorous; the only "approximation” lies in the
degree to which the widely used algebraic expression for AC; reproduces

experimental data.
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To obtain information about the temperature range over which equations 28
and 29 are adequate approximations, calculations have been made (11) over the
range 800 + 2,100 K, with Ty = 1,300 K, for the reaction

2 Al(g) + 1.5 Oz(g) > A1203(S,CC),

which was chosen because reliable data are available and because Acg is rela-

tively large. A sample of the results is given in table 1 as values of the
change in rational standard Planck function AY°(T;TX,TX)/R (2) calculated from

equations 26, 28, and 29 and from data in the JANAF tables. Heat capacities
for 0, and Al,053 from Kubachewski, Evans, and Alcock (14) were combined with
€, = 5R/2 for Al(g)(3-6) to obtain AC, = 4.80 + 2.75N3 T -6.02P5 T~2 (9)°.

Entries in the column headed "From Y°(®;T,#)" were calculated (8) from val-
ues of Y°(€;T,®) (that is, from values of the "free energy function,”
[G°(T) - H°(298.15K)]/T, values of $°(1,300 K), and values of H°(1,300 K; %)
= H°(1,300 K) - H°(298.15 K), from the JANAF Tables (3-6). This column is in-
cluded solely to provide confirmation for the results from equation 26; dif-
ferences in these two columns arise from the inability of a simple three-
parameter equation to produce faithfully the variations of C; over a wide

32.75N3 = 2.75%1073; 6.02P5 = 6.02x105.

TABLE 1. - AY“(T;TX,TX)/R for 2 Al(g) + 1.5 05(g) * A1203(s,a), by various methods

AY°(T;1,300 K, 1,300 KI/R Ay (T,E,E1/R
Eq. 29°
From From
T/K ¢a Eq 28a q=0.6 |[gk=1.0 } Eg. 26a Y“(T;E,ﬂ)b Eq. 4° YoUT;E,8)
800 -0.62500 0.788 0.493 0.295 .518 0.539 0.416 0.416
900 - 44444 399 .2927 221 .291 300 == -
1,000 -.30000 .182 . 149 127 . 145 149 729 .755
1,200 -,08333 0140 L0133 .0128 L0131 013 1,055 1,105
1,400 +.07143 0103 L0107 L0110 0110 011 1,379 1,450
1,600 +,18750 0710 ,0790 L0840 ,0845 .085 1,698 1.784
1,800 +.277178 155 . 182 . 199 .204 2203 2,009 2.105
2,100 +.38095 +293 »360 2405 436 427 - -
aTx = 1,300 K.
b,

Data for Y°(T;E,#) from JANAF Tables.
CTx = 298,15 K = &.
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temperature range. This is further illustrated in the last two columns of the
table, where T, is taken as 298.15 K = ¥ rather than the value 1,300 K used

in the remainder of the table; there is a consistently increasing discrepancy
between values obtained from ACS, equation 26, and values obtained from data

in the JANAF Tables (last column). It should be noted that results (omitted
from table 1) of calculations using equation 25 agree exactly with those using
equation 26, as expected.

Exploration of the new equations 26, 27, 28, and 29 has been limited, but
several guides to their use may be offered: 1. Equation 26 is rigorous and
may be used over any temperature range for which Aa, Ab, and Ac are valid. 2,
The approximations given by equations 28 and 29 are poor for $ > +0.5. There-
fore, these approximate forms should not be used in correcting high-tempera-
ture data to 298.15 K; for TX = ¥ and = 600 K, ¢ = (600 - 298)/600 =
0.503, and for T, fixed and T > T,, ¢ increases as T increases. 3. The
approximations given by equations 28 and 29 are inappropriate if AC? changes
sign between T, and T; for example, for the reaction given above, AB; = -1.16

at 298.15 K and +6.95 at 1,000 K. 4. The approximation of equation 28
appears to be valid within 20.05 (or 0.1 cal/K) over -0.3 < ¢ < 0.3, but note
that, stated in this form, the error in the approximation depends on the
magnitude of ACE(TX). 5. The approximation of equation 29, with q = 0.6,

appears to be valid within *0.03 (or #0.06 cal/K) over -0.6 < ¢ < 0.3, but see
the note under 4. 6. It appears that the approximation of equation 29 can be
further improved for positive values of ¢ by taking q = 0.6 for ¢ < 0 and g =
1.0 for ¢ > 0.

The approximations for AY°(T;TX,TX) provided by equations 28 and 29

should be especially useful in evaluating AH°(TX) and AS°(TX) from 1n X for
reactions for which AC; is not known. The availability of equation 24, with
AY°(T;TX,TX )} provided by equation 28 or 29, makes unnecessary the resort to

plotting "uncorrected” 1n K versus 1/T and the subsequent ambiguity (12) about
the temperature to which the derived AH® applies. With equations 24 and 28 or
29 one may have to estimate AC] at Tx’ but there is no ambiguity in what is
done; further, the probable range of error in the estimated wvalue of AC§ and
the resultant error in AH°(TX) can be evaluated on a rational basis.

Finally, I would add that after the initial note (11) describing these
equations had been submitted, I learned from Professor C. B. Alcock, in pri-
vate comnversation, that he has developed and described (1, 13) some related
equations for calculating the error made in using the approximation AG°(T) =
A°(®) - T AS°(®) rather than the correct version:

AG°(T) = AH°(T) - T AS°(T).

The nature of the error in this approximation is made clear if, in equation
13, one takes AY®(T) = -AG°(T)/T and Th =T°% = §:

AY(T;&,%) = -AG°(T)/T~ AS°(&) + AH°(®)/T.
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Multiplication by T and rearrangement produces
AG®(T) = AA°(E) - T AS®(®) — T*AY°(T;&,®8).

Hence, the approximation discussed by Alcock is a straightforward result of
assuming AY°(T;®,¥) = 0, that is, ACS = 0, and the error in the approxima-

tion, Te*AY°(T:€,E) , may be evaluated readily from equations 26, 28, and
29, which are appreciably more convenient than those described by Alcock.
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DISCUSSION

R. N. Goldberg: What effects would changes in the numerical value of the gas
constant, R, have on the values of the thermodynamic functiong?

R. D. Freeman: I don't think that is really a problem. I will tell you why.
Regardless of how you tabulate the data (that is, in conventional or in ration-
al form), you have to use R. 1If you tabulate data in rational form, R is not
used in obtaining values from partition functions, but it is used in converting
experimental C, and enthalpy data to the rational form. If you tabulate
thermodynamic data in conventional form, R is not used with experimental data,
but is required for conversion of statistical-mechanical values to dimensioned
form. So, in a set of tables - the total compilation - you have to use R one
way or another. The question is, for those statistical quantities that you get
from the partition function, do you multiply those by R, or do you divide
experimental heat capacity and enthalpy data by R? Either way, you have to use
R in one place or another. You can't get away from it. The other part of the
answer is that whoever puts R into a set of tables should state what the value
of R is so that the original experimental data can be reacquired.

Anonymous: In your first slide, you talked about conversion from atmosphere,
and you left calories in. I was wondering why.

R. D. Freeman: The reason I did it on the slides was because 1 thought more
pecple are familiar with the calorie. In the paper on adoption of the bar
(High Temperature Science, v. 11, No. 2,1979, pp. 73-79), I gave the error in
both calories and joules.

Anonymous: Would you elaborate on your functional notation.

R. D. Freeman: The first symbol in the parentheses is an independent variable,
and then you have a semicolon followed by the two constant parameters which
describe a particular one of that family of functions. That is typical mathe-
matical notation; to separate constant parameters from independent wvariables
with a semicolon. Are we not in agreement? I thought we were saying the same
thing.
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SECTION 6.- HETEROGENEOUS PHASE EQUILIBRIA

THERMOCHEMICAL MEASUREMENTS OF GAS-SOLID
REACTIONS PROPOSED FOR CHEMICAL HEAT PUMPS!

by

Robert W. Carling2

ABSTRACT

An apparatus has been assembled to measure pressure—temperature relation-
ships and derive reaction energies for reactions of the type

saltenL(s)isaltemL{s) + (n-m) L(g),

where L is water, ammonia, or methanol. These reactions have been proposed for
use in chemical heat pump systems. A chemical heat pump performs all the func-
tions of a conventional electric heat pump; however, solar energy is combined
with energies of chemical reactions to replace electricity regquirements.

One problem is the scarcity of pertinent thermochemical information to
assist in selecting chemicals for use in a chemical heat pump system, and the
apparatus discussed in this paper provides a convenient means for generating the
information. Incorporated in this apparatus is a sensitive cantilever balance.
This balance 1is used to prepare salt samples in situ so that the stoichiometry
of the salt hydrate, ammoniate, or methanolate is known prior to the pressure
measurements. A detalled description of the apparatus is given in addition to
results on a system that has been studied in this apparatus: CaCl,°nNH3 (where n
=8, 4, 2, or 1).

INTRODUCTION

A chemical heat pump is similar to existing heat pumps in that it is used
for heating and cooling applications in homes or industry. However, presently
available heat pumps are driven by electricity, whereas a chemical heat pump is
driven by solar energy. The chemical heat pump can perform all of the functions
of a conventional electric heat pump only without the need for electricity. In

Work supported by U.S Department of Energy under contract AT(29-1)-789.
25andia Laboratories, Livermore, Calif.
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lieu of electrical energy, one harnesses the energy available in the chemicals
stored in a chemical heat pump.

Present configurations of chemical heat pumps harness the energy available
by employing reversible chemical reactions. The majority of the present chemi-
cal reactions proposed are gas-solid reactions of the type

MXen L{s)Z MX*m L(s) + (n-m) L(g), (1)

where MX is a salt and L is a ligand such as water, ammonia, or methanol(2)3.
In such a system, solar energy is used to drive the above reaction in the
forward direction. The gas generated is condensed and stored within the
chemical heat pump. To recover the energy at night or on cloudy days, the
reaction 1is Treversed.

Addressed 1in this paper are the pressure-temperature relationships and
heats of reaction in the following CaCl,-NH3 reactions 2-5:

CaCl,*8NH3(s)¥CaCly*4NH3(s) + 4NH3(g) (2)
CaCl,*4NH3(s)2CaCl,*2NH3(s) + 2NH;3(g) (3)
CaCl,*2NH3(s)<CaCly*NH3(s) + NH3(g) (4)

CaCl,*NH3(s)%CaCly(s) + NH3z(g). (5)

Although it is theoretically possible to use any of the above reactions in a
chemical heat pump, reaction 2 has been of particular interest (5). Unfortu-
nately, the pressure-temperature data existing for the above reactions are
either very old, of uncertain quality, or incomplete. For these reasons, a
decomposition pressure apparatus has been built in which the starting materials
can be prepared in situ and the pressure-temperature data taken. A complete
description of the experimental setup is presented in this paper, along with the
experimental results.

EXPERIMENTAL WORK

The apparatus will be described in the first part of this section. The
second part will describe the interface between the desk-top calculator and the
pressure measurement system. The final part documents the sample preparation
procedures.

CaCl,-NH; Experimental System

For the CaCl,-NHjy system, a pressure measurement system was designed in

3Underlined numbers in parentheses refer to items in the list of references at
the end of this paper.
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order to determine the sample stoichiometry independent of the measured decompo-
sition pressure while retaining the ability to prepare salts in situ. This
system incorporated a balance into the pressure measurement system. This bal-
ance is similar to an idea used in another application (1). A cross—sectional
view of the balance is shown in figure 1. A schematic of the overall system is
illustrated in figure 2.

The balance used a 2-mm quartz glass rod (A in figure 1) which acted as a

cantilever. The salt was placed in a platinum dish (B) suspended from one end
of the glass rod. As weight was lost or gained by the salt, the rod moved up or
down. This motion was followed by employing a displacement gage. The system

operates on the eddy—-current principle. As the distance between the conductive
surface (gold foil, D) and the displacement gage sensor (C) changes, more or
fewer eddy currents are generated. The impedance variatiouns produced are con-—
verted to dec voltage proportional to the distance being sensed.” Output from
the sensor was read using a Hewlett-Packard 3455A digital voltmeter. The range
of the sensor in the system was 0 to 1.3 mm. Calibration of the sensor with
known weights indicated a sensitivity of about 5 uV g“l.

The constant-temperature bath was insulated and contained Dow Corning 550
0il as the bath fluid. The pump (to stir the bath), bath heater, and thermostat
were contained within one unit, a Thermomix 1480 made by B. Braun Melsungen AG
of West Germany. The bath temperature controller and the fluid were both cap-
able of temperatures to 523 K. The temperature of the bath could be held con-
stant within a variation of *0.05 K. A copper cooling coil was used to cool the
bath when needed. A thermocouple (Chromel-Alumel, type K) was held just below
the platinum sample container. The output from the thermccouple went to a
Hewlett—Packard 3455A digital voltmeter and was recorded using a Hewlett-Packard
9825A desk-top calculator.

To measure the decouposition pressure of the salts, a differential capaci-
tance manometer (MKS Instruments, Inc., Baratron head type 310BH) was used with
a range of 0 to 10,000 torr. The output from the manometer went to an electron-
ics unit (MKS Instruments, 170M-6B) and then to a digital readout unit (MKS
Instruments, 170M-25C) to provide pressure readings in units of torr. In order
to record the pressure data on the desk~top calculator, an interface was requir-
ed between the calculator and the digital readout. The interface was a Fair-
child model 4883 instrument coupler. The bath temperature controller was moni-
tored by the desk-top calculator via a Hewlett-Packard 6940B multiprogramer.
Details of the control system and data collection procedure are presented in the
next section.

Control and Data Acquisition System

The calculator control system was designed so that the HP 9825 calculator
would control the entire experiment. That is, not only was the calculator to
collect data, it was also to control the bath temperature, determine when

A supplier for such equipment is: Kaman Sciences Corporation, 1500 Garden of
the Gods Road, Colorado Springs, Colo. 80933.

A
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pressure equilibrium had been reached, and then proceed to a new bath tempera-
ture for the mnext pressure wmeasurement.

The link between the bath temperature controller and the calculator was a
Hewlett-Packard 6940B multiprogramer. The multiprogramer mainframe holds plug-
in cards that can be used for a variety of purposes including controlling a
constant—temperature bath. In this case a Hewlett-Packard 69513A resistance
output card provided known resistances to the Thermomix 1480 controller in the
constant—temperature  bath. The multiprogramer was cabled to the calculator
using a Hewlett-Packard 98032A Option 040 1lo6-bit interface kit. The calculator
was programed to ask the operator for initial bath temperature (T;), final
bath temperature (Tf), and the change in temperature (&T) desired between each
pressure—~temperature equilibrium point.

Once T;, T¢, and BT had been determined, the calculator then needed to
know what it should consider equilibrium to be. In this system, temperature

equilibria were always reached well before pressure equilibria. Therefore, the
operator had to decide what the pressure equilibria conditions were to be.
Pressure equilibria were dependent on two factors: time between pressure read-
ings (time interval) and the percentage change of pressure during the time in-
terval. Typical time intervals in this study wvalues were 10, 20, 30, and 60
min. Once the programed temperature had been reached, a reading of time, temp-
erature, and pressure was recorded on paper tape by the calculator. The imitial
pressure was the first reference pressure. After waiting the time interval
programed, time, temperature and pressure were recorded again. 1If the pressure
had changed by less than the percentage change programed (the default was 1 pct
over the time interval programed), then the calculator recorded that equilibrium
had been reached and then increased the bath temperature by AT. If the pressure
change was larger than the percentage change programed, the most recently recor-
ded pressure became the new reference pressure and the calculator waited the
time interval before looking for pressure equilibrium again. This process was
continued until pressure equilibrium had been reached at Ty, at which time the
experiment was concluded. A flow chart for the experimental procedure is shown
in figure 3.

Sample Preparation

Starting material for the CaClp-NH3 system was purchased from Alfa Division

of Ventron Corp. The salt obtained was CaCle2H20 labeled as analytical reag-
ent.

Calcium chloride dihydrate was weighed, dried in vacuo at 423 K for 24
hours, and reweighed after cooling in a desiccator. The weight loss indicated
the starting material to have a composition of CaCl2e¢2.2H20. The sample was
then transferred, in air, to the pressure measurement apparatus. Reweighing the
salt on the balance incorporated in the pressure measurement apparatus indicated
a negligible weight change. The system was evacuated overnight to remove air
and any water that might have adsorbed on the salt. To prepare the ammoniate,
ammonia (Matheson, labeled anhydrous) was then introduced into the system. The
ammonia pressure in the line was adjusted to about 310 torr. Lower

4
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ammoniates of calcium chloride were prepared in situ by vacuum pumping on the
high-ammoniate salt and watching the weight loss on the balance. Preparation of
CaCly*2WH3 and CaCly*NH3 required heating of the salt in addition to pumping.

RESULTS AND DISCUSSION

The results of the dissociation pressure measurements for CaCl,*8NH3,
CaCl,*4NH3, CaCl,*2NH3, and CaClo*NHy are illustrated in figure 4. A least-
squares fit of the equilibrium data for each sample yielded the following equa-
tions

1n P (torr) = (23.33 % 0.12) - (50.6 * 0.4)102 771 (6)
In P (torr) = (22.71 * 0.13) - (50.5 * 0.4)102 T~! (7)
1n P (torr) = (25.13 % 0.26) - (8l.4 * 1.0)102 77! (8)
In P (torr) = (26.05 * 0.30) - (94.0 * 1.2)102 77! (9)

for reactions 2, 3, 4, and 5, respectively. The equations are valid over the
temperature ranges of the experimental data. Enthalpies of dissociation were
caleculated at the average temperature of each series of pressure—temperature
data and are presented in table 1 along with previously reported values. The
previously reported values were cbtained from three sources: the International
Critical Tables (ICT)(6), Huttig (4), and a Martin Marietta Corp. report (3).

TABLE 1. - Enthalpies of dissociation for CaCl,~NH;, kcal mole_lNHg

-l“ AHT 1

K
Reactant This work Washburn(6) Hittig(4) Hall(3)
CaCl,*8NH3 313.93 10.06%0.07 9.8 9.8 10.1
CaCly *4NH 325.22  10.04* .08 10.1 10.1 11.1
CaCl,*2NH 4 394.81 16.2 £ .2 15.1 15.2 12.8
CaClz'NH3 412.08 18.7 * .2 16.5 17.0 12.6

1Errors are standard deviations.

The enthalpies of dissociation of CaCl,*8NH3 and CaCl,*4NH3 from this work
agree with those of all investigators and need not be discussed further. How-
ever, the enthalpies of dissociation of CaCl,*2NH; and CaCl,*NH3; do not agree
and require discussion. The data quoted in ICT for the two lower ammoniates are
derived from the work of Hittig. The reason for the discrepancies is not clear.
The wvalues for AHdiss found in Hittig's paper were apparently obtained from a

publication dated before 1900 in which solution calorimetry was used to determine
AHdiss' The quality of the work is uncertain. It is still unclear how ICT
arrived at their values of AHdiss' Fitting the ICT data to a straight line gives

values of BH = 14.8 keal mol™} NH3 for CaCl,*2NHgz and AHg; . = 19.4 keal

diss

y
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mole™ ! NH; for CaCl,*NH3. These values do not agree with those presented in
table 1. The ICT values may be derived from a graphical best fit of the data
and, therefore, differ from the computer—-generated best fit derived above.

The enthalpies of dissociation reported by Martin Marietta Corp. (3) were
obtained by using differential thermal analysis (DTA). The results suffer
because of the nature of DTA analyses. Data from DTA analyses are not taken
under equilibrium conditions, whereas the data obtained in this work were.
The reason AHy; ., of CaCl,*8NHj3 and CaCl,*4NHj agree fairly well is probably

due to the much faster equilibration times of the higher two ammoniates com-—
pared with CaCl,*2NHg and CaCl,*NHg.  Pressure equilibrium times for CaClp*
8NH5 and CaCl,*4NHj were about 4 hours. TFor CaCl,*2NHj and CaCly*NH; typical
equilibrium times averaged about 24 hours when the temperature was increased.
However, on decreasing temperature, it was not possible to return to previous-—
ly recorded pressure readings even after several days. In fact it was not
possible to establish reliable equilibrium pressure values below about 340 K
for CaClyp*2NHj3 and 350 K for CaCl,°NHjy; the pressures were too high. Even by
reducing the temperature to, say, 300 K and pumping off "unequilibrated” ammo-
nia, it was not possible to obtain reliable data. The lower temperature data
obtained on cooling were scattered, unreproducible, and did not fall on an
extrapolated line obtained from the higher temperature data; therefore, these
data were mnot used to derive equilibrium values for the pressure-temperature
curves and the resultant enthalpies of reaction.

SUMMARY

This paper has described the development of an experimental system in
which materials proposed for chemical heat pump applications can be reliably
prepared. Once prepared, pressure—temperature data can be obtained over large
temperature (293 to 523 K) and pressure (1073 to 10,000 torr) ranges. The
entire experiment is controlled and data are recorded using a desk—top calcu-
lator.

Dissociation pressure measurements have been made on the CaCl,-NHj sys-
tem, and enthalpies of dissociation of the calcium chloride ammoniates have
been determined; they are 10.06 * 0.07, 10.04 * 0.08, 16.2 * 0.2, and 18.7 %
0.2 keal mole™! NHj for CaCl,*8NH;, CaCl,*4NH3;, CaCl,*2NH;, and CaCl,* NH 5 ,
respectively. These data confirm previously reported values of AHdiss for
CaCl,*8NH3 and CaCly*4Nil3 and establish reliable values for CaCl,*2NH3; and
CaCl,*NH;.
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DISCUSSION

L. D. Hansen: How do you know that you have only two pure phases in the sys-—
tem?

R. W. Carling: Oh, wyou do, you have to. You will always have a mixture of
two salts plus the vapor phase. At any one temperature the pressure remains
constant when twe salts and one gas are present.

M. W. Chase: Can you do the same for calcium and water?
R. W. Carling: There is no 8-hydrate. There are 6-, 4-, 2-, and 1-. You

could do the same study. The hydrate system that has been of a real interest
is magnesium chloride-water, which 1is a bad actor because of hydrolysis.
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DIFFERENTTAL MASS SPECTROMETRY USING EFFUSION CELLS FOR
ACTIVITY MEASUREMENTS IN COMPLEX LIQUID OXIDE MIXTURES

by

Michel Allibert! and Christian Chatillon®

ABSTRACT

Based on a very recent experience with more than seven binary or termary
oxide systems, the general feature of the differential mass spectrometry is
presented. The special interest of this technique for complex oxide mixtures
is outlined. A tentative definition of its operating range, accuracy, and
reliability is made from experimental results. The emphasis is placed on
problems related to mass spectrometry on effusion cells and physicochemical
interactions between the cells and the liquids studied. The corresponding
technical solutions developed by the authors at the University of Grenoble
(France) are described. The given examples illustrate specifically the deter—
mination of 1liquid oxide activity as well as the measurements of the Gibbs
energy of formation of solid stoichiometric compounds at high temperatures.

INTRODUCTION

The differential measurement using a mass spectrometer coupled to several
effusion cells is not a new method for activity determination in inorganic
mixtures (4, 1§)2. However, it has not been extensively used until recently,
perhaps because of its apparent technological complexity (13), but more surely
because it is a demanding technique, the disadvantage of which can only be
compensated for by the certainty of a wide measurement range and a sufficient
accuracy. During the past vyears we focused our attention on the effusion
cells and we found that many problems originated here and not from differen-
tial measurements or even mass spectrometry. Moreover, the ability of making
comparisons provides an easy way to analyse the physicochemical behavior of

the effusion cell-system wunder investigation. An attempt to define the
accuracy and limit of differential mass spectrometry can be made from the
results we obtained on liquid oxides and liquid alloys. The examples

illustrating our point of view are taken from our work with liquid oxides.

liaboratoire de Thermodynamique et Physicochimie Mé&tallurgique, ENSEEG =
Domaine Universitaire, S5t. Martin D'Heres, France.

2Underlined numbers in parentheses refer to items in the list of references at
the end of this paper.
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GENERAL FFEATURES OF DIFFERENTIAL MASS SPECTROMETRY

Although several types of mass spectrometers can be used for thermodynam-
ic studies with effusion cells, the description of our assembly illustrates
the principles involved in the present investigation. If required, a detailed
base can be found in books related to mass spectrometry with emphasis placed
on oxides (6) or on evaporation and effusion cells (16). The progress of the
technique could be followed in the series "Advances in Mass Spectrometry” (12,
19, 22).

Principles of Differential Mass Spectrometry

Fundamental Relationship

As schematically shown in figure 1, the mixture for which a measurement
is needed 1is put in an effusion cell and heated under wvacuum. The studied
condensed phases are partially decomposed, giving gases, a part of which is
allowed to escape the cell by effusion through a little orifice. The escaping
gaseous species make up a molecular beam (without collisions) defined by a
diaphragm-set and submitted to electron bombardment. The ions produced are
accelerated by an electric field and scattered by a magnetic prism depending
on their mass over charge ratio. The resulting ionic current Ii’ for a given

gaseous species i, is measured after amplification by a secondary electron
multiplier. Such a chain leads to a simple relationship between the 1lonic

current I , the cell temperature T, and the partial pressure Pi of the gaseous
i

gpecies at equilibrium with the condensed phases in the effusion cell:

P. xS, =1, x T, (D

where S5; 1s the apparatus sensitivity with respect to the gaseous species i.
This factor depends on the physical properties of i and on the apparatus de-
sign, so that the partial pressure P; cannot be obtained without calibration.

Calibration by Differential Measurements

The calibration or elimination of §; can be achieved by comparing the

ionic intensities of the same gaseous species over two effusion cells, so that

P, I, T 5
55 T 5 X o oX 3 (2)
P IS T 85

where the superscript o designates a cell arbitrarily taken as a reference.
When these two cells are present simultaneously in the same furnace and sub-
mitted to measurements under the same conditions (geometrically and electron-
ically identical), the sensitivity as well as the temperature are eliminated,
giving

A
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Activity Measurements

Assuming that the condensed species and the gaseous species are at equi-
librium in the effusion cell, the activity of a given condensed speciescan be
deduced from the ionic intensity measurements as shown in the following exam-
ples. 1In the CaF;-Ca0-Aly03 slag study (1) the CaF, and Ca0 activities were
deduced from the equilibria:

(Can) hd Can (4)

{Ca0> + AlF + CaF, * ALOF + 2CaF (5
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where ( ) and < > designate the liquid and the solid state respectively. From
this,

IC8F2
a(Can) = Io 2 (6)
CaF2
and
2 2 ¢
a<Cany = IAlOF X ICaF IAl F x ICaF__ . (7)
Iair x Icar Iy x Lear

Advantages of Differential Mass Spectrometry

The operating pressure range of mass spectrometry 1is large enough to
allow measurements to be performed simultaneously on several gaseous species,
the relative partial pressure of which ranges from 1 to 10°.  This potential
for measuring activities of several components in complex mixtures is quite
unique in physical chemistry. Such an advantage becomes specially important
when studying multicomponent melts for which the Gibbs-Duhem integration tech-
nique 1is increasingly inaccurate and awkward to use as the number of compon-
ents becomes higher.

Furthermore, because oxides decompose and give various gasecous species
for a single condensed one, the amount of information collected by a mass
spectrometer is great, increasing its advantage over other classical methods
of activity measurement. A good example of this abundance of information is
given in the study of the Gajz03 - Gd,03 system (3) where the Ga,03 activity
could be deduced from 10 different equilibria between <Ga,03> and the gaseous
species: 0, Ga, Ga,y0, Ga0, and Gay0,. This provides a cross—checking of the
measured data and facilitates error detection.

Limitations and Identified Sources of Errors

General Limitations

As seen previously, the application of differential mass spectrometry
relies on several assumptions, and every deviation from the conditions for
which theory are valid creates errors and thus defines limits (as far as the
operating conditions can be analyzed in terms of fulfilled conditions).

A typical figure for the activity accuracy is 1 to 5 pct, but there is no
fundmental reason that prevents this being dimproved and becoming commonly
better than 1 pct. Some usual sources of error for such measurements are
presented in table 1.
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TABLE 1.

- General limitations for mass spectrometry

Limits

Limiting factor

Observations

Pressure, 10™3 atm.
Pressure, 10710 atm.

Temperature differ-

ence between 2
cells.

Molecular beanm
sampling.

Irreversible evapor-
ation and gas flow.

Compositional changes.

Relative volatility
(109).

Interactions with ef-
fusion cell (10).

Stability and repro-
ducibility of
measurements.

Molecular flow.
Poor ionization efficiency.

Enthalpy of vaporization:

20¢ B2/2 ¢ 40,
AT/T

Molecular species coming from
outside the effusion cell
(10).

Apparent evaporation coeffi-
cient (6, 20},

a¢l for liquids, to

~1073 for solids.

Selectivity of effusion pro-
cess. Changes towards
congruency (10).

Sensitivity of the apparatus.
Mass interferences.

Chemical interaction.
ing out. Diffusion.

Creep-

Depends on apparatus design.
Electronic stability is not
a problem for differential
measurements.

Could be improved
depending on
technology (1
atm?).

o-17

Isothermal conditions
by heat pipes (7)
at low temperatUres

(T < 1,500 K).

Use of cold diaphragm
set (9).

Motzfeldt approxima-
tion P=F meas.

(1482
A
C Clausing factor

a effusion area
A evaporation area

Related to an upper
pressure limit
(~107"% atm).

Becomes important at
high temperatures
{1,500 to 2,500 K).
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Reading and Tuning Errors

A reading error for ionic intensities could result in improper tuning or
in the impossibility of identifying the nature of a change. An estimate of
this kind of stochastic error has been made for our mass spectrometer (Nuclide
90 H.T.) during a campaign of measurements on Ca0*Al,03(15) and CaO*Mg0+Al,04
(2) systems. The results reported in figure 2 show a steep precision change
when the partial pressure of the studied gaseous species drops below 1078 atm.
Under this limit, the lack of accuracy seems excessive (26 pct). TIn fact a
certain compensation of errors occurs during a comparative measurement. This

40

NS
I.‘,/

v

30l O 1960KCa Mg

O
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0 -8 -6 “4 1ogR

FIGURE 2. - Relative reading error as a function of partial pressure of the measured species.
Vertical lines indicate actual measurement ranges for CaO-Al,0, liquids at2,060 K
and Ca0-Mg0-Al,0, liquids at 1,960 K.
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eliminates partially some systematic errors and explains the unexpected rela-
tive quality of the measurements down to 10710 atm as well as the possibility
of measurement of enthalpy of mixing. This latter property is very difficult
to measure by mass spectrometry because the usual precision on enthalpy of
vaporization or atomization is considered to be about *4 or *8 kJ/mole. How-
ever, in some exceptional cases (Ag-Ge alloys), the differential technique
gives the partial enthalpy of mixing within *1 kJ/mole (16). A precise knowl-
edge of temperature could greatly improve such measurements (21).

The almost systematic use of complex equilibria, such as equation 35,
instead of more direct measurements, such as equation 4, is an important accu-
racy limiting factor for oxides and salts because it is almost impossible to
find conditions under which the accuracy is good for all the gaseous species

involved. However, the control of one species in the gaseous phase gives a
new degree of freedom to improve the activity determination using complex
equilibra. It was one of the reasons that led us to use an oxygen pressure

monitoring system.

An estimate of the reading precision as a function of oxygen pressure is
reported in figure 3 for a hypothetical Al,03 activity measurement using vari-
ous equilibria such as

v T 1 | 1 |
>
e Al +O - 2AI0, (8 -
ST 203 2
e
@)
© P 1+
™M cC
<
C P - é
C | Al,03+AI0 — 4AIO (10 s
o E®)
g - Al503 *Al = 3AIO (11 15
B

log Poatm-8 -7 -6 -5

FIGURE 3. - Calculated reading error for AlLO, activity measurements using various types of
equilibrium between gaseous species and the condensed Al,0,. The error depends
on the oxygen potential in the effusion cell.
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<Al,03> + 0 * 2A10,, (8)
<Al,03> *+ Al,0 + 20, (9)
<Al,03> + Al,0 » 4A10, (10)
<Al,03> + AL * 3Al0. (11)

Cold Diaphragm and Furnace Motion

As already described (11), the solution we adopted to maintain the equal-
ity of Si over several cells is to position them 1in succession in front of a

single diaphragm-set (9). Thus the solid angle under which the inside of
effusion cells is "seen" by the source is always the same and therefore inde-
pendent of the effusion orifice size. This requires a very precise and repro-
ducible positioning of each cell so that the effusion orifice diameter is not
increased too much to obtain the same sensitivity, and affecting the reversi-
bility of the vaporization process.

Figure 4 presents a convincing example of the importance of avoiding the
ionization of species coming from outside the effusion cell. The molecular
emissivity profile presented in this figure was obtained by moving the cell in
front of the diaphragm-set. Because of fthe thickness of the area "seen" by
the source, the intensity recorded does not exhibit chaenges as steep as they
are for the molecular emissivity itself. However, it is obviocus that, without
the help of a cold diaphragm-set, the measurement error would have been catas-
trophically high, especially for aluminum. The same kind of behavior was
found for a solid Tiz0g study where emissivity, referred to the effusion ori-
fice emissivity, was < 1 pect for TiO,, 3 pet for TiO, 11 pet for 0 and 15 pct
for Ti.

In some cases, the gaseous species coming into the ion source cannot be
completely condensed at room temperature or source temperature. A background
appears depending on the residence time of the species in the ionization area;
that is, on the source design and the pumping system. Using a liquid nitrogen
trap as source diaphragm and source envelope was confirmed to be a good solu-
tion for avoiding the Sb,0g background during a study in progress on Sby03.
This particular technique is not effective for N; or 0, or other permanent
gases, and the quality of O or 0, pressure measurement could also be a limit-
ing factor in oxide studies.

Irreversibility and Reference

In differential mass spectrometry, the apparatus calibration is made by
using reference cells containing one or several components in a state that can
be used as a reference state for activity or Gibbs energy determinations. For
oxides this state is often the solid state even when the measurements are made
on liquid mixtures. A multiphase reference is usually preferable because of
the diffusion and evaporation problems with solids (6). A liquid phase en-
sures a good mass transport and a high evaporation coefficient (1). However,
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other examples can be found, such as the use of an Al,0j-saturated mixture
rich in CaF, as reference in our study of the CaF,-Ca0-Al;043 system. This
reference cell exibited an irreversible behavior resulting in an apparent
lowering of Al,03 activity (which ought to be unity) by a factor as high as
5,000 in sgome cases. This could be due to the high CaF, activity in the
liquid phase and the high seclid-alumina-over-liquid ratio. The solid alumina
was probably not well wetted by the liquid because of the reaction taking
place between the two phases. This reaction was also occurring between the
gaseous CaF, and the solid alumina, as confirmed by a decrease of CaF, pres-—
sure while the AlF pressure was increasing. The extremely low AIOF pressure
could, with the previous observation, justify the assumption of reactions such
as

<Al903> + 3CaF, * 3<{Ca0> + 2AlF; (12)
and
<Al,03> + 4CaF » 3<Ca0> + CaFy + 2A1F {13)
replacing
<Al,03> + AlF + 2CaF, * 3A10F + 2CaF. (14)

The strong interaction between lime and alumina is sufficient to give a very
low Ca0 activity at the alumina surface because of Ca diffusion and formation
of the Ca0-Al;03 compounds as already observed (1l4). This diffusion removes
continuously the gaseous CaF, according to reaction 12.

The differential measurement provides a way of making a comparison be-
tween cells which are capable of various, but unknown, irreversible behavior.
The choice of a proper cell design can be made after such a comparison has
been made. An example of this is presented in figure 5 with TiNy in seven
cells with an A-Ca ratio ranging from 50 to 710, corresponding to an effusion
orifice diameter of 1.2 mm for an inner cell diameter from 9 to 32 mm. In this
example, the irreversibility was due to surface depletion in solid TiNy (study
in progress).

SPECTIFIC FEATURES OF OXIDE MELTS

Although the previous discussion was illustrated by examples on oxide
mixtures, the main character of oxygen was not really outlined. It lies in
the multiple degree of oxidation of elements, either in the gaseous state or
in both gaseous and condensed ones. But it also resides in some technical
difficulties or facilities related to 0, pressure control and measurement.

Gaseous Species

Complex Gaseous Species

When the total pressure of volatile species and the oxygen potential are
high enough, many oxides give complex gaseous molecules in addition to single
elements. This gives a special advantage to mass spectrometry because it
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increases the amount of information about the condensed species producing
these molecules. Furthermotre, when the system under investigation 1s complex
{three components or more), numerous mixed molecules can appear, again
favoring mass spectrometry. As shown in table 2, there is a difference
between the capabilities and the actual measurements; however, it is possible
that this difference could be overcome.

Among the difficulties accounting for this difference is the fragmenta-
tion of complex molecules for a single ion. This problem is avoided by oper-
ating under different electron potentials in the ionizing electrom beam, de-
pending on the observed molecule. This is possible because the differential
technique provides an immediate calibration of the apparatus, whatever the
electronic conditions are. Some actual examples are reported in table 3.

Another problem arises with the complex molecules when the pressure is
low because of the low encounter probability of the atoms making up such mole-
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TABLE 2. - Practical and theoretical possibilities for mass spectrometry
measurements '
Other
Gaseous Possible
Temperature, Species Gascous
System K Used Species Observations
Ca0-Al,04 2,060 Ca-Al1-0 Ca0, Al,0- Mass interference
A10-Al150,- Fe56; T and P02
AlQ,. too low.
Mg0-Ca0-Al ,0, 1,960 Mg-Ca-0 Mg0 Mass interference
Ca40; T and P
2
too low.
CaF ,—Ca0-Al ,04 1,700 CaF y~CaF- - Fragmentation,
AlF, AIOF creeping out.
Cr 50 3—Ca0~-Al ;04 2,100 Cr-Ca-Al, Cr03-0, Degree of oxida-
Cr0-Cr0y- tion of crucible.
Al,50
CaO—Tian—TiOz 2,100 Ti"TiO—TiOz —-———- Do.
Ca-0
Ga 5043-Gd 5,04 2,000 Ga-0-Ga,0, Gaq04 Ga303 observed at
Ga0-Ga 509 the sensitivity
limit.
LiReC,-CsRe0,, 700 (LiRe0,) 5, ———— Fragmentation.
(CSREOH)z,
LiCs(Rqu)2
In,04 1,500 In-In0-In,0-0,f —-——- 302 controlled by
electrochemical
cell.

ITaken from studies made at the Laboratoire de Thermodynamique et Physico-
chimie Métallurgique, Grenoble, France.
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TABLE 3. — Examples of operating potential for the ionizing electrons
» Appearance Operating
Observed potential potential Parent gaseous
ion (volts) (volts) | specie

Cart 6 11 G.F

CaF™* 12.5 41 G.F,(100 pct)

AlFt 10 16 ALF

AloF+ 10.5 26 A10F

Int 5.5 8.8 In (only)

Int 9.5 -—- Iny0

Inot 13.3 23 In0

In,0F 8.4 23 In,0

+

0 13 17 0 cell

ot 17.5 - 0, background
cules. This results in a very low evaporation coefficient, vitiating the
measurement. But in fact, this kind of molecule is rather unusual and we

never observed this problem except, perhaps, for the parasitic oxidation of
the molybdenum container [(MoOg3)y]- Nevertheless, special attention needs

to be devoted to cell reversibility when using gaseous species with more than
three atoms.

Compositional Changes

Because of the selective effect of effusion and the difference in com-
position between the gaseous and condensed phases, the effusion technique is
always accompanied by a progressive change in the composition and/or amounts
of the condensed phase.

Two parameters can be used to characterize this change, the oxygen-over-
metals ratio in the gaseous flow, and the relative amount of each metallic
element in the flow. This division is justified by the fact that the first
steady state to be reached during the effusion process seems to be always the
oxygen—over-metals congruence.

In fact, these two kinds of parameters are closely related and can be
calculated provided the partial pressure of oxygen is known, that is, provided
the leaking mechanism iIs known. At each given steady state, depending on the
mixture composition and the nature of the container, there is a given set of
oxygen potential, partial pressures, and flow composition parameters, as il-
lustrated in figure 6.

From our experience, it appears that the actual partial pressure of oxy-
gen is always lower than expected. This could be caused by mechanisms other
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log ( Oflow / Metal flow)
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log Fo atm.

FIGURE 6. - Calculated ratio of oxygen flow to metal flow ratic, at 2,000 K, for pure
Ca0 and pure Ti,0; held in inert crucibles or molybdenum crucibles, as a
function of partial pressure of monoatomic oxygen. The difference is due to
MoQ, and MyO, volatilization. The congruency points are shown, as well
as the limits corresponding to My oxidation for CaQ or appearance of other
titanium oxides for Ti;0;. The lower limit at log P, - -10 corresponds to
the oxygen diffusion from the furnace chamber.
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that effusion, such as various types of diffusion processes through the con-
tainers (Mo, Pt, Ir). As a result, the partial pressures of the metallic
gaseous specles are exceedingly high, and this reduces the operating tempera-
ture range. Such a problem could hbe overcome by controlling the oxygen par-
tial pressure in the effusion cells, but only if the sample investigated is
stoichiometric with respect to oxygen. When the sample contains multiple
valency elements like Cr (IT, 1IT, IV, ...), Fe (II, III), or Ti (II, III,
1V), another degree of freedon is given to the sample and it does not remain
in the same oxidation state during effusion. We do not know yet if gaseous
phase control can be achieved without changing too quickly the nature of the
condensed phase. A simple oxide eavelope around the metallic container was
found to limit effectively any excessive oxygen leak, although this does not
provide a real control over the vapor species.

Control and Measurement of Oxygen Pressure

The advantages of oxygen partial pressure control in effusion cells for
oxide studies are as follows:

1. Observing more gaseous species and thus increasing the amount and the
quality of information gathered on the oxide studied.

2. Decreasing the partial pressure of reduced species, which results in
an increase of the upper temperature limit for the measurement.

3. Making measurements under optimum conditions for each equilibrium
studied.

For this purpose we are developing two complementary devices, skimmer
diaphragms and oxygen injection.

Skimmer Diaphragms

As outlined previously, uncondensed and unpumped 0O, represents a major
background source and this constrains the oxygen partial pressure measurement.
It leads to a "shutter effect”™ and decreases the practical sensitivity of the
mass sSpectrometer towards this species. We successfully tried the skimmer
diaphragm set shown in figure 7, improving the results for both N, and 0,
measurements. These conical diaphragms deflect the molecules coming from the
cell area from their direct or indirect path towards the ionization zone.
Thus, they decrease the local background in the source and the shutter area.
A detailed analysis of this effect will be shortly presented for publication.

Oxygen Injection

We tried to monitor the oxygen flow in an effusion cell by controlling
the intensity of a current passing through a piece of overoxidized zirconia
placed beneath a platinum or alumina crucible loaded with In,03 powder. The
oxygen source and the crucible were placed inside an alumina effusion cell.
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FIGURE 7. - Principle of the skimmer diaphragms. When the main molecular
beam coming from the cell is intercepted by a shutter blade, the

observed background is due to molecules traveling in the space
between the second diaphragm and the upper skimmer. The skim-
mer’s design decreases the amount of such molecules by reflect-
tng away from the space molecules coming from the furnace zone.
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The experiments were carried out at about 1,500 K. By changing the oxygen
pressure in the cell by two or three orders of magnitude, it was possible to
measure more accurately than usual the atomization energy of In0 and In,0. If
compared with previous measurements, it seems that the accuracy was increased
by a factor of 3, at least. The scattering of the results obtained by treat-
ment according to the thermodynamic third law is about * 0.3 pct. This cor-
responds to equilibria between solid In,03 and several gaseous species within
a temperature range of about 120 K and an 0, pressure range from 5 x 1077 atm
to 1077 atm.

If extended to higher temperatures, this kind of technique, whatever the
nature of the oxygen supply, should certainly make mass spectrometry measure-—
ments easier to perform and also expand the field of applicability for this
method.

CONCLUSION

The presentation of such a listing of error sources in thermodynamic
measurements by mass spectrometry could give the impression that this is an
unreliable method, whereas exactly the opposite is true. Indeed, it is the
abundance of information provided by differential mass spectrometry that
allows a very detailed analysis of various sources of error and therefore
permits permanent improvements to be made. Some improvements are still neces-
sary to bring the activity measurement accuracy into the 1 pect range whatever
the system might be. Nevertheless, the general reliability of this method
ought to be considered as high, particularly when cross—-checking can be made.

As far as oxides are concerned, the mass spectrometry vapor pressure
range corresponds roughly to temperatures stretching from eutectic points up
to the melting points of pure oxides. This means that a wide range of liquid
mixtures can be studied as well as their phase boundaries with solid com-
pounds. Thus, both activity and Gibbs energy of formation data can be measur-
ed. This is specially true for alkaline earth oxides, transition metal ox-
ides, and lanthanide and actinide oxides. The limitations are found in the
relative thermal instability of some oxides (alkalines for instance) and in
the high volatility of compounds such as metalloid or semimetal oxides.

Finally, differential mass spectrometry represents a unique method for
studying thermodynamics of mixing of the most stable and nonvolatile oxides at
temperatures in excess of 1,500 K.
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DISCUSSION

N. A. Gokcen: What 1s the cell area versus orifice area? Do I understand
that you had 1:1 ratio in one case?

M. Allibert: We have tried 1l:1 just to see the effect, but we are not using
it for this technique. We are just using it for comparison, this time we were

comparing different wvalues of the surface to orifice ratio ranging from 50-
700.

N. A. Gokcen: You measutre the equilibrium pressure over the bulk concentra-
tion, not the surface concentration, because the ratio of surface area to
orifice area is large. Does this prevail in your cells?

M. Allibert: That is to say, the main assumption for the effusion technique
is that the number of molecules leaving the surface and the number of mole-
cules coming back to the same surface are almost the same. When this condi-

tion is satisfied, the analyzed gaseous phase is at equilibrium with the bulk
condensed phase.

M. W. Chase: Are the data for aluminum oxide species measured or obtained
from compilation?

M. Allibert: We used the JANAF tables.

M. W. Chase: Burns, at University of Chicago, has just done a mass spectrome-
tric study on alumina, and there are indications that some of the data on
gaseous aluminum oxides could be drastically changed.

M. Allibert: I have not seen the article, but that does not surprise ne.
Just because it 1is very difficult to look at all the oxide gspecies from a
technical point of view. As illustrated in my paper, each oxide species needs
special conditions to be studied accurately. It was the main reason why we
developed an oxygen injection technique.

N. A. Gokcen: I think this apparatus is well designed because it chops the
molecular beam in such a way that it avoids the errors from surface diffusion.
In other types of work, especially those involving oxygen, the atoms or mole-
cules climb onto the sides and creep through the orifice and go to the side
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and evaporate, but if the choppers are properly designed, they could eliminate
the surface diffusion effect. 1Is that correct?

M. Allibert: Right, it was a very important problem.
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VAPQOR PRESSURE AND CALORIMETRIC STUDIES OF SELF-ASSOCIATION

by

J. Howard Rytting1

ABSTRACT

As examples of the many techniques that have been used to examine self-
association, calorimetry and vapor pressure measurements are reviewed and
compared. Calorimetry is attractive since it allows the calculation of both
AG® and AH®° simultaneously, is relatively rapid, and is applicable to a large
variety of systems. A major disadvantage is that it requires the assumption
that the enthalpy changes observed upon dilution are due only to the disag-—
gregation of the polymeric species in solution. Vapor pressure measurements
have the advantage that in most situations the vapor pressure of the solute
is proportional te the monomer concentration in solution. Thus, the data
directly reflect the concentration of a species of interest. For systems
where both methods have been used, calorimetric data have usually been inter-
preted with association models of a lower order than corresponding data from
pressure measurements. The combination of data derived from several techni-
ques is probably desirable.

INTRODUCTION

Intermolecular interactions in various solutions have long been of inter-
est to investigators in a number of disciplines. Consequently, a number of
studies and techniques have been used to examine such interactions, including
the solute—solute 1interactions that lead to self-association. For example,
the breaking of hydrogen bonds that occurs on dilution of alecohols with a
nonpolar solvent results in changes in enthalpies of mixing, partial molar
volumes, dielectric properties, viscosities, infrared spectra, nuclear magne-
tic resonance, chemical shifts, ultrasonic absorption, vapor pressure, and
other properties. ©Each of these has been used In studies of self-associa-
tion, each has some disadvantages as well as advantages. Two of these
methods will be considered in some detail in this presentation; namely, calo-
rimetry and vapor pressure measurements.

CALORIMETRIC STUDIES

A number of studies have employed a calorimetric enthalpy of dilution
technique to determine the thermodynamic quantities AG® and AH® for the self-

lUniversity of Kansas, Lawrence, Kaus.
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association of compounds such as carboxylic acids (7, 17- 19)2 and alcohols
(3, 14-16) where intermolecular hydrogen bonding can occur. It has also been
used to study the self-association of 4 ,4',4" ,4'"—tetraoctadecylsulfonanido
copper (II) phthalocyamine (6), and several trlalkyl phosphates (10) This
technique is attractive since it allows the calculation of both AG® and AH®
simultaneously, 1is relatively rapid, and is applicable to many systems
provided the heat evolved on dilution is sufficiently large. One
disadvantage to the method is that it requires the assumption that the heat
change measured wupon dilution is due only to the disaggregation of the
associated species in solution. There may be other contributions to the
overall heat of dilution.

Heat of dilution studies have been made using various types of solution

calorimeters including batch, titration, and flow microcalorimeters. The
treatment of the data and calculation of the thermodynamic functions depend
on the type of measurement made. For example, Woolley and Zaugg (17)

describe calculations using apparent relative molar enthalpies, ¢L‘ Anderson
and coworkers (3) used a titration calorimeter to measure AH values for dilu-
tion from an initial concentration to a fimal concentration for several sets
of concentrations, and then optimized the variables K and AH®° until the best
fit of the data was obtained. 1In all cases, the approaches involve fitting
heat of dilution data obtained at various concentrations to yield constant K
and AH® values.

Appropriate expressions can be developed to consider both monomer-single
polymer models and monomer-multiple polymer models. Several of these have
been described in the literature (3, 7, 14, 17).

VAPOR PRESSURE MEASUREMENTS

From a theoretical point of view, a method such as the determination of
vapor pressure of a solute above a solution has advantages over many of the
other available methods because the vapor pressure of the solute is propor-
tional to the monomer concentration in solution, provided the polymer species
are much less volatile than the monomer. Direct wmeasurements of total wvapor
pressure have been made successfully for very volatile solutes (e.g., meth-
anol) in nonvolatile solvents (e.g., n-hexadecanol) (11, 13). However, the
determination of partial pressures of alcohols from measurements of total
pressure 1is subject to greater error for longer chain alcohols having lower
volatilities or in alkane solvents having shorter chain lengths and higher
volatilitieg. Since we have been interested in studying a series of alcohols
in more common volatile hydrocarbon solvents, a method involving the gas
chromatographic analysis of the wvapor in the headspace over solutions of
alcohols in iscoctane has been employed.

The gas headspace method has been used previously in the determination of

2Underlined numbers in parentheses refer to items in the list of references
at the end of this paper.
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alcohol content in blood, in the analysis of other volatile trace components,
and in the estimation of activity coefficients of liquids in binary solution.
The thermodynamic basis for the method is that, for a solution of a compound
in equilibrium with vapor, the ratio between the fugacity of the substance in
the vapor and its thermodynamic activity in the solution is a constant at a
given temperature and pressure. At very low concentrations in a hydrocarbon
solvent, alcohols are totally monomeric, and the ratio Between the alcohol
fugacity and its solution concentration is a constant. This constitutes a
definition of Henry's law. The Henry's law constant, then, reflects the
escaping tendency of monomer in a hydrocarbon environment. The techniques
used in our laboratory are described in reference 2.

A primary assumption involved in determining monomer concentrations from
vapor pressure data is that assecciation of the monomer in the vapor is negli-
gible. Cheam and coworkers (4) have shown that for methanol vapor at 25° C,
self-association is negligible at vapor pressures lower than 30 to 40 torr.
If other compounds behave similarly, nonideality in the vapor phase can be
neglected provided the vapor pressures measured are less than 30 torr.

A second assumption that is made in this analysis is that the activity of
the monomer is equal to its concentration (Y=1). This assumption is reason-
able at low concentrations but may become less valid at higher concentra-
tions. Therefore, generally only data at councentrations below 1 M are evalu-
ated quantitatively in terms of a self-associlation model. -

Several approaches can be used to derive association models and constants
from vapor pressure data. In earlier studies (1-2, 9) of alcohol self-asso-
ciation, a monomer-single polymer model provided definite advantages in mak-—
ing comparisons among alcchols having different molecular structures. Al-
though other, more complex models could be found to give slightly better fits
of the data, a monomer-pentamer model provided a simple and reasonably accur-
ate description of the primary alcohol and phenol wvapor pressures at concen-—
trations below 1 M. If a single polymer is dominant, the size of the polymer
formed by self-association can be found graphically. A simple association
constant can be written as

K = In—mer]. (1)

1,n [mon]n

The total solute concentration (Cy) can be expressed as
Cp = [mon] + nKl,n [mon]™ (2)
and
log (Cp=[mon]) = log(n*K; ) + n log [mon]. (3)

A plot of log (Cp~[mon]) versus log [mon] should yield a straight line with a
slope of n, provided only one associated species is present. If more than
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one polymer is present, upward curvature in the line will result,

The second approach used in analyzing vapor pressure data involved a
least-squares computer—fitting technique similar to the simplex wmethod
reported by Deming and Morgan (5). The only constraint on the equilibrium
constants using this method is the requirement that all values be positive.
In all cases for primary alcohols a monomer-pentamer model gave significantly
lower standard deviations than any other single-polymer model. In most cases
a multiple-polymer model could be found that gave slightly better fits, and
when chain branching occurs, we found that there was a gradual shift from
pentamer to the dominance of tetramer and lower order polymers as the degree
of branching increased (9).

The log-log plots and the least-squares fitting technique described above
both require some assumptions regarding a self-association model. A model-
independent method for estimating the average polymer size has been suggested
by Tucker and Christian (12). This approach uses the following relationship:

c

o = [mon] + 2Ky,, [mon]? + 3K, [mon]3 + . . .nKl’n[mon]n (4)

and the total species concentration

e = [mon] + K; , [mon]? + Kp 3 [mon}3 + . . . Kl’n[mon]n. (5)
Then de/d[mon] = CT/mon (6)
and de = Cqp/[mon] d[mon] (7)
mon
e = [ Cg/[mon] d[mon]. (8)
0

From the calculated e values, one can determine the average polymer size from

. Cp—Tmon]
polymer slze = é__?TmO-ﬂ] . (9)

We observed good agreement among all of these methods for the alcohol system
studied.

COMPARISON OF CALORIMETRY WITH VAPOR PRESSURE MEASUREMENTS

A few systems have been studied using both a calorimetric technique and a
vapor pressure method. Results of these studies are shown in table 1. 1In
each of these cases the models preferred by the different techniques do not
agree.

It is tempting to suggest that the calorimetric data are more suspect,
since the assumption that there are no heat effects except disaggregation of
associated species is probably less valid than the assumptions inherent in
the wvapor pressure measurements. The vapor pressure measurements should
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TABLE 1. - Thermodynamic values for self-association of alcohols!

Calorimetry Vapor pressure
Substance Mdel K n MH° Ref. Wdel | Ky M° | Ref.
Phenol 1-3 21.3 {-10.95 | 14 1-5 | 2,660 2 1
1~Propanol 1-4 555  |-21.4 3 1-5 | 8,600 2 2
1-Butanol 1-4 587 |-21.4 3 1-5 { 8,700 | -22.7 9
1~Pentanol 1-4 657  {-21.1 3 1-5 { 9,400 2 2
1¥lextanol 1-4 673 -21.1 3 1-5 { 10,000 2 2
1-teptanol 1-4 633  |-21.2 3 1-5 { 10,900 2 2
1-Octanol 1-4 691 -21.2 3 1-5 { 10,300 2 2

e phenol data are reported for solutions in cyclohexane. Isooctane was used as solvent for the
’ primary alcohols. The AH® values are given in kilocalories per mole.
No data.

directly reflect monomer concentration in solution and therefore should
deserve more confidence. Unless the data have extremely high precision, how-
ever, it is probably unwise to place undue physical significance omn the
models derived from either approach. Rather small errors can have a profound
effect on the best fit to various models. Even the choice of how to treat
the data from the same experiment can influence the model chosen. For
example, 1in a vapor pressure study of phenol self-association (1), we
observed that the choice of the “"best" multiparameter model depeunded on
whether deviation between calculated and experimental values of monomer
concentration or total phenol concentration was minimized. In that study
variation between experimental and calculated values of monomer was minimized
because monomer concentration was the experimentally determined quantity.

A recent study by Lin and coworkers (8) of the self-association of
phenol in cyclohexane favored a 1-3-® model. We repeated the curve fitting
of their data, modifying our computer program to minimize variation in either
monomer or total phenol concentration. It was found that a 1-3-® model best
fit their data when formal molarity is treated as the dependent variable,
whereas a 1-5~® model is best when monomer molarity is treated as the depen-
dent variable. This difference in "best” model is probably due to a differ-
ence in weighting of individual data points in different concentration ran-
ges by the two methods. When only a single polymeric species is allowed, a
monomer-pentamer model fits our data within experimental error.

When comparing data for similar compounds differing in molecular struc-
ture, the simplest model that gives a reasonable fit of the data offers dis—-

tinct advantages, since such models tend to be less sensitive to subtle
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changes and experimental errors. For example, the self-association of tert-
butyl alcohol was studied at 15°, 25°, and 35° (9). The models giving the
best fit were 1-4-5 at 15°, 1-3-4 at 25°, and 1-3-5 at 35° C. Since subtle
changes influenced these choices, comparison using either a 1-4 model in all
cases or a 1-4~5 model in all cases was preferred.

If one is primarily concerned with the relative differences among a
group of compounds or environmental conditions, the choice of method is prob-
ably not critical as long as it is sensitive to those differences. One would
expect that calorimetrically determined heats of self-association would be
preferred to those determined from the slopes of plots of log Kl,n versus

1/T. However, if there are significant heat effects other than disaggrega-—
tion of the polymeric species, error could result.

The absolute choice of models with confidence in regards to a physical
interpretation probably requires consideration of data obtained from several
techniques.
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DISCUSSION

L. D. Hansen: Does the choice of standard state, in this case we chose a
molarity, affect the results, particularly at high concentrations?

J. H. Rytting: We have not analyzed our data in terms of a self-association
model at concentrations above 1 molar because we felt that the potential ac-
tivity coefficient corrections were sufficiently great that perhaps we could
not distinguish between association and corrections. Although we have the
data at high concentrations, we have only considered concentrations below 1
molar, and the choice did not seem to make any difference at these lower con-
centrations. There have been some reports (Ben-Naim, for example) that have
suggested that molarity is the preferred standard state for these situations.
However, Tanford and others have suggested the use of the mole fraction scale.

Anonyrnous: Are the nonideal heats of dilution closely related to the activity
coefficient?

J. H. Rytting: They may well be. They may account for the fact that there
are differences in terms of the results obtained using the vapor pressure tec-
hnique compared with the calorimetric technique. We noticed that on occasion
the model chosen is quite sensitive to small changes in the data. The differ-—
ences in the fits that one finds when comparing the 1-4 model with the 1-5
model are not so great that small differences in experimental data couldn't
account for them. Even though the two techniques seem to suggest different
models, fairly small experimental differences could account for that.

Anonymous: Are there some density and volume measurements on these particular
systems?

J. H. Rytting: In these solvents, I am not aware of any. Marsh and Burfitt
have reported excess volumes for ethanol in several organic solvents.

N. A. Gokcen: The dissociation and association in solutions alsc includes the
electrolyte solutions. I think that one can devise a model based on dilute
solutions and consider that the model still exists at higher concentrations,
and any change from that is then reflected in the activity coefficient. At
the present time there is no absolutely dependable measurement technique for
concentrations of different species except possibly in very dilute solutions.

J. H. Rytting: Mentioning again, for polar organic nonelectrolytes, such as
the alcchols in hydrocarbon, it was found that there was greater association
for the compounds having lower chain lengths; for instance, propanol seemed to
exhibit greater association than did octanol at high concentrations. For
those cases, one could suggest that one actually gets larger aggregates occur—
ring at higher concentration. Because of the potential activity problems
(which should not be as great as with electrolytes, however), it may be diffi-
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cult to distinguish which effects are really related to association and which
may be due to other deviations from ideality. By assuming still larger aggre-
gates at higher concentrations, one can account for the data, However, we
felt uncomfortable doing that.

Ce Ms Criss: I want to ask whether you have tried a series of hydrocarbons.
lydrocarbons are similar te the alcohols - you can't very well use propane -
but perhaps, substituting octane for ortanol as a solute compound, you can see
what the properties of these model compounds are in your various organic sol-
vents. In this way you can sort out the difference of what is happening be-~
cause of the hydrogen bonding between solute molecules, and the effects be-
cause of interactions between the hydrocarbon groups in the alcohols.

J. He Rytting: We have looked at the heat of mixing to some extent. Say, for
example, one were to choose octane and iso-octane, the heat of mixing is much
less than what one finds with the alcohols, so that it is insignificant com-
pared with the other heat. We have not done any vapor pressure measurements
of that type, and maybe it would be worthwhile doing some.
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TORSION-EFFUSIVE STUDY OF THE CATALYZED
THERMAL DECOMPOSITION OF MAGNESIUM SULFATE
by

D. R. Knittell, X. H. Lau?, and D. L. Hildenbrand?

ABSTRACT

The simultaneous use of the torsion—effusion and gravimetric-effusion
methods in our laboratory is discussed. This method is used to study the
thermal decomposition and/or vaporization of MgS0,, enabling us to distinguish
between the decompostion paths MgSO,{(s) = MgO(s) + SO03(g) and MgS50,(s) =
MgO(s) + SO,(g) + 1/2 0,(g). 1In the temperature range of our measurements
MgS0, decomposed by the first path with S03(g) evolution. When mixed with a
first-row transition metal oxide lying between Cr and Cu or a metal (namely Pt
or Ru), MgSO, decomposed by the second path, yielding SO, and 0, as the vapor
species. Measurements of the decomposition pressure as a function of orifice
area show that both steps are kinetically hindered. A Whitman-Motzfeldt plot
was used to obtain equilibrium pressures which were wused to obtain the
standard enthalpy of formation for MgS0,.

INTRODUCTION

The simultaneous measurement of torque angle (torsion-effusion method)
and rate of weight loss (gravimetric—-effusion method) is a combination method
whereby one is able to measure both pressure and vapor molecular weight. This
method is used to measure pressures below the molecular flow region (10_“ atm
and less). 1In our laboratory we routinely make pressure measurement in the
1078 atm range. The pressure measured using the torque angle along with the
rate of weight loss is used to determine the wvapor molecular weight. The
temperatures at which these measurements can be made are limited only by the
refractory material and the ingenuity of the investigator.

The torsion-effusion—-gravimetric-effusion technique is a combination of

1Formerly with SRI International, Menlo Park, Calif; now with Standard 0il of
Indiana, Naperville, Ill.
2gR1 International, Menlo Park, Calif.
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two classical effusion techniques——the Knudsen effusion method (7)3 and the
torsion-effusion method (}1). The Knudsen effusion method involves
determination of the weight 1loss ®, of the vapor effusing din unit time
through an area A . The Knudsen effusion pressure P | is related to &i by

n
p = (2mRT/M)/? L ag/agep (1)

where R is the gas constant, T is the absolute temperature, M is the molecular
weight of the effusing species, and C; is the orifice Clausing factor Sl).
The sum is carried over all n orifices. If we make the assumption that wq
is proportional to A; times the probability term C;, then equation 1 can
be rewritten as

n
p, = (2mR1/M)L/2 & /121 ALC,, (2)
n
where & = ‘21 éi‘ P, is then obtainable from measureable quantities provided
l:
the molecular species are known. If more than one molecular species is pre-

sent in the effusion vapor, M is a weighted average molecular weight

T -1/2.,72
M = (izl mj_Mi ), (3)

where m; is the mass fraction of species i and M; is its melecular weight.
The summation is over all the vapor species effusing from the sample. An
obvious limitation to vapor pressure determination by this method is the re-
quired knowledge of the vapor molecular weight.

The second technique, the torsion-effusion method, does not require
knowledge of the molecular composition of the effusing vapor to evaluate the
effusion pressure. 1In this method a torque resulting from effusion of wvapor
through holes of area A; and at distances dy from the suspension axis of
the cell is determined from the angle § through which the torque twisted the
torsion suspension faber. The torsion pressure of the Py of the effusing
vapro is related to the torque angle § by

n
=28 /) A f.d,

g j=1 » 1L

T (4)

where k is the fiber torsion constant, f; is the ratio of the force from the

i

SUnderlined numbers in parentheses refer to items in the list of references at
the end of this paper.
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effusion of vapor through orifice i of finite length to the expected force if
the orifice had an infiniesimal leungth (g), and the sum is again carried over
all orifices.

The torsion-effusion-gravimetric-effusion method involves simultaneously
measureing the torque angle § and the rate of weight loss ®. The measured
torque angle § is used in equation 4 to determine the torsion pressure. The
torsion pressure obtained in equation 4 is identical to the Knudsen pressure
defined in equation 2. By substituting Py and the measured weight change )
into equation 2, the weighted average molecular weight is determined. The
resulting equation is

n n
M= 2ve (b (] afa) / ko ] C; A} (5)

For further discussion of the terms in equations 2 through 5 the reader is
referred to Freeman (2) and Hildenbrand (4-5).

The measured effusion pressure P is a steady-state pressure and will at
its maximum value be equal to the equilibrium pressure P,,. In order to
interpret P in terms of P,,, the vaporization coefficients and resistance
of gas flow through the effusion cell and out the orifice must be considered.
This has been dome very adequately by Whitman (12) and Motzfeldt (9). Their
equation relating Peq to P and cell constants is -

n

=P (1+ C:A; 6
(148 ) CjAp, (6)

Pe 1

q
where B 1is a constant characteristic of a particular cell configuration.
Equation 6 is used to extract equilibrium pressures from effusion data exhib-
iting pressure dependence on orifice size. Note that as the orifice size
approaches =zero the effusion pressure approaches P,.. Poq is obtained
by plotting 1/P against the summation of C;A; where the intercept is
1/Po, and the slope is B/Pgq. The B value gives an indication of the
kinetic hindrance of the vaporization process. To a first approximation B8
equals (ctAS)"1 where Ag is the effective vaporization surface area and a
is the vaporization coefficient. If o equals one, there is no kinetic barrier
and the pressure measured by the torsion-effusion method is independent of
orifice area and equal to Pgq- A vaporization process for which no ori-
fice area dependence is observed and thus possesses no detectable kinetic
barrier is the thermal decomposition of KCl. A process that shows a substan-
tial decrease in pressure with increasing orifice area is the thermal decompo-
sition of metal sulfates (8).

EXPERIMENTAL WORK

In our experimental arrangement for the simultaneous torsion-effusion and
gravimetric-effusion study, the torsion element and the effusion cell are
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suspended directly from the arm of a Cahn RH electro-balance. The torsion ap-
paratus 1s encased in a vacuum chamber since the effusion method is limited to
the free-molecular-£flow region. The region of the apparatus containing the
effusion cell is equipped with temperature control to *0.2° C. Heating in our
system 1s accomplished wusing an electrical resistance furnace. In our
torsion-effusion-gravimetric-effusion system the cell is placed between molyb-
denum heat shields in the central constant-temperature range of the furnace.
The molybdenum heat shields help eliminate heat losses out the end of the
furnace. The thermocouple junction is located adjacent to the sample chamber
in this constant-temperature region.

In our experience a Pt-10 pct Ni ribbon with a 10-to-1 aspect ratio has
proven to be the best type of torsion fiber in regard to reproducibility of
the null point, uniformity of properties, strength, and ease of mounting.
Others have used tungsten and quartz with varying degrees of success. (See
reference 2 for a discussion of these fibers.) The fibers used in our torsion
systems are typically 50 cm long and capable of holding at least 300g. We
arrived at our torsion fiber constant k by using the torsion-pendulum treat-
ment, which is normally done under dynamic conditions. The value for k ob-
tained agrees within 0.5 pct of the value specified by the manufacturer,
Sigmund Cohn Corp. The torsion angle § is measured manually by sighting onto
a mirror that is fixed on an aluminum damping disk with a telescope and scale.
Harmonic oscillations of the suspension system induced by extraneous perturba-
tions are damped by magnets placed on either side of the damping disk. During
measurement of the torque angle &, damping magnets are removed to avoid spuri-
ous torques that might arise from ferromagnetic deposits on the damping disk.

Common effusion cell fabrication material includes graphite, quartz,
alumina, and platinum. The type of refractory material used depends upon the
effusion process one wishes to study. From the standpoint of materials,
graphite and quartz effusion cells are the cheapest to fabricate. 1In our
sulfate work we used alumina cells because these cells did not interact with
the sample. Our alumina cells were fabricated from resin-bonded alumina pow-
der and subsequently fired. These cells consisted of two l-cm-diameter cylin-
drical chambers 3 cm long mounted on either side of the suspension axis with
two alumina bridges. The orifices were situated at the upper third of the
sample chamber and alined so that the suspension axis is normal to the line
connecting the orifices. Closure of the cells was provided by tight-fitting
tapered alumina plugs. The geometrical factors, which iInclude orifice area
and distance of the orifice from the suspension axis, are measured using a
traveling microscope. As a check on possible systematic errors, the vapor
pressure of KC1 is measured with each new cell. Acceptable cell constants are
constants that yield pressures and molecular weights for KC1 within 5 pct of
pressure values reported by Pugh and Barrow (10) and the known vapor molecular
weight. In our sulfate work, which exhibited pressure dependence on orifice
size, we studied the decomposition process using cells with orifice sizes
ranging between 0.2 and 0.03 cm.

The sample chambers of the cell should be evenly loaded with sufficient
sample to provide a large enough vaporizing surface area. The sample loading
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should be handled under anhydrous conditions. The rest or null point of the
cell in the vacuum chamber is measured by sighting the angle through the tele—
scope when no vapor is effusing through the orifice. The null point must be
constant for a set of measured pressures. In our effusion studies normally 15
to 20 min. were required at a constant temperature before a torsion angle
measurement could be made. The pressures measured varied only over a few
tenths of a perceat from the log P versus 1/T line defined by the measure-
ments. The weight loss rate required more time to measure since it is not an
instantaneous measurement, as is pressure. The vapor molecular weight calcu-
lated from the weight loss measurement is normally within 5 pet of the actual
value. The additional errors in measuring tha vapor molecular weight arise
from errors in both the pressure and weight loss measurements.

EXAMPLE

Table 1 summarized data obtained in our laboratory using the torsion-
effusion and gravimetric-effusion methods simultaneously to study MgSO, decom-
positon. The table demonstrates the effect on pressure and vapor molecular
weight of different catalyst additions to MgSO,. The level of catalyst addi-
tion was 4 mole-pct in each instance. MgSO, with no catalyst addition has a
vapor molecular weight of 81.5 * 2. This is consistent with the process

MgSo, (s) = Mg0(s) + S03(g) (7

whose average vapor molecular weight for SO3(g) is 80.1. With the addition of
an appropriate metal or metal oxide catalyst (Pt, Zr, Cr,03, Cu0, Fe,03, and
Mn,03), the average vapor molecular weight is about 55. This is consistent
with the process

MgS0, (s) = Mg0(s) + S0,(g) + 1/2 0,(g) (8)

whose average vapor molecular weight is 54.6. In addition to the lower vapor
molecular weight, a substantially higher pressure is observed with the addi-
tion of the catalyst. 1In the case of a &4-mole-pct Pt addition to MgSO,, a
pressure of 32 x 107® atm at 1,000 K is obtained, compared with 0.54 x 107®
atm for noncatalyzed MgS80,. We have found using our torsion-effusion appara-
tus without the microbalance that Co0, NiO, and Ru also markedly increase the
decomposition pressure and thus are effective catalysts. These results are
presented in Series II of table 1. There are differences in the parameters of
the two cells used, which make comparison between the two series impossible.

In the case of 4-mole-pct Fe,0; additions to MgS50,, we compared the
effect on both pressure and vapor molecular weight of Fe,03 mixed intimately
and layered over the surface of MgS0O,. MgS0, with an Fe,05 catalyst clearly
decomposes to S50,(g) + 1/2 0(g). However, in the case of Fey03 layered on
MgS0,, the partial catalysis of S03(g) evidenced by a vapor molecular weight
of 60.8%*1 takes place in the gas phase and not at the site of 805(g) evolution
from MgS0,(s) lattice. A 1.5 times pressure increase compared with pure MgSO,
decomposition is observed, which agrees with the volume change accompanying
S04(g) decomposing to SO0,(g) + 1/2 0,(g).
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TABLE 1. — Effect of various oxides!l on gas composition over MgSO,
and on decompositon pressure at 1,000 K

Additive P1g00¥l0°%,atm i A2 B2

SERIES I (CELL Al,03-1)3

Pt 32.1 57.1%3 11.48%0.11 15,973% 98
Cry04 14.4 55.7i2 10.01% .16 14,846%144
Cu0 13.6 56.4%]1 10.92+ .07 15,790% 63
Fe,04 12.2 53.7*1 11.15% .07 16,068% 68
Mn,04 7.8 53.3%2 | 10.38% .10 | 15,483% 96
Fe203

(surface

layer) .79 60.811 9.45% .68 15,555%662
None .54 81.5%2 9.27% .12 15,542%120

SERIES II (CELL Al,04-1I)

Cry04 8.0 — 10.07+0.17 | 15,172%164
Co0 5.1 - 10.40% 04 | 15,692% 37
Ru 3.4 e 9.86% .05 | 15,324% 44
NiO 2.7 - 10.66* .08 | 16,228* 79
Zno .71 —- 9.55% .10 | 15,699%105
V50, .65 - 10.73% .13 | 16,924%129
MgO .30 — 10.12% .14 | 16,646%149
Al,0,4 .35 - 9.61% .20 | 16,076212
Ti0, 41 —- 10.15% .23 { 16,567%249
Y,04 .28 ——- 8.48% .13 | 15,039%*133
None .34 - 7.86% .11 | 14,336%111

lpor addition level of & mole-pet
Coefficients of vapor pressure equation
log P(atm) = A - (B/T)
30rifice diameter of cells Al,05-T and Al,043-II is 1.5 mm.

The last two columns of table 1 contain the coefficients of the vapor
pressure equation log P (atm) = A - B/T. The temperature coefficient B is
independent of the catalyst. The heat of reaction derived from each of these
temperature coefficients coincides with the heat of reaction 6 derived in the
noncatalyst case. This suggests that the thermal decomposition of MgS0, pro-
ceeds via reaction 7 followed by S03;(g) decomposition

S03(g) = 80,(g) + 1/2 0,(g)

if a catalyst is present. 1If the catalyst 1s dispersed in the sulfate powder,
reaction 9 can take place close to the site of S03 evolution, and the overall
reaction rate is characterized by the equilibrium constant of reaction 8. 1If
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the catalygt is removed from S03(g) evolution sites, as in the case of Fe203
layered on MgSOy, the overall reaction rate is characterized by the equili-
brium constant of reaction 7 even though SO» and 02 are the gas decompositon
products.

An orifice size study was made with pure MgSO4, MgSOy with 4 mole-pct
Feo03, and MgSO, with 4 mole-pct Pt. The results for the first two systems
are rcported by K. H. Lau and coworkers (8). The change of pressure with hole

size 1is given for the case of Fe203 and Pt catalyst additions to MgS504 at
1,000 K in a Whitman-Motzfeldt plot illustrated in figure 1. A substantial
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4.0 N

1 7 MgSOs + 4 mol% Pt

12.0 N
P
]
S 10.0 -
>
o N
. 8.0
i)
=
a 6.0 o
S

4.0 -

2.0 -

€q L 1 1 [}
0 1.0 2.0 3.0 4.0 5.0
i CiAi(cmz) x 102
1=1

FIGURE 1. - Whitman-Motzfeldt plot for MgSO, decomposition pressures at 1,000 K.
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trend of pressure with orifice area, as evidenced by the slope B, indicates
the vaporization process is kinetically hindered. Extrapolation to zero hole
size gives a total pressure of 1.08 x 107" atm at 1,000 K, which agrees close—
ly with the value 1.07 x 107" atm at 1,000 K, calculated for reaction 8 from
available free energy functioms (10). As expected, these two catalysts, even
though having vastly different steady-state torsion pressures, extrapolate to
the same equilibrium pressure.

The standard enthalpy of decomposition of MgS0O, is calculated using
M5g9g = -T(Afef + RInK), where Afef is the free energy function and K is the
equilibrium constant of reaction 7 or 8. In the case of MgSO, thermal decom-
posing without a catalyst, K = P, where P is the total effusion pressure. 1In
the catalyzed process, because of different molecular weights of S0, and 0Oy
and the effect on effusion rates, the partial pressures within the cell
require the ratio of P(SOZ)/P(OZ) = 2V/2 rather than 2.0. With this require-

ment the stoichiometries of the solid phases and the effusing gas are main-—
tained. The equilibrium constant in this case is related to the total effu-
sion pressure P by the expression K = P3/2/2/7. The AHf 5° gg(MgSO0y, ,5) =

-310.0 * 0.6 kcal/mole derived using AH39g(7) = 72.6 * 0.5 kcal/mole, which
was calculated using noncatalyzed MgSO, effusion data; and AHL39g(MgS0,,s)
= —310.7 * 0.6 kcal/mole using AH39g(8) = 97.0 * 0.5 kcal/mole, which was
calculated using effusion data for MgSO, catalyzed with 4 mole-pct Fep03. The
standard enthalpy of decomposition of MgS0, calculated from effusion data
agrees with -311.0 obtained from Kellogg's review (6).

This example demonstrates the usefulness of the simultaneous torque angle
and weight loss rate measurements in enabling us to distinguish between the
two vaporization processes. Without knowledge of the effusing vapor species,
we never would have reached the present level of understanding of this complex
decomposition process. The use of the torsion—-gravimetric—-effusion method to
study a complex vaporization process such as the one described has not been
reported previously by any other group.

SUMMARY

The effusion method with simultanecous torsion angle and weight loss rate
measurements is an excellent method for studying the complex vaporization
process and for extracting equilibrium data even for very kinetically hindered
processes. This can be done within the 1limit of 5 pct of vapor molecular
weight. By making careful analysis one can learn much about reaction mecha-
nisms using this effusion method.
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DISCUSSION
R. W. Cerling: Even though we observed from thermodynamic data that SO0, and

oxygen are the most favorable for reactions, why do we see SOz as the decompo-
sition gas 1in your experiments?

D. R. Knittel: The reason is that the decomposition of S03 to S0, is the
decomposition gas. A catalyst is needed to attain thermodynamically stable
80, and Oy,

G. T. Furukawa: Do you know by what route the JANAF table value was obtained,
and can you account for the difference between your value and their value?

D. R. Knittel: I don't know by what route the JANAF table data were obtained.

Their value is AHZQS = -301 * kcal for MgSO,.
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M. W. Chase: The JANAF tabulation for MgSO, is outdated; the choice of the

M°® value was incorrect.
£

D. R. Knittel: The NBS value for AH;g8 is =307 kcal * 5 kcal for MgS0O,. Our

measurements are within their uncertainty limits. Kellogg's value for AH;

is -311 kcal and, is very close to =-310.6 % 0.6 kcal obtained in our labora-
tory.

M. W. Chase: Kellogg and the NBS apparently had the same data to zanalyze; 1
would be more concerned why those two studies differ. I am not disputing your
number. The JANAF tabulation for MgS0O, needs to be revised; there are at
least three new studies relating to AG°f.

R. D. Freeman: What is the sensitivity of your balance with that load on it?

D. R. Knittel: We use 10 mg full scale. Weight loss rates of 0.5 mg/ph are
easy to measure and give molecular weights to within 5 pct. The measurement
requires about 2 hours.

R. D. Freeman: In your equation for torsion pressure, you had a symbol for
the distance between the effusion orifices. I would have thought that it
should be the distance between the effusion orifice and the rotation axis.
There is a factor of two involved; maybe that is taken care of someplace, but
it was not apparent to me that it was.

D. R. Knittel: You are correct. We have assumed, however, that the orifice
area Ai and force factor £. for each hole are identical. Thus, for the two
orifices, the sum of Aifidibecomes Af(d; + d;), where d; and d, are the dis-

tances between the orifice centers and the suspension axis. These two terms
added give d, the distance between the orifice centers.

R. W. Carling: How do you measure your torsion angles?

D. R. Knittel: By sighting through a mirror onto a linear scale. By knowing
the reading when no gas is effusing from the cell and comparing this number to
the readings taken at a temperature where gas effuses, we are able to obtain
pressure.

Anonymous: Have you any idea what the catalysts do?

D. R. Knittel: Currently we think that the catalyst catalyzes 503 to SO, plus
oxygen, close to the sites where S03; is being expelled from the lattice. A
more complete explanation is given in the paper.
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N. A. Gokcen: 1If the orifice area to the inner area is fairly small, and the
walls above the compound are perfectly reflecting, you should have equilibrium
irrespective of the catalyst, but if the condensation coefficient is very
small, then you have difficulties reaching equilibrium. TIs it because of the
orifice size, or the walls, or the condensation coefficient that you cannot
obtain the sulfate - 80, = 803 ~ 0, equilibrium?

D. R. Knittel: I think we attribute it to the condensation and vaporization
coefficients.

J. B. Stephenson: Have you lccked at wvanadium pentoxide as a catalyst?

D. R. Knittel: Yes, but at MGSO, decomposition temperatures, vanadium pentox-
ide changed to V,0,, which does not appear to have much catalytic effect.

A. Adams: But there is no magnesium sulfate in the vapor phase.

D. R. Knittel: But there is solid magnesium sulfate in the cell, and T think
what we are talking about is the ease with which the vapor can leave the
solid. When it hits and sticks on the solid magnesium sulfate, the equilibri-
um in the gas phase is difficult to attain.
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THE USE OF THE TORSION-EFFUSION AND THE
MASS SPECTROMETRIC METHODS TO STUDY
COMPLEX VAPORIZATION PROCESSES

by

K. H. Laul! and D. L. Hildenbrand!

ABSTRACT

This paper illustrates the technique of combining the torsion-effusion
and mass spectrometry methods to study the complex vaporization process of
K,80,(s). Both the sublimation and decomposition processes contribute to the
total vaporization flux. The total wvapor pressures and vapor molecular
weights were measured by the torsion-effusion method. The vaporization pro-
cesses were studied by use of mass spectrometry to identify and characterize
the vapor species over the KZSOq(s). The sublimation pressures, vapor compo-—
sition, heats of sublimation, and decomposition pressure were calculated from
directly measured total vapor pressures, known decomposition pressures, and
the second—law slope heats derived from the temperature dependence of parent
ions. Heat of formation and entropy of K,S80,(g) were derived from this study.
The advantages of this combined technique are discussed.

INTRODUCTION

It is difficult to determine the vaporization thermodynamics of substan-
ces that vaporize by molecular sublimation as well as by decomposition. Tak-
ing X,50, as an example, previous vaporization studies as reviewed recently by
Eliezer and Howard (2)2 had suggested the following possible reactions:

K,80,(s or £) = K,50,(g), (1)
K80,(s or 2) = 2K(g) + SO0,(g) + 0,(g), (2)

and
K280,(s or £) = K,0(g) + S0, + 1/2 0,(g). (3)

Halstead (2) studied the vaporization both by the transpiration method in

LggL International, Menlo Park, Calif.
2Underlined numbers in parentheses refer to items in the list of references at
the end of this paper.
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which S0, + 0, mixtures were used as carrier gas to suppress the decomposition
reaction 2 and by the Knudsen effusion method with the assumption that the
decomposition reaction 2 was negligible in the vapor pressure calculations.
The reported vapor pressures from these two methods were conflicting with
others (5, 10) not only in the vapor pressures values, which were different by
an order of magnitude, but also in the assumption of vaporizatin by sublima-
tion reaction. Recent mass spectrometric studies on K,50, vaporization were
also in disagreement. Ficalora and coworkers (4) easily observed the decompo-
sition reaction 2, while Kosugi (10) suggested Treaction 3 as the major process
from his studies. Total sublimation pressures were also reported from the
mass spectrometric studies with uncertain accuracy because of uncertainty over
the relative ionization cross sections of various vapor species. Clearly, the
determination of the sublimation pressures of K,S0, was complicated by the
simultaneous decomposition reaction.

The purpose of this paper is to suggest a different approach to obtain
accurate thermodynamic data for such complex vaporization processes. The
total vapor pressures can be measured by the torsion—effusion method, a purely
mechanical technique that requires no information about the vapor composition.
The simultaneous mass effusion rate measurements allow one to determine the
average molecular weight of the effusing vapor and to derive valuable informa-
tion about vapor composition. The mode of vaporization was characterized and
the heat of svblimation was determined by the mass spectrometric method.

For illustration of this combined wmethod to determine vapor pressure as
well as the vapor composition, our recent studies (11} on the vaporization of
K550, are given in this paper as an example. Two modes of vaporization reac-
tions (1 and 2) were defined, and the composition of vapor was determined.
The derived sublimation pressures and heat of sublimation measurements led to
evaluation of the heat of formation and the entropy of K,S0, vapor.

EXPERIMENTAL METHODS

Torsion-Effusion Plus Mass Loss Method

The apparatus used in these studies was the same as that described in
earlier papers on ZrI, and BeCl, (1-2). Details of this method were given in
our recent studies on metal sulfate decomposition (12). Briefly, the total
pressures P in the effusion cell are evaluated from the measured angular dis-
placement © by means of the relation

P =2 K 8/ af q, (4)

where k is the fiber torsion constant and a, f, and q are the area, force
factor, and moment arm of each of the effusion orifices, respectively. When
the mass effusion rate is measured simultaneously with the angular displace-
ment, the vapor molecular weight of effusing vapor M can be calculated from
the expression
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M = 27RT{[%(Zaf q)]/[2 k O(Z ca)]l?, (5)
where R is the gas constant, T is the absolute temperature, W is the total
rate of mass loss, and C is the orifice Clausing factor. 1In a complex vapor,

M is a weight average molecular weight, evaluated from the relation

M= [ImmM;1/2)72, (6)

where my; and My are the mass fraction and the molecular weight of the i
gaseous species. Therefore, the vapor species and the mode of vaporization
must be charactevized in order to use the calculated molecular weight equation
6 and the measured molecular weight to evaluate the vapor composition and to
derive the sublimation pressures from the total pressures measured by the
torsion-effusion method.

The effusion cell material should be inert to the sample. In these
studies the effusion cells were fabricated from Pt-30 pct Rh alloy. The cell
configuration was described in our previous paper (1l1). Two effusion cells
with orifice diameters of 0.06 and 0.11 cm were used in the vapor pressure
measurements. The constants of each cell were checked by measuring the wvapor
pressure of KCl. Both cells gave results within 5 pct of the values reported
by Pugh and Barrow (14). The measured molecular weights of KC1 with the 0.06-
cm-diameter cell were within 2 pct of the molecular weight of KCl. This cell
was used for the average molecular weight measurement.

Mass Spectrometric Method

The mass spectrometer equipped with a high-temperature Knudsen cell mo-
lecular beam source was the same as described previously (8). A movable beam
defining slit placed between the Knudsen cell and the ion source is used to
distinguish between the vapor species generated from the Knudsen cell and
those present as background. Vapor species generated from the platinum
Knudsen cell were ionized by electron impact, and the mass spectra were re-
corded and identified by mass to charge ratio m/e, isotopic abundance, and
measurements of appearance potential and ionization efficiency curves. After
the sample had been outgassed, the measurements of the temperature dependence
of ion intensity II of each vapor species were made by varying the temper-
ature randomly. The second-law heats of each vapor species are determined
from least-squares fitting of log (I+T) as a function of reciprocal tempera-
ture, since the ion intensity I{ is related to the ©pressure P; by the
_ kI'T

oy

absolute temperature, and 0y iIs the ionization cross section.

, where k is the mass spectrometer constant, T is the

simple relation Pi

K580, VAPORIZATION STUDIES
Material
The K,;S0, sample was reagent—grade material of 99.9-pct purity. X-ray

diffraction patterns taken before and after the measurements showed only the
presence of the low-temperature orthorhombic form of K,50,, although our meas-—

y
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urements at 1,180 to 1,280 K were assumed to be on the equilibrium hexagonal.
Chemical analyses of the decomposition residue gave no traces of sulfite,
oxide, or sulfide, indicating that K,50, vaporized congruently.

Total Vapor Pressure

The vapor pressure measurements were made in the range 1,180 to 1,280 K
with the Pt-30 pct Rh effusion cells PR-1 (0.ll-cm-diameter orifice) and PR-2
(0.06~cm~diameter orifice). The results are given in figure 1. The measured
vapor pressures show an orifice size dependence, indicating a kinetic barrier
to the vaporization process. The derived equilibrium total pressures shown in
figure 1 are obtained from the extrapolation of the vapor pressure data to
zero Orifice area, using the Whitman-Motzfeldt model (1, lgflg’_£2)°

The average vapor molecular weights measured with the PR-1 cell are con-
sistent and yield the average value M = 110 % 5, independent to temperature.
This measured value is lower than the molecular weight of K580, (174.3) for
sublimation reaction 1, but it is significantly higher than the value M = 44.3
for decomposition reaction 2, calculated from equation 6. As seen from figure
1, the derived equilibruim total pressure is a factor of about 2.7 larger than
the calculated pressure Pp for decompostion reaction 2 evaluated from ther-
mochemical data (10). 1t is clear from these results that both molecular
sublimation and decomposition are wajor contributions to the total wvaporiza-
tion flux and to the resultant total vapor pressure.

Vapor Species Identification and Ion Intensity Measurements

The mass spectra of the vapor species over K,50,(s) were examined. The
KZSOf, Kf, SOE, OE, and K20+ ions were detected. The low appearance
potentials AP(K,80%) = 8.4 £ 0.3 ev, AP(KY) = 4.5 £ 0.3 ev, and AP(SO%) =
12.4 * 0.5 ev indicate that they are all parent ions. It was difficult to
obtain an accurate AP for beam OE in the presence of normal background 03,
but the value was near 12 ev, close to the ionization potential of 0,. On the
other hand, the appearance potential of K20+ was measured as 11.5 * 0.5 ev,
clearly a fragment ion, since it is expected that the ionization potential
IP(K50) = IP(K). 1In fact, Gusarov and Gorokhov (6) have reported an approxi-
mate value of 5 ev for IP (K,0). The decomposition reaction (3) concluded by
Kosugi's studies (10) is in error. No SO3 was detected in spite of a careful
search. Therefore, the mode of vaporization can be described completely by
sublimation reaction 1 and decomposition reaction 2.

The temperature dependences of the intensities of KQSOI, K*, and SOE
were measured over the range 1,170 to 1,300 K. Second-law heats of each ion
were derived from least-squares analysis of log (I+T) as a function of recip-
rocal temperature, with the results shown in table 1. Second-law heats of the
three ions show very little wvariation and are in accord with the slope heats
derived from the total pressures determined by the torsion method, AH;,5, =
75.2 ¥ 0.4 kcal/mole (cell PR-1) and AHl%HO = 75.9 * 0.3 kcal/mole (cell PR~
2). The second-law heats for K' and S0, agree closely with the correspond-
ing slope heat of 75.1 % 0,3 kcal/mole at 1,230 K calculated from accurate
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FIGURE 1. - Total pressure over K,S0 ,(s) measured with two platinum-

thodium effusion cells, showing relation to extrapolated
equilibrium pressure and calculated pressure for decompo-

sition process K,50,(s) = 2K(g) + SO,(g) + O,(g)-

(K1)

thermochemical data (2) for reaction 2. Also the K'Y at 7 ev ionizing energy
and the K" at 30 ev, which must include some fragmentation of K,S50,, show
essentially the same temperature dependence. All these evidences point to the
fact that reactions 1 and 2 have nearly equal temperature coefficients.
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TABLE 1. — Second-law slope heats derived from ion temperature dependences

Electron
energy, Data Tavg, AHy,

Ion ev points ° K Kcal/mole
K,50,% 15 9 1,218 | 76.3 * 2.0
15 10 1,252 73.9 £ 0.3

kt 7 9 1,218 | 76.0 * 1.0
7 9 1,241 74.4 £ 0.7

30 10 1,245 | 74.1 * 1.6

S04t 17 9 1,218 | 76.2 0.8

Determination of Vapor Composition

Since the vaporization processes are now clearly established, it is pos-
sible to calculate the vapor composition from the total pressure data. The
total pressure is contributed from the following sublimation and/or decomposi-
tion reaction of K,504:

K,804(s) = (1 = b) K,80,(g) + 2b K(g) + b 80,(g) + b 0,5(2), (7)

where b is the fraction of K,50, decomposed. Then following the expression
from equation 6, the average molecular weight M can be calculated in terms of
b
- 1/2 1/2 1/2 1/2|-2
_ (1-b) MKZSOH +2b M/ + b MSO2 +b ) )
1-b) M +2bM, +bM, +bM )
(1-b) Mg so, K 50, 0,

The partial pressure of K,50,(g), PKZSOH’ and equilibrium total pressure, PT,

obtained from the Whitman-Motzfeldt extrapolation to zero orifice area are
related to b by the expression

= 9)
P by mi/2 1/2 172 172 (
T (1-b) Mg/Z, + 2b wg/2 + b ugd? + b My

The first approach to evaluate b is to use the directly determined vapor mole-
cular weight data to solve for the b value from equation 8; the sublimation
pressure can be calculated from equation 9, and vapor composition is then
determined. Since the total effusion pressure Pp of the decompostion reac-
tion (2) can be calculated accurately from thermochemical data (9), the second
and better approach is used to determine the vapor composition. The partial
pressure of KZSO?, Py .50, is calculated from the relati?n PKZSO = PT—PD. The
ratio PKgSOq/PT is uséd Po obtain the b value from equation 9% afid the average

molcular weight M is calculated from equation 4. the derived vapor pressure
data are shown in table 2. In the range of measurements the values of
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R<PK2504/PT)’ b , and M vary little with temperature. the calculated molecu-

lar weight, M=116 * 1, is in excellent agreement with the directly determined
molecular weight, M=110 * 5. The sublimation pressure of K,50,(g) accounts
for 63 pct of the total pressure under the effusion conditions.

TABLE 2. - Derived vaporization data for K,80,(s)

7 7 7

pp x 107, } Py x 107, | Py go x 107, B
T(K) atm atm atm R b M
1,180 5.07 1.94 3.13 0.618 0.237 114.6
1,200 8.74 3.31 5.43 .622 235 115.1
1,220 14.79 5.55 9.24 624 .233 115.5
1,240 24.60 9.16 15.44 .628 .230 | 115.9
1,260 40,26 14.88 25.38 .630 228 116.3
1,280 64.90 23.81 41.04 .634 .226 116.8
1,300 103.08 37.55 65.53 .636 224 117.0

The thermodynamic data of K,50,(g) were derived in detail in our previous
paper (1l). The heat of sublimation of K;80,(g) derived from mass spectrome-
tric studies as given in table 1 leads to the standard heat of formation
AHZ9g(K,S804, g) = -257.0 % 1.5 kcal/mole. From the slope heat and the
absolute pressure of K,80,(g), one evaluates the entropy 83200 (K,80,, g) =
135.8 * 1.2 cal/deg-mole.
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DISCUSSION
R. W. Carling: 1Isn't the decomposition of S0z and S0, and oxygen the same way

with potassium or magnesium sulfate? Once you get S03 into the gas phase,
then it becomes the same problem.

K. H. Lau: I wanted to mention to you that this one decomposes at a lot high-
er temperature. We measured it at about 1,200 X, but in the magnesium sulfate
we measured it at about 1,000 K. We also did some work on calcium sulfate; in
that case, we detected 50, and oxygen. When you go up to high temperatures,
for instance with calcium sulfate, barium sulfate, and strontium sulfate, you
will see S50, and oxygen under equilibrium conditions.

R. W. Carling: Did you think this when you are evolving S0, and oxygen right
from the cell?

K. H. Lau: This is what we propose. We did try very hard to look at the 503,
but we could not find any.

N. A. Gokcen: I think the concentration of S03 is very small at low pressures
and high temperatures. Probably less than 1 pct.

E: H. Lau: Yes.

A. Landsberg: Does the fact that you use an effusion cell and the escaping
vapors are actually in the cell for a finite time have any effect on the 80,,
503 ratio? What is the effect of the effusion orifice on the decomposition
products?
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K. H. Lau: We used two different orifice sizes to measure them and analyze
them. One was 0.8 mm and the other 1.5. We found out there was essentially
no change in the decomposition of the gas phase. Then we found a ratio of

potassium sulfate to potassium and compared that with the larger orifice. We
found essentially the same ratio.

M. W. Chase: Did you also study all the other alkali metal sulfates?

K. H. Lau: I am beginning to study sodium sulfate. T did observe the sodium
sulfate molecules in the gas phase. But the ionization cross sections are
very close to that of potassium sulfate. T think that the ratio for the sodi-
um sulfate to sodium is a lot less than that for potassium sulfate to potassi-
um. We believe that the sodium sulfate in gas phase would be about 15 to 20
pet. We are going to do that. This is our plan for the next year.

M. W. Chase: What about the other sulfates?

K. H. Lau: The other sulfates - calcium sulfate was done, but it decomposes
to form an oxide. We feel that the result for calcium sulfate agrees very
well, within 1 kecal.

M. W. Chase: You haven't published that have you?

K. H. Lau: We published that along with magnesium sulfate in 1977. It was
our first paper. We used that as a model compound to check if this method
really worked. We can derive highly accurate thermodynamic data on this sul-

fate.

L. D. Hansen: How is the catalyst distributed in your sample?

K. H. Lau: It does not matter in this case. The catalyst is what we want
here. What we really measure is the total pressure. We derived that data
from the wvapor equilibrium.

R. W. Carling: In decomposition of potassium sulfate, would you expect to
find SO 3?

K. H. Lau: We are looking at a much higher temperature. I think the tempera-
ture is the main effect; as Dr. Gokcen mentioned, at this high temperature,
the ratio of 503 to 50, is wvery small. Also demonstrated in our work on
magnesium sulfate, it does not matter what kind of steady-state pressure you
get, the derived equilibrium pressure always gives you the correct equilibrium
pressure. This 1is demonstrated by using different catalysts; platinum and
chromium oxide give you different steady—state pressures, but you get the same
derived equilibrium pressure.

Anonymous: Have you studied the alkali chromates?

K. H. Lau: No. The decomposition reactions for the chromates form chromium
oxide as a solid phase. We hope to investigate it in the future.



383

N. A. Gokcen: After having spent more than 5 yecars on torsion cclls, we went
back to the gravimetric cell by using a microbalance; we thought that the
advantages of the microbalance are far more than the few advantages that the
torsion cell could have. The problem with the torsion cell is that the fila-
ment from which you hang the cell has to be calibrated each time, and often it
has to be calibrated two or three times a year because it changes its charac-—
teristics. What are your reasons for preferring the torsion—effusion cells
over the gravimetric—effusion cells?

K. H. Lau: I think people used a tungsten filament in the past. There were a
lot of problems using it, = it was very brittle and easy to break. As Dr.
Gokcen says, the torsion constant changes, but what we are using is a Pt-10
pct Ni fiber. This fiber is exceedingly stable. T have been working on the
same fiber for about 2-1/2 years, and I constantly check the torsion constant.
It always agrees within less than 0.1 pct. The beauty of this fiber is that
you can hang very heavy weights on it. It does not change the constant at
all. Of course, you take into account this possibility. We calibrate this
fiber with the weight, which is almost equal to the weight of our torsion
effusion cell. Because if you use the heavier weight you have a slightly
larger torsion constant. One of the advantages for the torsion—effusion cell
is that we are studying very complex vapors. Now in the regular weight loss
you have the molecular weight term. You have to know what is in the vapor in
order to get that molecular weight and calculate the total pressure. 0f
course, if you are looking at Jjust a very simple sublimation, molecular weight
would be equal to the molecular weight of the gas. 1In the torsion-effusion~
plus-weight-loss method, it requires no knowledge of wvapor composition to
evaluate the total pressure.

M. W. Chase: When you do work on sodium sulfate, it geems to me you are going
to have a horrendous problem knowing what the material is that you started
with., In potassium sulfate, you have two crystal phases. I don't think there
is any ambiguity at a certain temperature as to what you've got, but sodium
sulfate has five different phases and when you get wup above 1,000° they are
not well characterized and you never know what you've got. What are you going
to do to solve that problem?

K. H. Lau: According to the recently revised JANAF Tables, we are looking at
a high—temperature phase, I forgot what phase it is. I believe that sodium
sulfate has a lot lower vapor pressure. We have to melt it, so we study the
liquid-gas equilibrium. When you are looking at a liquid phase, you always
run into the problem of the liguid creeping out of the orifice and breaking
off the cell. I think we can manage this problem by putting a packing of very
fine platinum wire into the cell. Then when sodium sulfate melts, the surface
tension will hold this liquid and platinum together. The same difficulty is
also encountered with chromates.

J. Haygarth: Another complication appears to be in the liquid, and that is,
as it decomposes, its composition will change. Do you foresee a problem in
that?
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K. H. Lau: I believe that potassium sulfate vaporizes congruently. In our
potassium sulfate studies we are very careful in analyzing the residue mater-
ials. Take an X-ray, do some chemical analysis. What we find is that only
the potassium sulfate is there. 1If we are going to do the sodium sulfate, we
are going to do the same thing, make sure that the compound vaporized congru—
ently.
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EXPERIMENTAL METHODS FOR DETERMINING THE
GIBBS ENERGIES OF METAL SULFIDES!

by

Kenneth C. Vlach? and Y. Austin Chang?

ABSTRACT

Experimental methods involving heterogeneous equilibria in the determina-
tion of Gibbs energies of formation of metal sulfides are reviewed. The
methods covered include direct sulfur vapor pressure measurements, equilibrium
with gas mixtures, and so0lid electrolyte galvanic cells. Calorimetry and
techniques involving effusion into a vacuum are not covered,

INTRODUCTICN

Determination of the Gibbs energy of formation of a metal sulfide is
based on measurement of the equilibrium constant of the reaction

n M(s) + 5,(g) = n MS, , (s) (M
(a %
K = Msz/n . (2)
n
(aM) (ag )

2

As the activities of MSZ/n(s) and M(s) are unity,

AG = —RT &n K = RT 2n ag - (3)
2
For convenience, the standard state of sulfur is commonly chosen as S,(g,
1 atm). Thus, AG, of the metal sulfide is found by determining its equili-
brium sulfur partial pressure. As sulfur vapor may contain significant
amounts of species other than S5,, a correction to the partial pressure Pg is
2

'This research is supported by the Division of Materials Research,
Naticnal Science Foundation (DMR-T8-04066).

2Formerly with the Materials Department, College of Engineering and Applied
Science, University of Wisconsin - Milwaukee, Milwaukee, Wisc. Now with
the Department of Metallurgical and Mineral Engineering, University of
Wisconsin-Madison, Madison, Wisc.
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sometimes necessary {especially at low temperatures and high pressures). Let
it suffice here to say that this subject has been well covered:; for example,
see the work of Rau and coworkers (41)° and Wakihara and coworkers (56).

Means of determining the sulfur activity versus composition relationship
(as a function of temperature) may be classified as to whether the sulfur
activity is fixed by (1) the vapor pressure {or gas mixture), (2) the sample
composition, or (3) the total amount of sulfur in a closed system.

Methods in which the sulfur activity is fixed by independently controlling
the vapor pressure (or gas mixture) include static methods such as the buffer-
ed isopiestic types, dynamic methods such as thermogravimetric analysis (TGA)
and buffered recirculatory systems, and some electromotive force (EMF)
methods. (Buffered indicates the use of a two-phase reservoir to fix p._.)
The sample composition is the dependent variable that must be dete?ﬁined.
These methods are best suited for single-phase (condensed) regions of binary
systems.

Methods in which the sulfur activity is fixed by the sample include di-
rect pressure measurement, the so-called indicator isopiestic-type methods,
the dewpoint method, some EMF methods, and such dynamic methods as the gas en-
trainment method, Here the vapor pressure (or gas composition) must be deter-
mined. These methods are best suited for two-phase regions, but are useful
for single-phase regions (where it may be necessary to determine the sample
composition),

Methods in which the sulfur activity is controlled by the total amount of
sulfur in a closed system include the static stepwise reduction method and
dynamic systems such as nonbuffered recirculatory systems. These methods are
suitable for both single- and two-phase regions. Either the gas or the sample
composition (or both) may be measured, as one determines the other; generally,
the gas composition is measured, since it may be done more easily and accur-
ately,

The procedure that will be followed here is to classify the experimental
methods as static, dynamic, or EMF techniques as ocutlined below:

Static Methods

Direct pressure measurement Isopiestic-type methods
Mechanical methods Buffer methods
Absorption methods Indicator methods

Dewpoint method
Stepwise reduction method

*Underlined numbers in parentheses refer to items in the list of references at
the end of this paper.
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Dynamic Methods

Sulfur activity fixed by the gas stream
Means of controlling pS
2

Gas mixtures
Carrier gas methods

Means of sample analysis (nondestructive)
Thermogravimetric analysis
Tarnish methods

Sulfur activity fixed by the sample
Circulating methods
Transportation and entrainment methods

Sulfur activity determined by mutual equilibration

Solid-Electrolyte EMF Methods

Conventional EMF methods
Isopiestic EMF method

STATIC METHODS

Direct Pressure Measurement

Direct measurement is theoretically the simplest means of determining the
sulfur vapor pressure of a sample. However, it is complicated by the corro-
siveness and the compositional makeup of sulfur vapor and the relatively high
temperatures inveolved. Generally, a custom-made apparatus of silica glass is
used, either partially or totally within a furnace,

Mechanical Methods

The most common means of measuring sulfur vapor pressure are the ali-
silica spiral and Bourdon gages. These almost identical instruments are oper-
ated by the same technique. The vapor pressure within the curved gage body
causes a slight elastic deformation which moves the pointer from the null pos-
ition., Then an externally measured gas pressure is applied to the outside of
the gage until the pointer returns to the null position, at which time the
sulfur vapor pressure is equal to the external gas pressure. Figure 1 shows a
silica spiral gage used by Rau (35). A Bourdon gage differs only in that a
broadened half-spiral is used. Since the sulfur vapor comes from the sample,
the sample composition is corrected accordingly. To minimize error of this
type, relatively large samples are used to reduce available vapor space., The
gage may be kept either at the same temperature as the sample or at an arbi-
trarily fixed temperature., Sensitivity may be limited by thermal fluctuations
in the vapor or the external gas (§ﬂ). The Bourdon gage is usually used in
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the pressure range 1 torr to 1 atm (29), By using a silica Bourdon gage in an
isothermal furnace within a pressure vessel containing a viewing window, Rau
(39) studied the Co1 6S system at pressures and temperatures up to 150 atm and
1,368 K. -

A means of directly measuring lower sulfur vapor pressures is the Rodebush
low-pressure manoneter adapted by Leegaard and Rosenqvist (23) for use at high
temperatures, Their apparatus, shown in figure 2, was used for measureuents
in the range 0.001l to 1 torr. The vapor pressure above the sample is deter-
mined by noting the decrease in the tension in the silica helix necessary to
support the disk against the sealing flange. The stopcock and nylon thread at
the top are used as a pulley to adjust the tension in the helix, This appara-
tus is only suitable for studying pressures above two-phase regions, since a
small amount of sulfur vapor is lost during measurement.

Absorption Methods

Pemsler and Wagner (31) measured the equilibrium vapor pressure of sulfur
for various Cu-Fe-S compositions using an ultraviolet absorption spectrometer.
The silica sample vessel was placed in a multi-temperature zaone furnace such
that the sample temperature could be varied while the absorption path was kept
at 700° C (fig. 3). Two absorption bands were used, so that a pg_ range of
of 1.5 x 10-5 to 0.04 atm could be measured. 2

Isopiestic-Type Methods

These methods depend upon sulfur vapor equilibration of a sample with a
reference material (which either fixes or indicates the sulfur activity) with-
in a sealed vessel, Isothermal methods are isopiestic; those that maintain
different sample and reference temperatures are given the name pseudoisopies-
tic (30). Isopiestic-type methods can only be used for those systems where
the metal is ~nonvolatile at the relevant temperature.

Buffer Methods

In the buffered isopiestic-type methods, the sulfur activity is fixed by a
reservoir of buffer material (either liquid sulfur or a two-phase reference
sulfide) at constant temperature, which maintains a constant sulfur vapor
pressure. Buffer methods are most applicable to the study of single-phase re-
gions, The experimental unknown is the sample composition. It may be moni-
tored continucusly by means of a balance or radiocactive means, or it may be
determined at the end of a run by quenching and analysis. The continuous
methods have the advantage of showing when equilibrium has been reached; the
disadvantage is the necessarily more intricate apparatus. Winn and Steele
(60) used a sample vessel mounted on a pivot and attached to a recording mi-
crobalance to measure the transfer of sulfur between a standard sulfide and a
TixS2 sample, A correction was made for the weight of vapor in the tempera-
ture gradient tube, The apparatus is shown in figure 4.
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Indicator Methods

In the indicator isopiestic-type methods, a small amount of standard indi-
cator material is sealed in the sample vessel. The sample fixes the equilib-
rium sulfur activity which is determined by analysis of the indicator,

The pyrrhotite indicator technique is based on the wide range of sulfur
activity over the Fe, 5 compositional range which has been well established
and is sunmarized in réferences 24 and 25. After equilibrating the sample and
the pyrrhotite indicater, the sample vessel is quenched and pyrrhotite compo-
sition is determined by X-ray analysis. This method has been used by Barton
(3) in a study of the Cu-Fe-S system,

A simple neans of testing the results for equilibrium is to "sandwich' the
sample between two small amounts of pyrrhotite: one sulfur-rich and one sul-
fur-poor (fig. 5). At equilibrium the two pyrrhotites will have the same
composition (5, 53).

Another indicetor isopiestic-type method is the electrum=tarnish method
developed by Barton and Toulmin (4). By visually determining the formation
and decomposition temperatures of a sulfide layer on an electrum (silver-gold
alloy) indicator sealed in a sample vessel, the sulfur activity of the sample
could be determined,

The principal advantage of the method is its simplicity, which makes it
possible to do many simultaneous runs for periods as long as months for low-
temperature (T ~300° ) studies. A disadvantage is that the formation and de-
composition temperatures can usually be determined only to a range of 5° to
10° C. Barton and Toulmin have compared the relative merits of different meth-
ods for determining sulfur activities at various temperatures (4).

Dewpoint Method

The dewpoint method is a simple yet accurate means of determining sulfur
activity. It is based on the equality of the partial pressure of sulfur above
a sample and the saturated vapor pressure of pure sulfur at lower temperature
(the dewpoint), By determining the dewpoint, the sulfur activity of the sam-
ple may be found, as the P-T relationship for saturated sulfur vapor has been
accurately determined (40). As it is necessary that the condensed sulfur be
pure, the method cannot be used for metals that are appreciably volatile.

A typical dewpoint apparatus, as used by Mikkelsen (27) in a recent study
of the Ti-S system, is shown in figure 6, A capillary tube extends from the
sample vessel into an adjustable heating zZone with a decreasing temperature
profile. The dewpoint temperature is found by observing the condensation and
evaporation of sulfur at the capillary tip in a series of heating and cooling
cycles (with a successive narrowing of the temperature range),
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The dewpcint method may be used for sulfur pressures in the range 2 torr
to ~10 atm (27), which correspond to dewpoints of 200° to 6060° C ., The lower
limit is due to the minimum amount of sulfur in the vapor that can produce de-
tectable condensation; the upper limit is the approximate strength of silica
sample vessels. It has been noted (;l) that the sulfur transfer rates become
very slow at vapor pressures less than 0,01 atm,

It is important to use relatively large samples (of single-phase condensed
systems) to minimize compositional changes, which cause different heating and
cooling dewpoint temperatures.

Stepwise Reduction Method

This method was developed and used extensively by Rau (35-39) for indirect
measurement of low sulfur pressures (al torr).

Basically, the method coensists of adding H, to a sample in a silica ves-
sel, equilibrating at a constant temperature, quenching, and then analyzing
the resultant H,S-H, mixture., The sulfur activity is calculated from the
sample temperature and the H,5-H, ratic using the following equation:

AGS
4n a.= 1/2 4n P, = £,H,5 + 4n PH S . (4)
S S, ————
RT P

H,

The sample composition is calculated after measuring the amount of sulfur
removed as H,5 (with a slight correction for sulfur present as vapor at the
equilibrium temperature). This procedure is repeated until some metal-rich
composition is reached, whereupon H,5 is added to return to a sulfur-rich com-
position.

The apparatus used by Vlach (54) is shown in figure 7. It consists of a
silica sample vessel connected via capillary and stopcock to the H, and H,S
supplies and the gas analysis system. The analysis is carried out as follows:
The H,S-H, mixture is transferred (by raising and lowering the mercury in the
Toepler pump, with appropriate opening and closing of the Teflon valve) to a
known volume where its pressure is measured. Next, the H, is pumped away af-
ter freezing the H,S with liquid nitrogen (poured in the surrounding flask),
After warming up, the H,S pressure is measured.

Advantages of the stepwise reduction method include

1. It is suitable for both single- and two-phase regions. Unlike
most static methods, the sample composition is easily and precisely varied,
which makes it suitable for single-phase regions. Unlike dynamic %once-
through" flow systems, such as thermogravimetric analysis, it is ideal for
two-phase regions, This makes it useful in determining transition (for exam-
ple, eutectoid or peritectoid) temperatures between adjacent two-phase re-
gions.

2. It is more exact than other static methods for measuring low
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sulfur vapor pressure, since it uses the more easily measured H,S-H, ratio.

3. Each change in composition is known very precisely. This makes
it useful in determining the width of narrow phase regions,

4. Although there is a cumulative error in composition, this can be
corrected {(a) if there are already known data, such as & phase boundary, in
the compositicn range being studied, or (b) by interconnecting series of data
(35).

Disadvantages of the stepwise reduction method include

1. As mentioned above, there may be a cumulative error in composi-
tion.

2. It is linmited to low sulfur pressures (e¢l.5 torr) to avoid sulfur
condensation in the cooler portion of the capillary,

3. To reach lower sulfur compositions when the sulfur activity is
very small is very time consuming, as the amount of H,S formed each time is
very small, This problem may be overcome by using smaller samples, or by
starting with the metal and sulfidizing with H,S.

4, Thermal segregation of H,S (the heavier gas) may occur in the
portion of the capillary outside the furnace. This is minimized by keeping
this volume to al pet that of the sample vessel and by placing the capillary
above the sample vessel,

DYNAMIC METHODS

The bulk of sulfur vapor pressure and Gibbs energy of formation data on
metal sulfides has been obtained by dynamic methods involving equilibration of
a sample and a gas stream, The various experimental techniques differ prim-
arily in the means by which Pg is fixed and the type of analysis required.

2

Methods in which P is controlled with a gas or vapor source require sample
2
analysis. Methods in which Pg is fixed by the sample require gas analysis,
2
Methods in which Pg is determined by mutual equilibration of the sample and a
2

gas require either gas or sample analysis (sometimes both).

Sulfur Activity Fixed by the Gas Strean

These methods include once-through flow systems and buffered circulatoery
systems, Generally, data taking is limited to single-phase (condensed) re-
gions, Sample analysis is required. It may be either nondestructive, such as
thermogravimetric analysis and tarnish methods, or destructive, such as chen-
ical or X-ray analysis, Only the nondestructive methods will be discussed, as
they are part of the equilibration process (as opposed to destructive analy-
sis, which is carried out afterwards).
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Means of Controlling Pg
2

Gas Mixtures

Gas mixtures such as H,5-H, are the most commonly used means of producing

Pq values in the range 10-!'? to 10-% atm. At such low sulfur pressures, in-
2

direct control via the H,S disscciation equilibrium (equation 4) is more exact
than any direct means, Commercially available flowmeters and gases are ordin-
arily used, with purification as necessary. The H,3-H, ratio may also be
fixed by passage of H, or H,S-H, through a buffer reservoir (liquid sulfur or
a standard sulfide) at a controlled temperzture, For example, H,3-H, ratios
from 4.5 x 10-* to 2.4 x 10-? can be produced by passing H, slowly over a mix-
ture of Cu,5 and Cu at temperatures from €00° to 1,000° ¢ (50). The buffer
method may be used in either once-through or circulatory systems.

A wider range of H,S-H, ratios (10-* to 10) can be produced in the appara-
tus of Delmaire and LeBrusq (10), which passes an N,-H, mixture containing a
precisely controlled amount of H,0 vapor through a column of Al,S,, which con-
verts the H,0 to H,S, The relative error of the resultant H,3-H, ratio is *3
pct at a ratio of 10-* (33).

Carrier Gas Methods

These are used for Pg values in the range 10-* to 1 atm (57). The proced-
2

ure is to use an inert gas to move sulfur vapor from a liquid sulfur reservoir
past the sample, The sulfur vapor pressure is controlled by regulating the
temperatures of the reservoir and the intermediate zone between the reservoir
and the sample (fig. 8). The method is described in detail by Wakihara and
coworkers (57-58) who studied the V-8 system. Wada (55) has recently used the
method in a thermogravimetric study of the Fe-V-3 system,

An unusual carrier gas method was used by Tegman (51) in a pseudoisopies-
tic buffer technique. N, gas was circulated by means of a fan between the
liquid sulfur reservoir and the sample, which were placed in two different
temperature zones of the furnace.

Means of Sample Analysis {(Nondestructive)

Thermogravimetric Analysis (TGA)

This method is used to determine the sample compesition as a function of
temperature and sulfur activity. The procedure is simple: The sample is sus-
pended from a microbalance and equilibrated with a gas stream of known sulfur
activity at a fixed temperature. The composition of the sample is then deter-
mined from its weight and the original composition and weight.

Advantages of the TGA method are

1. The composition is known very accurately because of the high sensi-
tivity of mierobalances,
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2. There is no need to remove and analyze samples,

3. Many data points may be obtained with one sample, as only the temper-
ature and/or gas ratio need to be varied,

4, The approach tco equilibrium is easily observed.
Disadvantages of the TGA method are

1, Reliable data cannot be obtained in two-phase (condensed) regions,
where the activity is independent of the composition.

2. Precautions must be taken to prevent the sulfur vapor from affecting
the weighing mechanism (by condensation and/or corrosion).

Bale and Toguri (2) have discussed the application of TGA to sulfide
studies, Their apparagas is shown in figure 9, To prevent corrosion of the
electroniec balance and sulfur deposition on the sample support, dry N, was
passed through the balance ahd down the central column to the exit holes. A
buocyancy correction was made for the densities of different H,S-H, ratiocs,

Care should also be taken to avoid thermal diffusion, This is done by
using high flow rates (sometimes with Ar as a diluent) and by preheating the
gas mixture in a small-diameter tube (14).

Three basic types of weighing apparatus are used in TGA:

1. Automatic recording microbalances. - These provide automatic record-
ing and balancing of the sample weight, as well as high accuracy (~1 ppm).
Disadvantages are the high cost and vulnerability to corrosion. Balances are
now available with all metal parts gold-plated for protection (§).

2. Silica springs. - These are simple, inexpensive, and not subject to
corrosion. However, sensitivity is only about 1 part in 10", and measurements
are usually made manually with a cathetometer. An automated recording method
was used by Burgmann and coworkers (7). The position of a ferrite core
included in the sample suspension was determined using a differential
transformer.

3. The silica beam microbalance. - The microbalance designed by Gulbran-
sen (15) was modified by Whittle (59) for photoelectric detection and electro-
magnetic balancing, Sensitivity of 10-fg .was achieved for a 0.5-g sample.
This balance has both high sensitivity and corrosion resistance. However, the
automated design is somewhat complicated.

Tarnish Methods

These are methods in which the H,S-H, ratio and temperature for the
metal-metal sulfide equilibrium are visually determined by observing the for-
mation or decomposition of the sulfide phase on the metal,
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Kordes and Rackow (19) determined the sulfur vapor pressures (and heats
of formatiocn) of Cu,S, FeS, and Ag,S by observing the tarnishing of the metals
in H,-H,S mixtures, By varying the sample temperature at fixed H,-H,S ratios
and observing tarnish formation or decompositicn, they determined the log P

2

versus 1/T equations for the respective metal-metal sulfide equilibria (using
literature data on the dissociation of H,S).

Bielen (6) verified the accuracy of this method by comparing data on the
Cu~-Cu,S system with data obtained by other means.

Hager and Elliott (1€) used a slightly different procedure to obtain the
same type of information. At a fixed temperature, mixtures with different
H,5-H, ratios were passed over metal samples until two adjacent ratios were
cbtained, one of which was sulfidizing and the other reducing.

Sulfur Activity Fixed by the Sample

Dynamic methods where the sulfur activity is fixed by the sample are used
to investigate two-phase (condensed) equilibria as functions of temperature.
They have also been used in single-phase studies by using sufficiently large
samples so that changes in composition were insignificant; alternatively, such
changes can be determined by special means (discussed below).

In all of these methods the gas 1is equilibrated with the sample and
analyzed to determine the sulfur activity.

Circulating Methods

In these methods, H, (or an H,3-H, mixture) is circulated over or through
the sample until an equilibrium H,S-H, gas mixture is prcduced, which is ana-
lyzed to determine the sulfur activity of the sample. The gas is ordinarily
analyzed continuously (nondestructively), which allows the approach to equili-
ggium to be noted. Analytic methods include radicactivity measurement using

S [discussed extensively by Alcock (1)], density measurement using a buoy-
ancy balance (45-46), as shown in figure 10, and optical interferometry (re-
fractive index measurement) (9).

A novel method used by Meyer and coworkers (gé) involved the operation of
a once-through system in such a manner so as to give the results of a circula-
tory system in a much shorter time. An optical interferometer was used to
compare the H,3-H, ratios at the inlet and the outlet of the sample furnace.
The inlet gas composition was adjusted until the inlet and outlet compositions
were equal. At the high temperatures involved (up to 1,€00° C) it was
necessary to consider the partial dissociation of H,S toe Ha, Sz, 8, and
HS in order to calculate the equilibrium sulfur pressure Pg - The sample com-
position was analyzed chemically. 2

Transportation (Transpiration) and Entrainment Methods

In the transportation method, a slow-moving stream of inert gas is passed
through the sample, becoming saturated with its equilibrium sulfur vapor
which is condensed out and weighed after it leaves the sample furnace (290,
52). The partial pressure of sulfur pS is calculated from the weight of the

2
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condensate and the moles of carrier gas, with a correction being made for
other sulfur species using the data of Rau and coworkers (41).

The entrainment method of Richards (42-Y4) is essentially the same except
that reactant gases may also be used. An inert gas (N2) was used, either
alone or in mixtures with S,(g) and H,, to study the vaporization, dissocia-
tion, and reduction equilibria, respectively, of SnS and ZnS. In these sys=-
tems a stream of N, alone cannot give data for the Gibbs energies of formation
because the vaporizing species will be SnS(g) and ZnS(g).

In both methods, equilibrium with the sample 1s theoretically attained at
infinitely slow flow rates (20). 1In practice, flow rates of about 2,/hr have

been used, which is sufficient to avoid thermal diffusion (43-34, 52).

Sulfur Activity Determined by Mutual Equilibration

In this method, the sulfur activity is determined by the mutual equili-
bration of a sample and a fixed amount of gas in a closed circulatory system.
Tt is the same in principle as the static stepwise reduction method and may be
used for either single- or two-phase (condensed) regions. Both the sample and
gas compositions are experimental unknowns, but measurement of one equilibrium
composition permits calculation of the other, as the initial amounts and com-
positicns are known, Frequently, the gas composition is analyzed continuously
by the means covered in the previous section on circulating methods, such as
the buoyancy balance (fig. 10) used in Rosenqvist's classic study (4€). The
gas composition may also be determined by chemical analysis of small volunes
(gl). Alternatively, the sample compositicn may be analyzed continucusly, as
done by Peronne and coworkers (32), who placed a silica balance within the

reaction vessel to measure weight changes as small as 5 x 10-%¢g in Cue_GS of

~1.,05 g, After equilibration, the H,S-H, ratio was determined by manometric
pressure measurements before and after freezing the H,5 in a cold trap.

The stepwise reduction technique is often used with this method in order
that sulfur activities may be studied as the sulfur composition of the sample
is gradually reduced by small, calculated amounts.

SOLID-ELECTROLYTE EMF METHODS

Conventional EMF Methods

The solid-electrolyte EMF method is an accurate means of determining the
Gibbs energies of formation when the appropriate cells can be constructed. As
metal sulfides are generally electronic conductors, the direct-reaction cell
is not feasible, {The Nernst equation would not be obeyed.) Therefore, it is
necessary to use an auxiliary electrolyte of ionic type. The most straight-
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forward approach 1is to use an ionic salt of the metal, as in the well-known
cells
Ag | AgI | Ag,S, pg
2
and

Cu |[CuBr | Cuz_és, psz,

but there is a limited availability of such compounds with suitable proper-
ties. HMore generally, the use of several solid electrolytes of high chemical
and thermal stability has been developed. These include CaF, and such oxides
as CaO-stablized Zr0O, and ThC,(Y,0;). In these cells, the sulfur potential is
measured by converting it to an equivalent fluorine or oxygen potential. The
CaF, electrolyte has been used by Moriyama (28) to determine AGP Cu. S in the

following cell (fig. 11);: * T

Cu + Cu,8, CaS/CaF, (single crystal)/CaS, Ag + Ag,S.

The sulfur activity at each electrode fixes the fluorine activity via the
equilibrium

CaF,(s) + 1/2 S,(g) = CaS(s) + F,(g). ()

The overall cell reaction is

Ag,S + 2Cu = 2Ag + Cu,S, (6
for which
AGRx = -nFE",

and the standard Gibbs energy of formation of Cu,S is

AG®

- ° _ o
£, cu,s %0 ag,s - FE . (7)

Jacob and coworkers (17) have studied the feasibility of using a similar
CaF, cell for gas analysis. H,S-H, mixtures were used to fix the electrode
sulfur activities, which fixed the fluorine activities as above. Larson and
Elliott (22) used stabilized zirconia (Zr, ,;Ca,,,50, 45) electrolyte in
determining the Gibbs energies of formation of several metal sulfides. In
what essentially are oxygen concentration cells, they used mixtures of the
types (dependent upon the relative oxide-sulfide stability) MO, MS, and 80,
(g, ~1 atm); MO, MS, and S, (g, ~1 atm); and M, MS, and S0, (g, ~1 atm) to fix
the oxygen potential at the anode. The oxygen potential at the cathode was
fixed by pure 0, (g, 1 atm). For MO-MS-S0,, the reaction for the reversible
transfer of 1 mole O, is

2/3 MO + 2/3 S0,(g) = 2/3 MS + 0,(g)

and

AGEX = 2/3 (Aﬁg - Agg - Aggz Y = -UFE.
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Their paper discusses experimental errors as well as uncertainty in the
published data for S0,(g) and the relevant metal oxides, It should be noted
that Rosenqgvist and Haugom (47) have recently determined an accurate expres-
sion for AG;, S0, by high-temperature EMF measurements which is more positive
than earlier expressions (12).

The stabilized Zr0, electrolyte has been used more recently by Espelund
and Jynge (13) in a cell similar to that of Larson and Elliott (22) in a study
involving Zn0-ZnS and Fe,0,-Fe. 5, and by Schaefer (48) in a study of Zn0-ZnS
in which Cu + Cu,0 was used to fix the cathode oxygen potentlal

Another oxide suitable for use as a solid electrolyte is ThO, (Y,0,)
which has been used by Yuill and Cater (£1) in a study of the U-0-S system and
more recently by Hedouin (11) in a study of columbium sulfides.

Isopiestic EMF Method

Schneeberg (49) developed a method that uses the cell

hg | AgI | Ag, S, S.(g)

to measure the sulfur activity of a sulfide mixture in isopiestic equilibrium
with the Ag S electrode (fig. 12). It may also be used for nonstoichio-
metric sulfldgs such as Fe S and Nl It cannot be used for samples
that can form iodides more s%able than ﬁgI

The method has the advantages of simplicity and accuracy., Its disadvan-
tages are the narrow temperature range in which the cell can be used (178" to
~U445° C) and that the activity measurements are limited to those above that of
the silver-silver sulfide equilibrium. The use of a more stable electrolyte
should permit these limits to be extended (49).
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DISCUSSION
R. D. Freeman: How do you get the composition of the gas? In this static

technique you use to obtain the chemical potential of sulfur using H,-H,S
mixture, how do you measure the volume or concentration of H,S and H,?

Y. A. Chang: In our gas analysis system, we have a vessel for which we know
the total volume and also the volume of a small, upper portion, We transfer
the entire gas mixture into the vessel and measure its pressure and tempera-
ture, After removing the H,, the H,S pressure is measured in the small
volume,

R, D, Freemen: How do you separate the two?

Y, A, Chang: The H, is evacuated after freezing the H,S (using liquid N, in
a surrounding flask). The H,S pressure is then measured after warming up.

Anonymous: How do you eliminate gas-phase segregation:

Y. A, Chang: If you use a sufficiently high velocity of H,S-H, mixture, the
segregation is minimized,
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THERMODYNAMICS OF REACTIONS AND INTERACTION PROPERTIES
IN SOME GAS-LIQUID METAL SYSTEMS

by

N. A. D. Parlee!l

ABSTRACT

For simultanecus determination of solubilities (C) and diffusivities (D)
of gases (H,N,0) by a combined "unsteady state-steady state” gas-liquid metal
diffusion cell method, a gas—-liquid metal diffision cell is operated (at temp.
T) first as an unsteady state cell yielding a linear plot of volume of gas
absorbed versus Ytime; then, continuing the same run, it is operated as a
steady state cell yielding linear plots of volume of gas absorbed versus time.
The slopes of the two plots provide two equations that may be solved for C (1
atm) and D. Thermodynamics of gas dissolution reactions can be developed.

For determination of the thermodynamics of reactive metal nitride forma-
tion precipitation reactions in 1liquid metal solvent alloys, nitrogen is
equilibrated in a Sieverts apparatus with liquid alloys (M-Sn, M-Fe, etc.} of
fixed reactive metal (M) composition at T and at progressively increasing P
values. Data derived from plots of Pé/z versus volume of N, absorbed make i¢

possible to establish the stoichiometry and the thermodynamics of XM + IN =
MXNy(s) reactions.

For determination of the thermodynamics of the carbothermic reduction of
oxides of highly reactive metals in liquid metal solvent solutions, Sieverts
apparatus is used to equilibrate charges of the oxide (for example, U0,), C,
and the solvent metal (for example, Sn) at different temperatures. The Keqand

thermodynamics of the reactions can often be determined.
SIMULTANEOUS DETERMINATION OF SOLUBILITIES

AND DIFFUSIVITIES (D) OF GASES (H, N, 0) BY A COMBINED
"UNSTEADY STATE-STEADY STATE" GAS LIQUID DIFFUSION CELL METHOD

Solubilities of gases in liquid metals have long been determined by time-
tested Sieverts methods (29)2 with various modifications. ©Nearly all of our

lprofessor of extractive metallurgy, Stanford University, Stanford, Calif.
?Underlined numbers in parentheses refer to items in the list of references
at the end of this paper.
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solubility data for H and N in metals like Ni, Fe, Cu, and their alloys, and
for H, N, and 0 in metals like Ag, Au, and their alloys are derived from
Sieverts work. Data are often reported in the literature as C; _,.., solubil-

ity at 1 atm at temperature T, or given in the form of AG° = AH° - TAS®° equa-
tions for reactions of the form 1/2G2(g) = G, where G represents the dissolved
gaseous component. Solubilities at other pressures are calculated, in simple

cases, from the Sieverts relation C; = K /PG where K is the equilibrium

constant of the dissolution reaction. There are cases like 0 in liquid Cu and
Fe where a liquid or solid oxide phase occurs at pressures below the level of
pressure measurement by ordinary manometers in the standard Sieverts tech-
nique; in such cases indirect methods have generally been used to derive the
gas solubility in the liquid phase. Even here, however, a modified Sieverts
method sometimes can be used; for example El-Naggar, Horsley, and Parlee (6-
7) measured the oxygen solubility relations in liquid copper and alloys, using

a solid electrolyte cell to measure Pozin the gas-liquid copper range. However

there are various other cases where the standard Sieverts method gives unreli-
able results. Sometimes the reasons are not fully accountable. One situa-
tion, however, is very common; this is where hydrogen or nitrogen solubility
is so small that it cannot be measured with preclsion by any known Sieverts
method or by the saturation—quench-chemical analysis method. The combined
unsteady state—steady state method described below was developed because of
the necessity of measuring both C and D values for H and N with good precision
in a large number of simple and complex iron alloys. Both C and D at tempera-
ture T are calculated from the data taken in one long run. Very low values of
C can be measured with considerable success.

The method evolved from the development of the first really satisfactory
gas—liquid metal diffusion cell by Mizikar, Grace, and Parlee (15) and Shah
and Parlee (19) for measuring Dy in liquid Ag, noble metals, and alloys, and
later extended to the 1,750° C range by El-Tayeb and Parlee (%) and Sacris and
Parlee (18) for measuring Dy and Dy in Sn, Cu, Fe, Ni, and their alloys.
This was an unsteady state cell involving the diffusion of the gas component
down into a cylindrical column of stagnant metal, after instant saturation of
the surface by 1/2G2(g)*G. Velho, El-Tayeb, Gani, and Parlee (21) discovered
that the same type of cell could be operated as a steady state “cell and that

gas values for O in 1liquid Ag, essentially identical with unsteady state

values, could be obtained if certain cell dimension restrictions were obeyed.

They also demonstrated that it was possible to calculate sound CgaS values by

combining the data from an unsteady state and a steady state run. This was
confirmed by Sacris and Parlee (18) and Lee and Parlee (14) for Cy, Dy,
and Cy, Dy for several liquid metals and alloys. They also found it most
convenient and rapid to carry out the whole operation as one long run——the
first part being the unsteady state stage followed immediately with the
steady-state stage.



409

Apparatus

For the sake of brevity the apparatus and procedure are only outlined
here. The reader is referred to original papers for details (9, 18, 21). The
apparatus and procedure described below are those used for nitrogen in liquid
iron alloys, but are nearly the same for other gas—-liquid metal systems.
Figure 1 shows the whole assembly.

The gas—liquid diffusion cell is at X inside of a vertical gas-impervious
alumina combustion tube surrounded by a Pt-Rh wound Marshall furnace control-
led at any desired temperature up to 1,800° C. Figure 2 shows the typical
cell arrangement for unsteady state operation. The cell, when operating, is
composed of a small-bore, vertical, gas—impervious alumina absorption tube
(~0.5~-cm diameter) open at the bottom and well immersed in the liquid metal
held in an alumina crucible, resting on a support tube with a Pt—Rh thermo-
couple touching the bottom of the crucible. The metal is maintained stagnant
by making certain that the crucible is 1° to 2° hotter at the top than the
bottom, and also by making sure the absorption tube is not too large. Tests
show that a 0.5- to C.7-cm~diameter tube glves essentlally the same results as
a small capillary but with greater ease and precision; also fluld flow calcu-
lations show there is no convection with thls size under these conditions.
When in operation there is a slow flow of argon at 1 atm moving upward past
the crucible. The cell and gas train are designed to make it possible to
measure the rate of absorption of the gas by the originally gas—free metal.
Figure 3 shows the arrangement for steady state operation. This is nearly the
same except that the cell must be long and thin and the absorption tube must
be close to the bottom, so that certain necessary approximations involved in
the calculations will lead to only very small errors. Nevertheless the dimen-
sion L,-L; must not be so small in relation to the tube diameter as to impose
undesireable restriction upon diffusion. Obviously if one plans to run un-
steady state—steady state 1n tandem for simultaneous C and D measurement, one
must use the steady state cell arrangement with its dimension restrictions for
the whole operation. The best way to tell if the dimensions are satisfactory
for steady state operation is to compare the D values yielded by each opera-
tion separately. If both are the same, then the dimensions are satisfactory.

Procedure

The sample of metal is preferably a machined round or chunks, to reduce
oxidized surface, and normally nearly fills the crucible. The charged cruci-
ble 1s inserted in the furnace, with the absorption tube in the retracted
position above the crucible melt but connected by flexible tube P to the gas
train as in figure 1. After melting in argon, sample is deoxidized with
hydrogen by repeated treatments and evacuation, and by final evacuation and
degassing to a stable "low-leak-rate” state. Upward argon flow is begun at
slightly above 1 atm; a small nitrogen flow is started to flush the absorption
tube at slightly above 1 atm, and then the absorption tube is immersed to the
desired depth, quickly readjusting the nitrogen pressure to 1 atm. This is
zero time. Nitrogen absorption at 1 atm (monitored by an oil manometer) with
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D

D

Schematic diagram of the whole apparatus.

FIGURE 1. -
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time is observed from readings on a finely graduated small-diameter buret.

After sufficient readings for unsteady state interpretation of a V versus
/t (t=time) linear plot are complete, one may proceed to the steady state
operation by simply waiting for the steady state absorption to develop at PN2

= 1 atm. Normally, it is faster to retract the absorption tube, expose the
metal and crucible to a flow of Ny until saturation is approached, reinsert
the absorption tube, restore argon flow around the crucible, and continue N,
absorption measurements until the steady state is reached——-as can be detected
when volume of nitrogen absorbed is proportional to time. Readings are con-
tinued until a plot of V versus t is sufficiently linear to derive a reliable
slope. Unsteady-state-run plots of V versus Yt show some “run-starting”
phenomena discussed in reference 9, but (beyond this nonsignificant region)
the significant part of the plot for measuring slope appears as in figure 4.
The linear region exhibits Fick's second-law behavior extending up to the
point B. P., which represents the point where deviation occurs due to the
diffusing gas reaching and beginning to diffuse out of the bottom of the cell
tube. The steady state plots are normally linear in V versus t, with no
features worthy of illustration.

If C; (1 atm saturation solubility) is already known, the slopes of
both the unsteady state and steady state plots can be used to calculate D in
square centimeters per second by the following equations (9, 21) derived from
Fick's laws:

2
VIVE = dpy Co /Tp

Unsteady slope =
Y P 200

Pg

AA C
Steady slope = V/t = D & I 172 s
pg |A|L, + A,L, 100

where V is STP volume of hydrogen, in cubic centimeters absorbed at time t, in
seconds; d is the diameter of the absorption tube in centimeters; pp is the
density of the liquid metal in grams per cubic centimeter; p, is the density
of STP gas in grams per cubic centimeter; Cg is saturation solubility (1
atm) in weight-percent; and A;, A, Lj, L, are dimensions of cell as shown in
figure 3. If everything 1is working properly, the two D values will agree
reasonably well.

For calculation of both 5§ and D the equations are writtem (21) as
follows:

Unsteady slope = V/Yt = S -+ Cg * %)

where § is the cell-system constant and

Steady slope = V/t = R * Cg * D



414

O
I600°C o)

0.4+ Fe — 5.0l wt. % Ni e —
o
n 0.3 _
|
O
o
z 0.2 —

0.1} _

i I l I |
4 5 6 7 8 9 10

A/t (min)

FIGURE 4. - Typical plot of volume of gas absorbed versus \/time for unsteady state operation
(after initial stobilization period).

where R 1s the cell system constant. These two equations may be solved for
the two unknowns Cg and D.

Applications

The method appears to have special promise where gas solubilities are too
low for successful Sieverts work, such as for H and N in tin, where the re-
sults by the present method look good.

This technique 1s particularly useful 1In cases where it is desired to
measure D but no values of C are available to make it possible to calculate D
from a single-step method. Thus it was used extensively in the National
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Science Foundation (U.S.-U.S.S.R.) program on the development of "Methods of
Prediction of Solubilities and Diffusivities of Nitrogen and Hydrogen in
Liquid Multi-Component Iron Alloys and Steels.” This research is nearly com-
plete—-only a small part having been published (12). First a large number of
CS and D determinations on Fe-X alloys at 1,600° C were required for all com-
monly used alloying elements. This yielded useful plots of log fy versus per-
cent X and log fH versus percent X for cases where literature data were scant
(f and fy being percent scale activity coefficients, that is, ay = fN * pcent

ﬁ). Examples of such plots are found in the AIME book "Electric Furnace
Slog f

Steelmaking, Vol. II.” Interaction parameters such as e§ =-E—~——~§ at X*0
pct

could be calculated from the plots. These same runs also yielded useful plots
of log D§ versus percent X and log Dﬁ versus percent X, representing the

effects of single alloying elements on diffusivity. With these data it was
possible to quickly test the simplest form of the Taylor expansion method of
ﬁgner nd Chipman for calculating log fa ®Yand 1log fa OY, and therefore
gand Cg for a large number of complex alloys where C and D values had been

determined by this or other research. This involves first-order terms of the
equation

8logf
log falloy = log fge +-“~———Jﬁ* (petX) +-——w——J1— (petY) + ete
§(pctX) 6(pect

where log fge = 0, and where X, Y, etc., are other solute elements.

This equation was found reasonably reliable for calculating solubilities
(CS, Cg) in the most complex alloys up to about 8 to 10 pct total alloy con-

tent as expected. Any method for highly concentrated alloys must somehow
evaluate or take into account the higher terms of the series. This is obvious
from the curvature of the log fy and log fy versus peﬁgent X curves. (A
graphical vector method extended the predictability of Cg and Cgsatisfactor-—

ily to the 15-pct-total-alloy-content range.) Graphical and computer methods

were then used to develop equations (from the log fgas versus percent X

graphs) representing second-order and interaction terms for all alloying
elements. When these were combined, 1t became possible to predict

CS or CS in alloys of any complexity up to 50 pct total alloy content with a

precision of *5 pct. These alloys may, for example, contain one or more of
the following elements: C, P, S, Al, Mn, Si, Co, Ni, Cr, Mo, W, Ti, V, Cb—-
which covers nearly all commercial iron alloys and steels made. Rather sur-
prisingly, it was found that a variation of an older and different method of
Kunze, Schurmann, and Parlee (13) gave rather good results for Cg up to quite

high total alloy contents.
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An important new discovery was that the same Taylor expansion principle
could be made use of -for calculating and predicting Dy and Dy values in

complex alloys.

log Dﬁlloy = log

Fe +

Dy

$log D

8 (pctX) -

This equation is analagous to the one above; namely

810

g Dy

6 (petY)

N

(pctX) + (pctY) + etc.

Here again evaluation of first terms-—from the plots of log Dy versus per-—
cent X (see fig. 5) and log Dy versus percent X, etc., gave good D§ °Y values

for all alloys up to 8-

vector methods (12
total-alloy-element
content. However, the
new sophisticated
procedure invelving
graphical and computer-

developed equations
representing second-
order and interaction

terms for all alloying
elements yielded a set
of equations that would
predict Dy and Dy
with wuseful precision

in liquid iron alloys
and steels with any
complexity and wup to

50-pct-total-alloy con-
tent.

These experimental
and calculated data on
CIS*, cg, Dy, Dy, and
these methods are now
available to predict
rate constants for the
absorption, etc., of
hydrogen and nitrogen
in stirred 1liquid
steels of any composi-
tion. The 1improved
relations required to
do this are being de-
veloped here and will
soon be published.

to 10-pct-total-alloy-element content.
(12) were good for alloys of any complexity up to 1S5-pct-
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DETERMINATION OF THE THERMODYNAMICS OF REACTIVE METAL NITRIDE FORMATION--
PRECIPITATION REACTIONS IN LIQUID METAL SOLVENT ALLOYS

The first recorded definitive study of a very reactive metal (Ti, V, U)
nitride formation—precipitation reaction in a less reactive liquid solvent
metal (Fe, Sn, Cu) was a paper by Rao and Parlee (16-17) presented in Paris at
the Journeés d'Automne in 1959. This dealt with the titanium nitride forma-
tion in liquid iron—-titanium alloys and established the basic techniques and
methods of analysis of experimental equilibrium data that are employed today
to provide the thermodynamics of nitride formation-precipitation reactions of
the type

xM + y/2 No(g) = M, Ny ()

where M is the dissolved reactive metal, N;(g) is gaseous nitrogen, and
MxNy(sj_ is the solid nitride that precipitates at and above a critical
partial pressure of nitrogen depending upon the equilibrium constant of the
reaction. The work on Fe-Ti alloys was all done at 1,600° C, but the work on
Fe-V alloys (8) which followed demonstrated that it was only necessary to
repeat the same procedures at several temperatures to develop AG® = AH®° - TAS®
values for reactions of this type. This was followed by work by Blossey and
Pehlke (5), who used this technique to elucidate nitride formation in several
Fe~M alloys such as Fe-Zr and Fe-Al, in the 1,600° to 1,700° C range. This
work was all done in connection with the control of nitrogen in steelmaking.
The ideas generated led to Anderson and Parlee's (1) work on the thermodynam-
ics of the U + 1/2N,(g) = UN(s) reaction in liquid tin, and other work by
Fuwa, Anderson and Parlee (10) on Y-Sn, Pr-Sn, Gd-Sn, Th-Sn, Hf-Sn, etc.,
leading to the development of the proposed Parlee-Anderson selective nitriding
process for reprocessing spent nuclear fuel. The techniques developed, once
thought specialized, have more potential applications than generally realized.
Solid hydride formation in several M-Sn alloys is being studied in the au-
thors' laboratory, so far with only moderate success. In principle it should
be profitable to elucidate oxide-—formation-precipitation reaction stoichiome-
try and thermodynamics by this means in some liquid M-solvent systems. It
should be easy in some M-Ag systems. In M-Cu systems it should be quite
stralghtforward by using a solid electrolytic cell for P02 measurement. The

potential of the technique 1is such that it should now be recognized as an
important component of the thermodynamicist's "bag of tools.”

Apparatus and Procedure

The apparatus is of the Sieverts type, now well known and described in
literature in its various modernized forms (1, 5, 8), with the sample induc-
tion-heated to give as much stirring of the liquid as possible. The general
procedure is equally well kmown but varies considerably from case to case.
After melting, initial degassing, repeated deoxidation with hydrogen, degas—
sing, dead-volume measurement with argon, reevacuation, and temperature
adjustment, the run is begun. A small measured amount of nitrogen is admitted
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adjustment, the run 1is be-
gun. A small measured
amount of nitrogen is admit-
ted and equilibrated, and a
reading of PN2 is taken

after taking special precau-
tions to approach equili-
brium from both sides. This
procedure 1is repeated up to
PN2=1 atm if desired. After

SOLUBILITY —_
LIMIT 0*
applying dead-volume correc- SQV
tions, the results are plot-
ted as percent N, absorbed
(or cmd N,/100 g) versus

VPNZ atm!’/2. The upper curve

%NITROGEN ABSORBED

in figure 6 shows the general
form of all nitrogen absorp-
tion plots for reactive
metal (Ti, V, U) mnitride- \//Er"_
formation—-precipitation Nz

reactions in much less reac-

tive solvent metals (Fe, Sn, FIGURE 6. - Schematic diagram comparingnitrogen absorp-
Cu, Ni). Here iron is shown tion curvesof a pure metal (for example, iron)
as the solvent. The lower and of anitride-forming alloy of the same metal.
curve shows the typical

linear Sieverts relation for pure iron for comparison. The first leg of the
plot for the alloy exhibits Sieverts behavior in the gas—-liquid range (in some
cases there may be some deviation as the solubility limit is approached) where
the reaction is 1/2N,(g) = N. If the solubility of nitrogen in the solvent
metal (for example, tin) is too low to be detected, then this first (or
Sieverts) region of the plot will lie along the base line. The sharp "break
point” in the curve {(labeled “solubility 1limit") represents the onset of
nitride precipitation; In some systems, such as Fe-V, flecks of gold—-colored
nitride may be seen on the metal surface just above this point. At this point
M + y/2N,(g) = MxNy(s) is in equilibrium. With added nitrogen the
nitride precipitation continues until essentially all metal M is precipitated
as the nitride (if PNzis high enough), at which place the curve becomes paral-

lel with the pure solvent metal Sieverts line below.

When readings are complete, the power 1is shut off and the sample allowed
to cool. If the nitride is lighter than the liquid, it will be on the top and
surface; if it 1is much denser than the solvent metal, it will be at the bot~
tom. In many cases X-ray work will establish the stoichiometry; otherwise it
can be elucidated by plotting isoactivity lines (8, 10, 17) from runs made
with charges of different initial percent M contents. The—EEoichiometry can-
not just be assumed, because although it may be as simple as VN, it may be as
surprising as Ti,.,N.
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If enough runs at different M compositions and different temperatures are
made, then the thermodynamics of the reaction can be established. Let us
consider the case of the following reaction in liquid iron (8), where the
vanadium nitride stoichiometry is VN, as confirmed by both X-ray and isoactiv-
ity plots:

V(pet) + 1/2 Ny(g) = VN(s)

K = 1 - 1
.pif2 . pl/2
ay PN2 fv pctV PNZ

(The Henrian percent activity scale is used in this example, but the molecular
fraction scale could be used). Values of percent V and PN2 are taken from the

"break points” from runs of several initial percent V compositions, and used
to calculate values of XK', the apparent equilibrium constant.

The true value of K is found by plotting log K' versus percent V and by
extrapolating to 0 pet V, where K' = K. TFor example at 1,604° C, K is 0.122,
Activity coefficients and interaction parameters can be calculated. It is
possible to derive K from percent N; absorbed versus VPNz data points along

the curve above the break points, but the procedure is a good deal more com-
plex. 1If the reaction V(pct) + N(pct) = VN(s) is of interest, then values of
percent V and percent N at the break point may be used in a similar, but some-
what more complex, manner to calculate K (8) for this reaction, which 1is 2.7
at 1,604° C. Plotting log K versus 1/T for several temperatures yield AG® =
AH® - TAS° equations. For the latter reaction, the result is AG® = -58,000 +
29T(°K)cal.

Figure 7 shows the form of nitrogen absorption curves for nitriding of U-
Sn solutions at 1,567° C. The liquid-phase solubility is too small to detect;
thus the break points appear to start at the base line. The numbers at the
far right indicate that the uranium is almost completely converted to nitride
at PN2 = 1 atm for the % and 18 pct cases.

Isoactivity plots and X-rays showed stoichiometry to be U,N3 in the
1,475° range, and UN above 1,475° C. Figure 8, for GIN formation in liquid
tin, is a good example of the use of absorption curve data to prepare isoacti-
vity plots for stoichiometry determination. Values of K were determined at
several temperatures for these reactions. Activity coefficient data were
derived. The thermodynamics of the two reactions were developed as follows:

600° to 1,475° C:
2U(pct) + 3/2 N,(g) = UN4(s); AG® = -3,890 + 7.5T

Above 1,475° C:
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FIGURE 7. - Absorption of nitrogen by liquid U-Sn alloys at 1,567° C . {Alloy percentages
refer to uranium, weight-percent concentration before nitriding.)

U{pet) + 1/2M,(g) = UN(s); AG® = -35,350 + 20.0T

When a second strong nitriding element is present, such as in U-Gd-Sn
alloys (10), there will be two break points. For example, in 6.6 pct U-11.0
pct Gd alley at 1,530° C the UN begins to Rrecipitate at Py 172 = 0.11
atm!’? and continues to precipitate alone to PN /2 = 0,22 atm!/ 2 where GdN

2
begins (at a second break point) to coprecipitate with UN. A 6.6 pct U-0.1
pct Gd precipitates only UN up to PN2 = 1 atm (and considerably beyond),

leaving Gd unreacted in solution. Zr can be separated from Hf impurity by
this method.

This kind of research led to the proposed Parlee—Anderson (3) process for
reprocessing spent nuclear reactor fuel where the basic method of separation
involves the selective precipitation of UN, leaving fission products behind in
the tin solutiom, leading eventually-——after subsequent steps—-to three pro-
ducts; (1) reusable fuel, (2) waste, and (3) tin for recycling.

Thus, this general technique represents not only a method of deriving
important thermodynamic information but also the basis of several potential
metal-refining processes.
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DETERMINATION OF THE
THERMODYNAMICS OF THE
CARBOTHERMIC REDUCTION 20
OF
OXTIDES OF HIGHLY REACTIVE
METALS IN LIQUID METAL
SOLVENT SOLUTIONS

Anderson and Parlee (2)
have demonstrated that the
oxides of most highly reac-
tive metals (U, Ti, Zr, Al,
Mg, rare earths, etc.) can
be reduced to the metal in
certain liquid solvent metal
solutions (Sn, Sb, Bi,
etc.), without the formatiom P o p
of the carbides, which are / N
the bane of conventional y ap
carbothermic processes when 4 Nz
they are applied to the / = .00 atm.
reduction of very reactive
metals. The overall reac— 5 L 1
tion is generally of the 0] 5 10 15

following simplified form
ATOMIC % of N

FIGURE 8. - Isoactivity plot for determination of the
stoichiometry of the nitride compound pre-
cipitated froma Gd-Sn solution at 1,530° C.

15—

ATOMIC % of Gd

0.64 aotm.

0.81 atm.

a
©
4
n
0

MO(s) + C(s) = cO(g) + M

in favorable temperature and
pressure ranges.

Here M represents a very reactive metal dissolved in a much less reactive
metal solvent, such as tin. The commercially pure reactive metal often may be
recovered by phase separation and/or distillation. In the case of UQ; reduc-
tion, the U~Sn solution produced can be cooled to near the eutectic, and the
liquid-tin phase can be separated for recycling; then the solid phase can be
remelted and the tin distilled off in vacuum. 1In Mg production, the final
step is distilling off the Mg (2, 11, 4). The novel principle involved is
that the solvent must be one that greatly reduces the activity of the reactive
metal M in liquid solution-—and reduces it to the point where carbides cannot
form by reactions of the M + yC(s) = Mny(s) type. This also adds driv-
ing force to the reaction so that it may proceed at much lower temperatures
and higher pressures (Pgp) than conventional carbothermic reduction.
Refractory and other problems are reduced.

In principle, to carry out the reduction of an oxide, it is only neces-
sary to heat a charge (I»‘[XOy + C + solvent metal) in a graphite crucible in
vacuum to a temperature whére the reaction proceeds; that is, where the gas
comes off at a reasonable rate. However, in order to be able to design an
industrial process, one needs to know the equilibrium pressures of the reac-
tion under various conditions of charge and temperature. Thus it is desirable
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to develop equilibrium constants and the thermodynamics of the reactions, as
well as to determine the temperature and pressure ranges for the most rapid
reduction.

The apparatus designed for this purpose by Bakshani, Anderson, and Parlee
(4) therefore represents a thermodynamic technique that should be useful for
studying the equilibria and thermodynamics of all “"carbothermic reduction in
solvent metal" reactions—-particularly as applied to very reactive metals.
The example used to illustrate the method is the reduction of U0;. Figure 9
is a schematic drawing of the apparatus——which is of a modified Sieverts type.
ABCD is the induction-heated reactor. The remainder is conventional except
that an electronic manometer (pressure sensor and analog readout) and leak
valve are added for more accurate measurement of pressures, also to measure-
ment of rates of gas evolution at controlled operating pressure when desired.
Figure 10 shows the reactor. A graphite rod is used to hold a pressed pellet
of U0, + C powder mixture at the bottom and make sure it is below the liquid
tin after meltdown. This is not necessary for the reduction but gives more
consistent equilibrium pressures and operation for thermodynamic measurement.
After evacuation and “"dead volume” measurement (corrected for temperature by
previous calibration), the power is turned on and the temperature is raised to
the desired point. If the rate of reaction is reasonable at this temperature,
the equilibrium can be measured. If desired, vacuum may be applied and the
reaction allowed to proceed at a desired fixed pressure with measurement of
gas produced. Measurement of gas involved (analyzed and shown to be essen-

,/COARSE CAPILLARY

ZjARGON[ ()]

% 1 VACUUM
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—_ THREE -WAY D
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- ! E
I; ---.’J T
!h-ﬁ HZO ——— f?'*(
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FIGURE 9. - Schematic drawing of apparatus used in studying carbothermic reduction of oxides
of very reactive metals in liquid metal solvent solutions.
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tially 100 pct CO) and analysis of solidified reaction product (in several
runs after various degrees of reduction had occurred) showed the stoichiometry
of the overall reation to be

U0,(s) + 2C(s) = 2 CO(g) + U (dissolved).

This made it possible to calculate the extent of the reaction, in any particu-
lar case, from the amount of CO evolved, which in turn gave the amount and
concentration of U produced. After measurement of equilibrium PCO values

under a number of different conditions, it became possible to calculate pseu-
doequilibrium constants, K' = -Péo, where is the equilibrium mole frac-
tion of U dissolved in the tin and PCO is the equilibrium pressure of CO.

Plotting log K' versus 1/T yielded the following relation for the 1,450° C to
1,650° C range:

log K' = -(28,600/T) + 12.17.

This relation makes 1t possible to calculate P., for any fixed extent of reac-
tion (4). For example, at 1,650° C and 5.21 pct U, the equilibrium PCO (or

total equilibrium) pressure is 208 torr in the presence of both U0, and C.

It should be quite possible to obtain true X by taking enough equilibrium
measurements at different values of X? and by extrapolating plots of log K
versus X; to Xy = 0. (Carbon so0lubility in tin is extremely small.) Then

values of AG® = AH® - TAS®° could be obtained.

However, in thls research this was not done because a very large number
of equilibrium measurements would be required, and several other objectives
took priority-—such as determining optimum operating conditions for the reduc-
tion (4). These were temperature 1,550° C to 1,630° C, pressure 1 to 10 torr,
yielding 99 pct reduction in 5 hours without added stirring (which accelerates
it). Carbon and oxygen contamination was low, typically 0.0008 pct C and
0.0015 pet 0. A product that is very close to 100 pct U can be produced by
evaporation at 1,300° C to 1,500 ° C. This may turn out to be the most econo-
mical method of producing several expensive metals. Industrial metal evapora-
tion and distillation methods are developing rapidly.

A number of other reactive metal oxide—carbon systems have received one-
or two-run “spot” studies by this method. They appeared to behave in a simi-
lar manner. Obviously there will be more complex cases, mostly below 1,000°
C, where appreclable CO, will also be produced, but rates may be too slow to
be of industrial interest. The technique appears to be a sound one for estab-
lishing the overall thermodynamics of many reactions of this kind in the more
important temperature ranges.
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HEATS OF MIXING OF HYDROGEN-BONDED SPECIES

by

K. D. Williamson!

ABSTRACT

Heats of mixing of several hydrogen—bonded pairs of 1liquids have been
measured with a Tronac flow calorimeter at 25° to 75° C. Some qualitative
comparisons of the data are given. The apparatus, operating techniques, and
data reduction methods used in these studies are reported in detail.

INTRODUCTION

Heats of mixing have been determined on a variety of binary mixtures in
our laboratory. There are several reasons for wanting such data. In some
cases, the heat of mixing 1s large enough to be an appreciable engineering
consideration. 1In other cases it is small but is useful in correlating with
other physical data - for example, in deducing micelle formation or other
molecular orientation in solutions of polymers. Still another use of heats
of mixing has been in calculating other related thermodynamic data, through
equations of state or through relations involving activity coefficients. For
example, vapor-liquid equilibria data have been determined from the heats of
mixing with or without other supporting data.

EXPERIMENTAL WORK

In the course of this work, data have been obtained on the heats of mix-
ing of several pairs of liquids, each member of which undergoes hydrogen
bonding. Although other factors such as configuration affect the heats of
mixing, hydrogen bonding must be the predominant effect. With pairs that
form hydrogen bonds in the neat components, the net effect upon mixing may be
making additional hydrogen bonds, breaking previously existing hydrogen
bounds, or exchanging hydrogen bonds of one strength for those of another,
Making more or stronger hydrogen bonds is exothermic. Reducing the number or
the average strength of the hydrogen bonds is endothermic. The present state
of the art does not permit a priori predictions of the heat of mixing for
cases as complex as the present. Whereas nearly quantitive prediction can be
made for a simpler case like the mixing of a linear alcohol and a hydrocar-
bon, methods such as “group coantributions”™ are very approximate here.

lynion carbide Corp., South Charleston, W. Va.
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The systems reported here are indicated below:

Methanol + Ethylene glycol (130)

Methanol + Glycerol (315)
Ethanol + Ethylene glycol (475)
Ethylene glycol + Glycerol (26)
Glycerol + Water (-725)

The heats of mixing in all cases were positive except for glycerol + water.
The extreme values (joules/per mole) for the various pairs at 25° C are shown
in parentheses in the diagram. As might be expected, similar molecules mix
with little heat effect (for example, ethylene glycol + glycerol). Increas-
ing dissimilarities in size (for example, methanol + glycercl) versus
(methanol + ethylene glycol) or in hydroxyl concentration (for example, meth-
anol + ethylene glycol versus ethanol + ethylene glycol) cause the heat of
mixing to increase. Water added to any highly hydroxylated hydrocarbon (as
illustrated here by water—glycerol) seems to be exothermic. The present
systems are illustrative of the data that we have obtained recently with a
Tronac flow calorimeter. More complete data on the present systems will be
presented in a later paper, along with comparisons with other published data.

EXPERIMENTAL SETUP

The emphasis in this report is on the equipment, the experimental proce-
dure, and data processing incidental to obtaining heats of mixing. The in-
atrument and its accessories are similar to the equipment described by
Christensen (1—2)2. A semischematic diagram of the apparatus 1s shown in
figure 1. The apparatus consists of (1) a flow cell maintained isothermally
with a closely controlled constant—-temperature bath, (2) a pair of pumps for
programed flow of the two components being mixed, (3) a back-pressure regula-
tor, and (4) supporting electronic equipment for maintaining and monitoring
conditions.

The calorimeter cell consists of input tubes, a junction for mixing, and
a 6—foot coil of tubing for heat exchange with an isothermal slab. This
aluminum slab is mounted on insulating spacers within a watertight shell that
is mounted within the thermostatted bath. A working heater and a Peltier
device are also in thermal contact with the slab. The Peltier device works
in opposition to the heater, to maintain a steady state when no thermal inci-
dent is occurring within the calorimeter. The heater 1is controlled by a
thermistor attached to the slab. The heater fires in equienergetic pulses
(several thousand per second). When the slab tends to cool, the heater fires
more frequently; when the slab tends to heat, the heater fires less frequent-
ly. The change in heater output is a measure of the magnitude of the thermal
event taking place at a given instant within the calorimeter. This change is
monitored by a counting circuit, which registers the number of pulses per
second. A calibrating heater attached to the slab can be turned on at will.
The wattage output of the calibration heater (obtained by measuring the cur-

2Underlined numbers in parenthese refer to items in the list of references at
the end of this paper.
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FIGURE 1. - Schematic of Tronac flow calorimeter.

rent and the potential) is matched against the pulse rate of the working
heater to obtain joules per pulse. A final monitoring device within the
calorimeter cell is a second thermistor, by which the temperature of the slab
at any instant is determined.

The calorimeter is fed by a pair of Varian pumps, model 8500, direct-
displacement pumps of the type used for liquid chromatography. These pumps
can be set to feed from 1 to 900 em3/hr. The flow can be set manually for
steady output from each pump. Alternatively, the flow can be programed by a
Solvent Programmer for linearly variable feed-—for example, to process from 0
to 100 pct of a component over a period of time——10 min to several hours.
Thus a heat-of-mixing run may be made by manual adjustment of the pumps in a
succession of steps to cover the desired concentration range——or by program-—
ing through the concentration range linearly over time. TFeed from punmps
flows through 1/16-inch-0D stainless steel tubing which passes through the
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bath to the calorimeter junction. The tubing in the bath serves as a heat
exchanger to bring the liquids to bath temperature (essentially calorimeter
temperature) before the mixing occurs.

Flow exiting from the pump passes through a back-pressure Grove valve,
which controls the pressure within the flow tube. Downstream from the Grove
is a 1liquid buret, into which effluent can be diverted for measured time
intervals, for direct determination of flow. Pressure can be maintained in
the flow cell from slightly above 1 bar to as high as 138 bars. Temperature
in the cell can be maintained, by means of the thermostat, at any temperature
from 273 to 348 K. The output of the calorimeter is followed by a strip chart
recorder, an especial aild in setting up initial conditions with the proper
range and baseline. A more exact output is afforded by a printed tape, onto
which averages rates of heater pulsing for increments of time are printed out
consecutively. Periods from 2 to 50 seconds are normally used.

Runs are made in both continuous and stepwise mode. In the continuous
mode, the controls are set to traverse the desired concentration range, usu-
ally in 1 to 2 hours, so that the change of concentration passing through the
calorimeter is about 0.5 to 1.0 pct/min-—a rate of change compatible with the
time constant of the instrument. With this type of run, the forward run is
followed by a reverse run. Small differences due to instrumental time lag
and random disturbances are averaged out between the forward and reverse
runs. In the stepwise mode, measurements are usually made at each 0.05 or
0.1 mole fraction, with the flow being left at a given concentration for 10-
20 min. Whichever type of run is made, the preparations for the run, the run
itself, and the calculations on the run can be made comfortably in a day's
time, if all goes well. Professor Christensen has shown, and this has been
verified by our own experience, that one type of run is about as accurate as
the other, if proper precautions are taken in each case. A basic difficulty
has been in operating at extreme concentrations—-—from 0 to 10 pct or from 90
to 100 pct of a component. Special means, such as feeding diluted samples,
have been necessary to provide accurate data in these regionms.

REDUCTION OF DATA

A computer program was written for calculating the heat of mixing at
different mole fractions from the raw data. The input to this program from
the calorimeter is pulses per second and joules per pulse. The other experi-
mental quantities entered are flow rates of the two components. Auxiliary
data, such as densities and molecular weights of the two components, are
entered by teletype on a tutorial-type program. The output from this program
can be manipulated in various ways by a second program. The data are fitted
by a spline function, after which

1. The heat-of-mixing data can be calculated at arbitrary mole fractions;
for example, at each 0.05 mole fraction.

2. First derivatives can be calculated at any point, thereby providing dif-
ferential heats of mixing.
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3. Various statistical tests can be run, to estimate uncertainty in the
original data or in the derivatives.

CALIBRATION AND TESTING OF APPARATUS

The heat of mixing is calculated from two basic measurements: the energy
requirement and the flow rate. The energy requirement in joules per second
is calculated as the product of pulses per second times joules per pulse.
The pulses per second is obtained directly from the counter at a given in-
stant during a run. The joules per pulse is obtained from observations with
the calibration heater on, before and after a run. The accuracy of this
latter measurement depends on the constancy of resistance of the calibration
heater and on the accuracy of calibration of this heater when the instrument
was built.

The flow rate 1is checked by direct measurement of the output of the
pumps. The flow of each pump is measured separately at the pressure of the
experiment. Extensive checking has shown that the flow of one pump is
independent of the flow of the other. Extensive checking has also shown that
the Solvent Programmer proportions the flow as accurately as we can measure
it, volumetrically or gravimetrically. That is, 1f the pump delivers 50 em3
/hr at the 100 pect setting, it will deliver 12.5 cm3/hr on a 25 pet setting.
The nominal setting of the Varian pumps is usually within 1 to 2 pct of the
directly measured setting. Direct measurements made before and after a run
generally agree within 1 pct.

The ultimate test for accuracy of the overall operation is measuring the
heat of mixing for a system of accepted value. To check the accuracy of the
entire calorimeter assembly during flow measurements, we measured the heat of
mixing of n~hexane and cyclohexane at 298.15 K. This reaction has become a
standard for heats of mixing throughout the world. Table 1 shows the compar-
ison between our own work and that deemed to be most accurate from other
laboratories. Our data are about 2 pct lower than the standard set, through
most of the concentration range. Probably most of this apparent inaccuracy
is in flow control and measurement. With the flow method, the points at
extreme concentrations are inherently less accurate than those at intermedi-
ate concentrations.

CONCLUSTIONS

A Tronac flow calorimeter has been used to measure heats of mixing for
several pairs of hydrogen-bonded compounds. The data collection has been
largely automated. Computer programs have been devised for reducing the raw
data, statistically analyzing the data, and calculating derivative data.
Check runs on a standard system indicate the data are accurate tce about 2 pct
(or 5 j/mole) with the greatest inaccuracy being due to uncertainty in flow.
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TABLE 1. - Heats of mixing of n-hexane + cyclohexane at 298.15 K
Heat of wmixing,
j/mole
Mole fraction
cyclohexane Standard! Present Work?
0.1 64.03

.2 118.95 119.38

.3 163.50 163.57

A 196.43 191.05

.5 216.17 211.95

+6 220.51 215.83

.7 206.31 203.01

.8 169.15 165.76

.9 103.02 97.00

Igtandard data for exact values of mole fraction calculated by means of Red-
lich-Kister equation furnished in reference 3.

2Data for exact values of mole fraction calculated by means of Taylor—series
equation fitted to the raw data.
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DISCUSSION
C. M. Criss: Did you have any problem with pulsing in the pumps?

K. D. Williamson: We had problems when we were using Waters pumps. They were
supposed to have all sorts of fancy compensators in them that lagged out the
flow, but we could see perturbations no matter what we did and no matter what
the company tried to do for us. We changed over to the Varian pumps. They

are direct displacement punmps. The pumps have massive pistons in them.
These do not show any cycling whatsoever. Another question you might ask is,
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how good are the pumps? Again, we had quite a bit of trouble with the Waters
pumps, trying to maintain any accuracy or any consistency with them. We had
to calibrate very specifically for them, and yet, the next day they might not
be delivering quite what we had calibrated them to the day before. The
Varian pumps are delivering very nearly the nominal flow. We checked the
flows directly with a buret at the exit, but they are within 1 to 2 pct of
the nominal flow at all conditions. The two pumps are independent of each
other so that there is no interaction there; that is, if one pump is started
up, the other one does not slow down or anything like that. However, 1 sus-
pect that there is still the factor that we need to trim out in order to get
the very best data. The inconsistency that T showed you here on the normal
hexane-cyclohexane 1s mainly attributable to that. We will probably develop
some fancier systematic scheme for determining our flow.

C. M. Criss: How do you get very viscous materials to mix properly in the
flow cell.

K. D. Williamson: Sometimes we don't. That is the limiting factor in using
them. As a rule of thumb, we seem to do all right if the viscosity of one of
the feeds is not more than 100 centipoise and the viscosity of the other is
more like water. We can tell when there are difficulties in handling the
viscous fluids. One is the pressure drop, which goes up enormously if a
fluid is just too viscous to put through a very small tube in our cell. The
other is that we start seeing irregularity; that 1is, if we are running a
30:70 mixture at a steady state, the output {(counts per second) will fluctu-
ate. That way we will see irregularities in the plot that we get, rather
than a straight line, if we do have poor mixing.

K. J. Breslauer: How much time do you need to get a steady state? How much
overshoot and undershoot is there?

K. D. Williamson: This depends somewhat on the conditions of the operation.
Speaking generally, the time constant for the instrument is about 2 min to
make an abrupt change of some magnitude. TIf the step change is small, then
it may be only 30 sec to get essentially the new value. We checked this out
by our calibration heater. We turn on the heater for a step function and
then turn it off again later, and we pretty well see what the response time
is through that. I have also run some stop-flow experiments with the cell,
and that also helped me to evaluate that factor.

K. J. Breslauer: I guess what 1 am getting at is, if your minimum flow rate
is 10 cm®/min and you have response built in with the overshooot and under-
shoot, what total volume, including volume of the flow tube, does one need to
get an effective steady state run?

K. D. Williamson: T think it is best stated in terms of the time required to
get very good data. That requires at least an hour. So that if we are run-
ning 10 em3/hr, that would be 5 cm® of each component .
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GENERAL DISCUSSION: GAS-CONDENSED PHASE EQUILIBRIA

Y. A. Chang: (In reply to questions on variation of AG with temperature) My
experience with substances of metallurgical interest is that for most of these
substances the Gibbs energy of formation may be represented by the following
equation:

AG = A+ BT +CT 1In T.

Very often, A + BT is sufficient to represent the Gibbs energy of formation
data.

R. P. Beyer: How long does the platinum furnace winding last?

N. A. D. Parlee: ©Not wvery long. I mentioned that you could use it up to
1,800° C, and we've dome quite a lot of work up to about 1,750°, but we've
been doing less and less up to these high temperatures. The winding is actu-
ally pt-40 pct Rh alloy. At one time, at the rate a graduate student works,
it took about two relinings a year with new windings. The trouble is, whereas
a few years ago it only cost $4,000 to reline the furnace, now it costs
$8,000. I have been in trouble with this work because I can't get enough mon-
ey. It has taken us about a year to get a Super Kanthal furnace going. It is
being developed by the Marshall Furnace Co., a small factory near us. They
have been bringing furnaces around, burning them out, and finally after many
months we think we've got one that works pretty well. This is an expensive
business.

We think that the Super Kanthal is going to be the answer. At 1,800° C it
sure won't last very long. It is not a platinum furnace. We prefer the pt-40

pct Rh winding which will last sometimes for & months if you don't go beyond
1,750° c.

J. C. Barclay: Does hydrogen sulfide react with mercury? Your use of the
Topler pump means that the H,S—containing gas mixture is exposed to a large
mercury area and it wouldn't take much reaction to give erroneous pressure
points.

Y. A. Chang: I think we have not run long enough to give you a good answer.

J. A. Barclay: Did T understand you to say that you had some some experiments
on the carbothermic reduction of magnesium oxides?

N. A. D, Parlee: Some of my collegaues have. Professor Anderson and I were
the ones that devised this scheme for making reactive metals by carbothermic
reduction in solvent metals; there are a number of us involved, such as Pro-
fessor Eckert of the University of Illinois. Yes, magnesium has been produced
in the laboratory by this method. Quite a lot of studies have been made, and
tin, antimony, and bismuth have been tested as solvent metals. For example,
you can take MgO and reduce it into tin, and then, after you have reduced it
into tin, you can raise the temperature and distill magnesium out of the tin.
I don't know what more has been done about the commercial development of the
process. There is a very large company that is interested in this; they do
not wish to be named. 1In fact, a number of companies are doing work on it and
all are very secretive. Professor Anderson and I have a patent on this pro-
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cess. We know these companies are doing things, but we don't know exactly
what. Certainly magnesium has been worked on by one of my colleagues, and it
looks very favorable for a possible new method of making magnesium. The regu-
lar carbothermic method of making magnesium never really worked. It was tried
during the war and it was never found feasible.

J. €. Haygarth: You have published and patented a separation technique for Zr
and Hf based on formation of their nitrides from a solution of Zr and Hf in
liguid Sn. In your patent, it is claimed that separation is achieved because
ZrN is less dense than liquid Sn and floats, whereas HfN is more dense and
sinks. My intuition leads me to suspect that mixed nitrides, that is, Zr Hf
N, would form and would sink or float according to density, which would
8é5§%d i turn on x. Thus, I would expect the floated nitride to contain some
H
Hf, and the sinking nitride to contain some Zr. Yet, your published results
indicate total separation within analytical sensitivity. How do you account
for this?

N. A. D. Parlee: You mean the nitrides as a solid solution? That is a good
point that T hadn't thought about. I have considered that in certain cases
this might be happening and wondered if it could happen. In some of the cases
where 1 feared that it would happen, it had not. In this particular case,
that work itself was done by Anderson. We both have a patent on it because it
is an outgrowth from a previous basic patent by us. I am not sure about this.

I would wonder about that myself. As I say, we have found situations like
this, where I have feared that you might run into a solid solution. Recently,
we found in the case of hafnium and zirconium, that there is a simpler way to
actually make the separation. If you really want to do that separatiom, you
are generally starting with something that contains quite a lot of zirconium
and a small amount of hafnium. Generally, you are trying to get the hafnium
out of the zirconium to improve its cross section for fuel, making fuel rods,
or cylinders for nuclear fuel. We have found that we can separate by precipi-
tating the zirconium and just leaving the hafnium behind in the solution; that
is, without precipating quite all the zirconium; that appears to work. There
again, one could ask the same question, "Why don't I get the two together?”
However, the X-ray people simply reported only =zirconium as a zirconium ni-
tride in the precipitate and did not report any hafnium in the precipitate.

Anonymous: What are the basic reasons for this separation?

N. A. D. Parlee: The reason is just based on the concentration. If you have
a small concentration of something it remains in solution. The one that is
present in high concentration precipitates first. Actually, this is the basis
of nuclear fuel separation. You have a high eoncentration of wuranium; you
have very low concentration of fission products. Nearly all the uranium is
precipitated, but there is still some there in solution. You leave that be-
hind with the fission products. In the case of the separation of natural
amounts of Hf from Zr, you precipltate the Zr first, and you go on until the
zirconium is nearly all precipitated before the hafnium will precipitate. The
hafnium isn't high enough in concentration to precipitate. You stop at that
point and you leave the Hf in solution. So that can be done. Another strange
thing is that the nitrides that you get often aren't what you would predict at
all. I remember working with titanium and expecting TiN. This was before I
looked at the phase diagram and later discovered that you could get Ti, ;N
which iso—activity analyses showed we were getting. One of the strange things
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CLOSING REMARKS
by

Ne. A. Gokcen!

This three-day "Workshop on Techniques for Measurement of Thermodynamic
Properties™ has accomplished its main objectives for exchanging information on
various experimental methods and discussing novel concepts. As a result, we
feel better equipped to generate, correlate, and disseminate thermodynamic
data useful in broad areas of research and technology, particularly in mineral
technology advancement. These goals are consistent with the Bureau of Mines
mission, which is

To insure the continued viability of the domestic mineral
and material economy and the maintenance of an adequate
mineral base, so that the Nation's economic, social, stra-
tegic, and environmental needs can better be served.

I am deeply grateful to the participants for their stimulating presenta-
tions and discussions, and for making this workshop a success. All of us in-
volved in wvarious aspects of planning, organizing, and directing this effort
are indebted to Dr. Thomas A. Henrie, Chief Scientist, and Ralph C. Kirby,
Director, Mineral Resources Technology, Bureau of Mines, for their support and
encouragement.

The task of planning and organizing was not a light labor. Local arrange-
ments were made by Louis B. Pankratz and Stephen O'Hare with valuable help
from Howard 0. Poppleton and Robert J. Burch. KXenneth O. Bennington and John
M. Stuve were responsible for programing the technical presentations. James
F. Hendricks (now deceased), Stephen T. Anderson, George Daut, and Michael
Barrett managed numerous details backstage and offstage. Sharon L. Brittain
was in charge of all rorrespondence and retyping the proceedings for editing.
Robert R. Brown and George E. Daut provided transportation between the motels
and the campus room. (A1l these persons are from Albany Research Center,
Burcau of Mines.)

Special thanks are due to Robert A. Miller of the Linn-Benton Community
College for providing all the facilities and the food.

Again, I wish to express my sincere appreciation for your participation,
presentations, and discussions.

!Research Supervisor, Thermodynamics Laboratory, Albany Research Center,
Bureau of Mines, Albany, Oreg.
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