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CHAPTER I

INTRODUCTION

A. Reasons for Undertaking the Study

A study of the thermodynamichroperties of dilute aqueous hydro-
chloric acid solutions at elevated temperatures by an electromotive
force method was undertaken for several reasons. First, a great need
for fundamental information ét elevated temperatures was evident frdm
the growing number of industries making use of aqneoué solutions at
elevated temperatures. Second, the use of the hydrogen electrode
against the silver-silver chloride electrodé in dilute hydrochloric acid
sdlutions promised to give fundamental thérmodynemic information on an
important electrode system as well as on hydrochloric acid over a wide
temperature range. Third, the-meésurements of Harned and Ehlers,l'"2 from
O'to 60O and of Bates and Bowe:_:‘3 from O to-95° allowedrfairly'confidentw~
extrapolation to ﬁigher'temperatures for comparison with this study. - -
Fourth, use of the Debyenﬁﬁckel-theory% in the interprepation of the

5

data would show whether that theory in either limiting” or extended6
form would hold at elevated temperatures. And finally, the measurements -
could serve as a reference standard for other electrode systems and solu-

‘tions.
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B. Discussion of the Cell

The cell

Pt; Hy(g), HCl(m), AsCl; Ag , (a)
was investigated over the concentration range 0.005 to l,O m HC1, the
temperature range 25 to 2750,“and at hydrogen pressures of about one
atmosphere. The cell reaction was assumed to be:

Nl

5 H, + AgCL = HCL + Ag - (8)
and the corresponding Nernst equation for the measured electromotive
force E is then

E=E°-2.3026-@-3?-10g me 7+ + 2.3026 B log £ . (1)
F oo o= 2T TR H, 4

Here gi is the standard potential of the silver-silver chloride elec-

trode at an& temperature assuming that the standerd potential of the-

hydrogen electrode is zero at that temperature, R is the gas constant,

T is the absolute temperature,wgyis%the faraday, m+ is the mean molality
of the solution, 7+ is the mean ionic activity coefficient of hydroéhloric

acid in the solution, and is the fugacity of hydrogen over ﬁhe solu-

5,
tion. No attempt was made to define or measure Ei at a high temperature
in relation te Ei at 250 or any other standard temperature.

‘The use 5f the mean molality m+ in equation (1) was necessary be-
cause silver chlofide is appreciably'soluble at elevated tempefatures and
makes a significant contribution to the ionic strength’of‘the solution.

Since the solutlon was saturated with silver chloridé at all times the

mean molality was defined as follows:



/2 | - 1/2 |
mp 2 (my My =)= | Gmggy Mgy + Spgn )| @)
where mHCl is the mo;ality of the hydrochloric acid and SAgCl is the

solubility of silver chloride in the solution.

'C. Previous Investigations

The only previous investigation of cell (A) at temperatures
above 100° was‘rﬁat of Roychoudhury and BonillaT. Their purpose was to
determine the suitability of a hydrogen elecﬁrode and a silver-silver
chloride electrode for acidity determinations at teﬁperatures up to
250° and total pressures up to 600 psig. Therefore they studied only
two hydrochloric acid solutions, 0.00100 N and 0.01689 N, at several
hydrogen pressures and hence did not obtain any thermodynamic gquantities.
They ebserved‘an effect of hydrogen pressure on the electromotive force
not in accord with the Nernst equation (l) which they attrlbuted to an
effect of hydrogen on the smlver—81lver chloride electrode. L:.etzke8
1nterpreted their dats and showed that there was reasonable agreement
between their measured values of E and values calculated by extrapola-
tion of the data of Harned and ]E.‘hlers2 at temperatures as high as 1500

The piloneering work in extending the study of cell (A) to hlgher
temperatures was that of Harned and Eh.lex":’s]".2 which covered the range
0 to 60° with solutions 0.004 to 4 m. Since the present study included

solutions more concentrated than those studied by Bates and BoWerB, i.e.,
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0.2, 0.5, and 1.0 m, the data of Harned and Ehiers were used for compari-
son in these cases. Rkerlaf and Teare9 studied cell (A) at hydrochloric
acid molalities from 3 to 16 m and their results were in agreement with-
those of Harned and Ehlefs in the region vwhere the measurements‘over-
lapped. Jahz and TaniguchilO have reviewed the extensive work done iﬁ
developing silver-silver halide electrodes.

The most extensive investigation of cell (A) in terms of the num-
ber of cells studied over a wide temperature range was that of Bates

5. They determined the thermodynamicvqﬁantities Ei, 7+, EQ

and Bower
- (the relative partial molal heat content), and ie (the relative partial
" molal heat capaciﬁy) at 0 to 959 from measurements on solutions 0.001 to
0.12 m. Their results were in good_égreement.with those of Harned and
Ehlers2 except for a surprising 0.18 mv. discrepancy in gi at 250.' This
discrepancy has been discussed by Taniguchi and'Janzll and explained by
them on the basis of a slight difference in thermal strain‘of the silver-
silver chloride electrodes. As noted above,~£he data-of Bates and Bower
could be extrapolated with reasongblé confidence to higher temperatures
and therefore their experimental and mathematiéai procedures wére fol-
lowed in the present study whenever feasible.

There have been several investigations of other electrode systems
and soiutions at elevated'temperatures. Lietzke and Vaug’hen;"2 studied

the cell:

Ag; AgCl, HC1(m), HgCl,; Hg | (3)
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from 25 to ?OOO and found thatfhyﬂrolysis of the mercuféﬁs chloride
at low:acid‘concentraﬁions-and high tempefetures prevented the cell
from giyiﬁg”the electromotive force ca;culeted from heat capeciﬂy data.
Lietzke and Stoug;h'l:onl5 studied the cell:

“ | Ag; AgS0), Hesou(g), Hg,S0,; He | (c)
. from é5 to 200° and found agein that hydrolysis of the mercurous salt
occurrea-at low acid concentfations. Vaughen and‘Lietzkeln studied the
.effect of dissolved silver sulfate on the activity of sulfuric acid -
solutions from é%'to 140° using the cell:

Pt; PbO,, PbSO,, H,S0,(m), A8,S0,; A8 | (D)

and-observed reproducible potentials which were linear functions of the

>

temperature at each sulfuric acid concentretion. Myersl studied the
antimony electrode against the silver-silver chloride electrode in buf-
fered solution up to 200O under nitrogen at a total éressufe of 2000

psi. The results were reproducible but showed irregularities perhaps

due to the forﬁation of different salt hydrates with'differing solubili-~
ties as the:temperature was raised. Praie%6used'the silver-silver chlo- -
ride eleetroae at temperatures to 200° in an autoclave to study corrosion
phenomena,. Comnection to the main body of the solution was via a satu-

' fated sodium chloride salt bridge contained in a tube filled with corun-
dum powder. He found that the potential of this combination versus a

platinum wire in saturated sodium chloride solution decreased only

about ten millivolts in going from 25 to 2000.
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The Canadian Aviation Electronics Company Ltd. has deveioped a.
commercial pH meter for use up t0v200Q17. The meter uses a Beckman
high temperature glass electrode as the_gH sensitive elecﬁrode and a -
saturated calomel eiectrode méintained at 250 as the‘referénce elecs

17

trode. Lietzke and Tarrant™ have used this meter for mgasurementsidn
hydrochloric acid, sulfuric acid, and uranyl sulfate solutions. Mar-
burger, Anderson, ang Wigle at Argonne National Laboratory have devel-
0ped a similar-devicel8

It is apparent that relatively little work has been done in.the
field of high tempersature electrémofive force measureménts in agueous
'solutioné. With the possible exceptions of the sil&ér—silvér sulfate
electrode, which suffers by the large solubility of silfer'sulfatelu’l9,

and the lead-lead dioxide electrode, no thermodynamic reference electrode

. besides the silver-silver chloride electrode has been found for use at

e
!

elevated temperatures. As for hydrogen ion-sensitive electrodes, gléss
electrodes as well as other types that may be déVelQpedkwili:have'tc'be

calibrated against solutions standardized using the hydrbgen electfode.

D. TFundamental Constants

Appendix I contains a list of the fundamental constants used in
the caléulations throughout this study. They were taken from the
recent work by Cohen, Crowe, and Dumondgo; the only major change from

constants used by previous investigators being in the ice-pbint
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7
temperatufe, 275,15000K rather than 275,160K, as recommended by the Tenth
General'Conference on Weights and. Meaéures, October 19542;. ‘However this
actually represents no significant change in the calculated results.
Also given in fppendix I are g, that part of the Debye-Huckel limiting
Siope that involves fundameﬁtal constants (limiting slope = So/(DaTB)l/z),
and‘the equations used for calculating the dielectric constant and the
density of water as a function of temperature. The former was.given by

3kerlgf and Oshryaa'and the latter by Lietzke25° The Rkerlof and Oshry

| equation gives values of the dielectric constant at high temperatures

significantly different from the equation of Wyman and Ingallszu used by
preVious investigators. The Lietzke equation for the density of water
was obtained by fitting the density of water from O to 3000 to a quad~
ratic function of the centigrade temperature by the method of least

squares.
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CHAPTER IT

EXPERIMENTAL DETAILS

A. Introduction

The experimental apparatus used in this investigation was
designed to contain the agueous hydrochloric acid solution and about
one atmosphere of hydrdgen.at temperatures from 25,t° 2750 and toA
pérmit measurement of the temperature and pressure'of the system and
 the electromotive force between a hydrogen and a silver-silver chloride
electrode in the solution. Corrosion of the containér and insulation
of th;'electrode_leads were the two major problems invoived.

At the outset it was decided to keep the apparatus as simple as
possible ﬁith the ultimate aim of determining the electromotive forces
to aﬁ accuracy of a few tenths of a millivolt over the temperature
raﬁge. With this in mind a static system was used in order to avoid
problems involved in bubbling hydrogen through a systém containing
water vapor at pressures up to 100 atmdﬂand to avoid mechanical and
electrical diffiéulties.;h trying to rock, vibrate, or stir the system.
Thé ide; of a high temperature solution sampling device was also dis-
carded. A general schematic diagram of the apparatusvis shéwn in

Figure 1.
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Figure 1. General Schematic Diagram of the Apparatus Used
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B. The Autoclave

1. The Autoclave Body

The autoclave assenmbly is shown in detail in Pigure 2. The body
was machined from a bar of type 347 stainless steel to final dimensions
- 3-1/2-in. dia. 0.D., 2-in. dia. I.D., 6-1/4-in. high, 3/k-in. wall
thickness. The mechanical proﬁerties of the stainless steel and the
6ther matefials'used in the appafatus are listed in Table I.. As may be
calculated, the body was éufficiently strong to withstand the vapor pres-
.sure of the sqlutions used plus the hydrogen preésure at temperaturés
weil above those contemplated,,but it was.nOt strong énngh to withstand
the hydraulic pressure of thevsolution had the autoclaﬁe been filled

too full.

2. The Liner and Interliner

The primary containment vessel for the solution was a cylindrical
liner made of fused silic# for corrosion resistance. It fitted sﬁugly
into a Teflon interliner which in turn fitted snugly into the stainless
steel autoclave body. The Teflon intérliner, having a relatively high
coefficient of thermal expansion, expanded as the autoclaﬁe was heated
and fiiled the space_between the steel body and thg quartz liner com-
pletely so as to érevent condensation of water vapo£ between the liner
. and the body. A lip on the Teflon interliner served as a gasket for
sea;ing the autoclave head to the autoclave body. The total volume of

the autoclave available for solution and vapor was 160 ml. and,allowing
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Figure 2. Autoclave Assembly for Determining Activities
of Hydrochloric Acid Solutions -at Elevated Temperatures.
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TABLE I

MECHANICAL, THERMAL, AND ELECTRICAL PROPERTTES
OF MATERTALS USED IN AUTOCLAVE

Tensile Strength (psi) - Modulus of Elasticity (psi)
250 -~ 300° 25° 300°
Type 347 ss® 90 x 10° © 68 x 10° = 29 x 10° 25 x 10°
Titanium®’ © 58 x 100 28 x 10° 16 x 10° 1% x 10°
Platinun® © oh x 10° 18 x 107 21 x 10° -
Fused Silica® - - 12x1 6 -
Teflon® 2.0 x 107 0.3: x 10°  0.065 x 10°  0.008 x 10°.
- fg& 6
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MECHANICAL, THERMAL, AND ELECTRICAL PROPERTIES
OF MATERIALS USED IN AUTOCLAVE (CONTINUED)

13
TABLE I

Thermal Expansion Thermal Conductivity Electrical

Coefficient 7 2 0., Resistivity
o-1 (cal/em™/em/"C/sec) (ohm-cm)
25 to 300° 25° 25°
Type 347 ss® 1.8 x 1077 0.05 11 x 100
Pitaniun® ° 9.0 x 107° 0.06 55 x 1070
Platimm®™’ © 8.9 x 107 0.17 1.4 x 1070
e . f
Fused Silica® 0.5 x 1070 0.002k4 10 x 10°
Tefion® 120 x :Lo'6 0.0006 > 1072

& Yalues from T. Lyman, Ed., "Metals Handbook", 1948 Edition, The

 American Society for Metals, Cleveland, Ohio (1943).

Commercially pure.

¢ Annealed.

d Values from R. C. Doban, C. A. Sperati, and B. W. Sandt, Soc. Plastics
Engrs Journal 11, 1955. .

e Mean value up to shrink température.

£ a6 700%.
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for a l/2hin.vvapor space at 2750 and the expansidn of the solution,
9; ml. of solution was used in every test.

Corrosid£ of the silica liner and other silica pafts was measured'
during several tests to ensﬁrevthat the rate was low enough té be neg-
lected as a source of error; Table II is a list of the weight losses
of fused silica electrode holders immersed in dilute hydrochloric acid
solution during tests for the temperature ranges shown.‘ The ratio of
the area of théJélectrode holders to the total area of fused silica ex-
posed to solution was used to calcﬁlate the total amount of corrosion
that occurred quring the test. The total lqss in weight is>listed in
the last column of Table II. It can be seen that most of the‘corrOsion
occurred at 2750 and that the total weight lbsses even for the tests
that went to 2750 were small. TFor these reasons iﬁ is believed that
the.corrosion~of the silica prgduced no sighifipant effect on the
measufémentsf |

' The Teflon inferliner waé also a possible source of contemination
since it wés observed prgviously at this Laboratory that Teflon evolves
low molecular weight material'at temperatures as low as 150025. _To
avoid this difficulty, the interliners were pretreated by heating to
é?SO in a trial run‘before‘use in an actual test.

The silica liner-Teflon interliner arréngemént was completely

satisfactory. It was found that a single Teflon interliner could be

. used indefinitely to 200O and for three or four tests to 2750. One of

the silica liners cracked dufing a test at 2750 but a second liner was
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TABLE II

CORROSION OF FUSED SILICA
IN DILUTE HYDROCHLORIC ACID

- | o b Total Loss
HC1 Conc. Temperature Span Weight Loss, mg.’ of Weight
n °c Holder No. 1 Holder No. 2 ng.

0.0075 25 to 225 | -0.2 0.0 0.3
0.01 25 to 275 -2.8 4.2 1

0.025 25 to 215  -81  -l.6 1T
0.1 25 to 275 -1 -2.9 7.k
0.2 25 to 250 -0.9 0.0 1.5
0.2 25 to 275 =44 _ -ﬁ.s‘ ‘ 15
1.0 25 to 200‘ -2.0 - 3.4

a Area of each holder was 1k in2.. Total area of fused silica exposed to
solution was roughly 48 in". '

b Total length of each test was about 36 hr.

629
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used for the remainder of the tests without difficulty.

3. The Autoclave Head and Fittings

The autoclave head was machined from commercially pure titanium.
The head is shown in some detail in Figure 3 and represents extensive

development work. The reason for the development work was to achieve a

design which would allow the following: 1) evacuation of the vapor space,

2) bubbling of'hydrogen through the‘solution at the start of a test, 3)
complete sealing off of the vapor space during a test to prevent conden-
sationvof vapor in any crevicé or recess, 4) connection ofvthe solution
with the pressure gaugeé%, 5) insulation of the leads to two silver-
silver chloride electrodes and one hydrogen électrode, and 6) connection
of the leads to shielded cables attached to the electrometer.

The first four criteria were met by installing a special valve

‘directly din the autoclave head. As may be seen in Figure 3, the valve

stem opened down so that the vapor space could be evacuated through the

stainless steel capillary tube cognected‘to a i/lGAin. dia. hole leading

" %o the space around the lower portion of the valve stem.  Hydrogen was

also vented through this line during the initial bubbling. A mercury

manometer was comnected to the stainless steel capillary in order to

determine the initial pressure in the system very accurately. When the

system was ready for the test to begin the valve was closed upward

The solution rather than the vapor space was comnected to the
pressurée gauges since condensation of vapor might have occurred in
cooler regions of the comnecting tubing.
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against a Teflon seat gasket and the test chamber was conpletely iso-
lated except for the platinum capillary tube leading to the pressure
gauges. This tube wa.s installed'righﬁ through the center of the specidl
valve stem and was sezled in a£ theltop of the valve sfem with a Teflon
gasket and a steel nut. The plafinum capillary tube connected at its
other end to a two-way, two-stem Autoclave va;vé% mounted outside of

the oven. Prior to the start of a test hydrogen could be passed down
the tube to bubble through the solution. Then, to make the test, the-

hydrogen supply was shut off at the valve on top of the oven and the

- other valve opened to water-filled, stainless steel capillary lines con-

nected directly to the pressure gauges (see Figure 1). As the tempera-
ture and pressure of the solution were increased, the residual hydrogen
in the platinum capillary tube was compressed but there always was a
bubble of hydrogen which prevented the hydrochloric acid solution ffom
being forced up into the stainless steel valve and capillary system.
The fifth and sixth criteria were met as folloWs."Stout 18 gauge

platinum lead wires for the three electrodes were inserted in Teflon
"spaghetti" of such a size that a snug fit was made with the holes pro- ‘
vided through the autoclave head. Teflon cones were then slipped>over |
the "spaghetti" and backed up with crushable soapstone‘cones."Finally

a steel pressure cone was.slipped on and the steel pressure mat tight-

ened down. The nut was lubricated with a Vaseline-zine dust mixture to

Py :
Type 1005, Autoclave Engineering Co., Erie, Pa.
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prevent galling with the titanium head. This seal needéd retightening
after the first thermal cycle but then held vacuum= and pressure-tight
to 800 péig. A Teflon insulated, snap-lock IPC%_fitting ﬁas silver
soldered to the steel pressure nut and a matching female fitting was
silver soldered to wire-braid éovered, Teflon insulated copper Wiré S0
that convenient cdnnectionsubetweenﬂthe'platinumilead:Wirgsﬂandftheﬂcpp-
per wires leading to the electrometer Were made. Since the piatinum-
copper connections were all at the same temperature inside the oven
there was no thermocouple effegt. The éléctrodes were connected to 'f
the stout platinum lead wires by firm crimping.

The titanium autoclave head was resistént to corrqsion by the
vapor above the acid solutionsvunder all conditions except during the
tests with 0.5 aﬁd 1.0m HC1. Above 200O with the former and 1500 wifh
the latter.solution an increase in pressure with time at constant temper-
ature was noticed which clearly was due to corrosion of the titanium.
The extent of the reaction was followed by the change Of'pressure and
electromotive force with time and the results corrected as discusééd
below in Chapter IIT, Séction A. On opening the autoclave after the
two tests in.which corrosion occurred a white deposit, determined
spectrographically to be Tioe, was found on the titanium. Therefore
the corrosion reacﬁion was assumed to be:

Ti + 2H0 - Ti0, + 2H, . (E)

% ‘ ,
Industrial Products Co., Danbury, Conn.
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Agreement was.obtained between the observed pressure increese and the
ﬁressure increase ealculated from the change in solgtion concentration
due to the loss of water in accordance with reaction (E).

Therefore, with the ekception noted in the above paragraph,»tﬁe
titanium autoelave head gaﬁe excellentvservice._ It was held preSsure
tight onto the autoclave body dufing thermal cycles by eight steel lugs
supported in a stainless steel cap screwed onto the autoelave body. The
lugs acted on a Belleville sprihg wasLer deeigned so that the-expanSion
and contraction of the Teflon gasketi(the lip on the Teflon interliner)
with temperature was matched by compress1on and expan51on of the spr1ng2

The design of the washer is given in Appendix II~.

C. The Electrodes

1. The Hydrogen Electrode

The hydrogen electrode is illustrated in Figure bk, . It was made,
at the sﬁggestion of Mrs. Loretta Greeley%%, to float at thelsurface of
the eolution in order to ceme quickly into equilibrium with the hydrogen
in the vapor phase. A'lfin. length of 24 gauge platinum wire was attached

to a projection on a fused silica float with fine 40 gauge platinum wire.

Py .
: The author wishes to thank Dr. W. C. Waggener of Oak Ridge
National Laboratory for suggesting the use of the Belleville spring washer.

%%
The author wishes to thank his wife for this and several other
very valuable suggestions.
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Another fine platinum wire was welded onto the 24 gauge wire in order to
connect it with the platinum lead wire in the autoclave head. The plati-

27

num was platinized as dirécted by Bates . On_seﬁeral~cocasi0n5utheJ
floating electrode was_comparéd_with a foil electrode prepared in the
usual way28 in dilute'hydrogenated hydrochloric -acid, and the two types
of electrodes eihibited the same potential to.ﬁithin-j;0.0Q mv.

In preliminary high temperature tests in which the hydrogeqvand
silver~-silver chloride electrodes were immersed in tﬁé solution with no
intervening barrier, the platinizéd platinﬁm became covered with s
deposit of silver. The deposit was shown td be éilVer by dissolving it
in dilute nitric acid and preciﬁitating a white éalt with,a few drops. of
hydrochloric acid. The white salt -darkened on exposure to light and
was undoubtedly siiver chloride. The depdsit of silver most probably
came from reduction of silver ion in SOiution by hydrogen. The silver
ion came from the relatively large.solubility of silver chloride at high

29

temperatures. Anderson observed this phendmenon:at“véry'loﬁ‘hydro»v
chloric acid concentrations at 250 and showed that the'depoéit.did not
‘affect the operation of the hydrogen electrode. The only effects in .
the present. study.were ﬁhe change in hydrochlorié acid congentration
and the accompanying change in hydrogen pressure acéordingvto the
reaction: | |

'%H2+Ag01—>Ag+Hc1. o (F)

R o AN
BEe)
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Since the hydrochloric acid concentration could not be determined aftef
each electromotive force measurement, as was possible in Anderson's case,
it was desired to prevent the reaction erm'bccurring. fheréfore, a
silica tube was placed around each:silver<silver:chloride electrode in
later tests. A sintered silica disk sealed into the side of the tube
"provided a comnection between the solution inside the tube and the main
body of electrolyte. This prevented.the deposition 6f silver on the
hydrogen electrode. However reaction (F) still occurred, presumably on
the silver-silver chloride itself, and this reaction caused”the
ma.jor error in the results.

The hydrogen electrode was replatinized before each test.

2. The "Bates"-type Silver-Silver Chloride Electrode

The first type of electrode used was a cdmpletely "thermal" type50

but will be called a "Bates"-type since his procedures were followed as
closely as possiblejl. The electrode is illustrated in Figure 4. A six-
inch length of 30 gauge’platinum'wire was-sealéd into a four-inch 1ehgth
of l/8—in. dia. 0.D. soft glaés tubing. The end of the wire protruding
from the seal was wound into a helix, cleaned in hot concentrated nitric
acid and in cohductivity water, and then coated with a paste of silver
oxide and silver chlorate in a T7:1 mixture by weight. The electrode

was then heated five minutes in a muffle furnace at 5500. After cooling,
the coating aﬁd heating were repeated. Finally the electrode was coated

& third time and heated seven minutes.
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The heating produced a white intimate mixture of finely divided
silvér and silver chloride complétely covering the platiﬁum helix. The
intimate mixture of silver and silver chloride was desired in order to
prevent the éiéctrode from becoming;defiéient in silver chloride at
high temperatures where the solubiiity of silver chloride becomes
appreciable.

Six electradeS'wéré prepared_simnltaneously, and aftér céoling
they were immersed in hydrochloric acid of the same composition as that
to be used in the test and interconné?ted. The solution was heated to
750 and allowed to cool overnight as suggested by Ashby, Cooke and DattaBg.
Thé next day the eléctrades were'intercompared; With few exceptions all
electrodes were within/gioios‘m&. of each other. Two electrodes reading
within 0.02 mv. of the aversage were chosen for the experiment and fastened
onto the platinumvleads through the autoclave head. A Teflon cap allowed
the silica tube té be fitted over the electrode.

‘Taniguchi aﬁd Janzll have investigated the causes bf variation in
the potential of "thermal-electrolytic" electrodes and.found that freshly-
made electrodes were positive with respect to electrodes in equilibrium
with the solution. The cause, however; was due to concentration polari-
zation during electrolytic chloridization énd hence would not'be a.fac-
tor in the present study using completelybthermal electrodes. A more
serioué question is that of "thermal strain" which they said occurred
on cooling of the electrodes after heating and which introduced varia-

tions in potential of -0.08 to +0.05 mv. These variations Wwere
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permanent. For this reason the electrodes used in-tﬂislstudy weré
given the added treatment of being heated in solution to 75° while inter- .
connected. This appeared to remove practically all variation in poten-
tial of one electrode from another, perhaps becauée at the higher temper-
ature the elecfrolytic reaction between interconnected electrqdes having
initially different potentials occurred rapidly. Alse the solubility
of siiver chioride was higher at the higher temperature and ény‘silver
chloride in a higher.free energy state could have more easily dissolved
and réprecipitated in the lowest free energy state. For these same
reasons the electrodes were handled with extreme care after equilibra-
tion‘to'prevent mechanical shocks from intfoducing new strains.

| It waé found that dilute hydrochloric adid attacked the soft
glass electrode holder at 2500. Therefore this type of electrode was
used only in the first series of experiments that went just to 2000. At
the end of a test the two electrodes were again comparéd with the four
that had not been used. The agreement was in all cases within f 0.2 mv.

New electrodes were made for each test in the first series.

"3. The '"North"-type Silver-Silver Chloride Electrode

At the suggestioh of Mr. Gerald North the-silver»silver.chloride'
electrode was modified as follows: 1) the soft glass hblder was omitted, -
2) a stouter platinum wire (i8 gauge) was used as the electrode base, and
3) the wire was coated its entire length with silver oxide and silver -

chlorate paste. The heating schedule was the same as for the "Bates" -

442 13y
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type electrode. The base wire was long enough so that it‘was'run through
the autoclave head and served as the lead wire as well. Only one pair
of_these electrodes was made and they were used for the entire second
series of experiments covering the range 25 to 2750. The thermal
eycling and successive dissolution and reprecipitation of silver chlo-
ride on the electrode apparently improved the characteristics of the
electrode, if anything, and with due care being takeh to avoid mechani-.
cal shock the results at all_temperatures in common with the first series
were entirely comparable. |

As noted abové, a silica tube containing a sintered silica disk
was placed around the electrede. The disk was of such porosity that
it took fifteen to twenty minutes for soluﬁion to come to the same
level inside as outside the tube. Excess solid silver chloride was
always placed inside the silica tube to ensure that the solution was

saturated with silver chloride at every temperature.

D. The Autoclave Jacket, the Oven, and the Temperature Controls

The autoclave was placed inside a large, cylindricél, aluminum
Jacket having 2~to-2—l/2«in. thick walls. A résistance heating wire
was wrapped af;und the jacket'to provide aﬁ7édditional 1000 watts of
power to aid in changing temperatures rapidly. The wire heater was
otherwise not used. Two inches of glass wool and asbestos:insulation

wag put on top of the autoclave inside the Jacket.
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The autoclave and Jjacket were placed in an electrically heated,
forced-draft oven%. Electrical and présSure commections were run out
through a hole in the top of the oven. The temperature control of the
oven was modifiéd as followé: l) Two of the three 1500 watt heaters
were connected directly to the 110 volt line through a Sola voltage
regulating transformer%%. These two heaters were either on or off;

one being on at temperatures from 200 to 2750 and both being on when

a change in temperature was desired. 2) The third heater was suf-

‘ficient to heat the oven to 1750 and was connected separately to the

110 wvolt line through two Variac transformers. The larger.one, capable
of carrying 10 émp., wés on éontinuously and was set to the proper value
for the temperature desired és learned by experience. The smaller ope,
capable of ecarrying 5 amp., was controlled.either full on or off by an
Electron-0-Therm regulator%%% Which used a nickél resistance thermometer
as sensing element and a mercury switch as relay. In this way the + 3
to 5 degree Centigrade swing in the oven temperature,‘obtained:wiﬁh the
standard controls, was decreased to g”l degree. Within the autoclave
this temperature fluctuation was smoothéd out by the heat capacity of

the jacket, autoclave, liners, and solution to less than that detectable

with a platinum resistance thermometer,"é 0.00leegree;

* -
Catalog No. 31240, Precision Scientific Co., Chicago, T1l.

% . ,
Catalog No. 30811, Sola Electric Co., Chicago, T1l.

XK ‘
Model 141C, Technical Equipment Co., BEmeryville, Calif.
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k. Temperature‘Measurement

The temperature of the autﬁclave head was measured with a platinum
resistaﬁce thermomgter inserted in the thermowell shown in Figures 2 and
5. The reasonable assumption was mede that the temperaturé of the head
was fhe same- as that of the vapor and solution inside the éutoclave
when the thermometer showed no further change of temperature‘with time,‘
The thermometervhad beéen calibrated by the National Bureau of Standards
at the ice, steam; and sulfur points and the ice poiﬁt was rechecked be-
fore each ruﬁ. |

The resisténce of the thermometer was measured with a Mueller
bfidgé and a mercury commutatOr%. The Mueller bridgé was calibrated for
 internal congistency by the method given in the operating ‘manual55 and
for accuracy by comparison with a 10 ohm resistance standard calibrated
by the National Bureau of Standards. Temperatures are belie&ed to be
accurate to well within f'0.0lo. |

Unfortunately the avaiiable Muellér bridge could not measure
resistances equivalen£ to temperatures above 2500. Therefore an iron-
constaﬁtan thermocouple, routinely used only for rough measurement of
the autoclave temperature, was calibrated by comparison with the ther-
momefer at 200, 225, and 250O dﬁring éach run and used for the accurate
temperature measuremeht at 2750.‘ In these instances the témperatures

were accurate only to &-O.OSO. The temperatures of the oven and Jjacket

* ' .
No. 8067 Mueller Temperature Bridge, Leeds and Northrup Co.,
Philadelphia, Pa.
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were also measured with iron-constantan thermocouples and displayed

_ - *
continuously on a Brown recording potentiometer .

F. Pressure Measurement

Pressures were measured using two precision bourdon tubefgaugeS%%
connéctéd directly to the solution with water-filled stainless steel
capillary tubes leading to the valves and platinum capillary discussed
above. One of the gauges had a range 0 to 250 psig. and a precision
stated by the manufacturer to be 0.25 psi. It was used at temperatures
to 206?. The other gauge had a range O to 1000 psig. and a stated pre-~
cision of 1 psi. The gauges were calibrated after the experiments’using
a pneumatic dead weight tester%*%. This device was not'commercially
available until the end of the study. However the Calibfation indicafed
that the gauges were as accurate as the manufacturer had élaiméd, Be-‘
cause of a hysteresis which would have produced anverror.in mid-scale
twice as large as those quoted, pressures were generally measured only
after an increase in pressure. The zero shift of the gauges was well

within the above stated limits, but. to prevent accumulation of errors

* ' :
Minneapolis Honeywell Reg. Co., Philadelphia, Pa.

Frens : .
Gauges No. 13948 and 13949, Heise Bourdon Tube Co.,
Newtown, Conn. ‘ . :

FRE_ . :
Type 6-20L Primary Pressure Standard, Consolidated Electro-

dynamics Corp., Pasadena, Calif.
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and to take inté account the.weight of water within the capillaries, the
pressure in the autoclave at the start of a test was measured with a
mercury manometer éonnected to the vapor space in the autoclave as
described above.in Chapter Ii, Section B. The gaﬁgeé were then sef_at
the pressure indiéated by the ﬁanometer.' Pressures were converted to
psi-absolute from the mea.sured psi-gauge by.ﬁeans of a mercﬁrial bafom-
eter hung next to the gauges. The barometef scaie was'calibratedvﬁith
an accurate cathetometer and the height of the mercury column was shown
to agree ﬁithin better than 0.1 mm Qith the “height of another column of
triply distilled mércury above which existed a vacuum of at leést‘
1 x Il.O'6 mm. Hg; as méasured with a thermocouple gauge.

As a final check on thé system the vapor pressure of pure, de-
gassed water was measured to 250°. Agreement with étéam.tables5u’55,
after considerable development of the system to its final férm, was ex-
A‘cellent and within the error limits of the gauges.

The need for accurate préésure measurement is apparent when one
considers the fact that the pressure of hydrogen in the system was de-
termined by subtracting the vapof préssure of the soiution from the
total pre;surefmeasured as above. .To obtdain an accuracy of 0.25 mv. in
the electromotive force it wés necessary to kﬁow the hydrogen pressure
and . hence the total pressﬁre to an accuracy of 0.25 psi.in the neighbor-
hood of 200°. | | | B

The wvapor préssures of the'solutions.were.obtained by applying

Raoult's Law to the values of saturated watergvapornpressure given in

[
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the steam tables. This‘admittedly‘inaccurate method was used after the
vapor pressure of degassed 0.1 m HC1 had been measured to 250O and.found
t; agree with Raoult's Law within the accuracy of the gauges.

One furthér correction was made to the vapor pressure of the solu-
tipn, This was the effect of the presence of hydrogen on fhé vapor pres-—
sure. Although the hydrogen pressure was only about one atmosphere, a
slight correction was found to be_significant. The derivation of the
correction formula and a table of values are giveﬁ in~Appehdix ITI.

Thus the hydrogen pressure was calculated as follows:

PH2 = Piotal ~ Foteam ~ “FR +Fm (3)
where: EH = calculated hydrogen pressure,.
e
Etotal = measured total pressure,
P = vapor pressure of pure water from steam tables,
~steam

2m
—_ 1 S O7 = .
AE? = Raoult's law corrqctlon = Pste (E—_I'EETEE)’
m = the molality of hydrochloric acid used,

AP = hydrogen pressure correction as given in
Appendix III. ' .

No correction of pressure to fugacity was mede and this fact is discussed
below in Chapter IV, Section A. Tt is felt that the hydrogen pressures

were accurate to + 0.25 psi to 200° and + 1 psi to 2750.
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'G. Electromotive Force Measurements

The electromotive force itself was measured with a vibrating
- reed électrometer* and a precisioh poteﬁfiometer*%;'and was displayed
6n a Brown recorder. The precision potentidmeter’was.used=toucam—
pensate for all but 1 mv. df'thé celi electrbmotive force and fhevre-
méiﬁder was read directly from thé eleétrometer scale. The.botentiom-
eter was'calibrated for.internal consistency and then used to célibrate
the electrometer and recorder scéles fof linearity and accufacy: _No
corrections were found to be necessary.
vTW@ standard cells%%* were used for standardization. Both were

éompared frequently ﬁith a similar cell receﬁtly compared with é standard
cell at the National Bureau_bf Standards . vSince the laboratory tempera-
ture was maintained at 25 i 1° at all times, no témperature correction
was made on the standard electromotive forces. One standard cell was
used to standardize the potentiometer. The other Qas'thenAconneCted to
the electrometer'and a regular electrdm@tive force reading'taken. This

procedure simply showed whether all connections and ad justments were in

ordef. In,all'cases the measured electromotive force agreed with the

*
Model %0, Applied Physics Corp., Pasadena, Calif.

F¥ .
Type B, Rubicon Co., Philadelphia, Pa.

XX :
Cat. No. 100, The Eppley Lab. Inc., Newport, R. I.
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standard value within"i 0.02 mv. Twenty-four telephoné-type 1—1/2 volt
dry cell batteries were connected appropriately in parallel and series
to give 3 volts potential to the potentiometer circuiﬁ. These dry cells
were far superior to a large 6 volt wet cell battery, their rate of drift
of potential being about 0.08 mv. per twenty-four hburs. 4 |

The fact that the electromotive force of the second standard cell
could be measured accurately was no guarantee that the potential of the
celi inside the oven could be measured iikewise. The vibrating reed
electrometer is notorious for "ground loop" difficulties. However it is
felt that these were overcome by using wire-braid cévered lead wire and
by insu;ating the sutoclave and all associated tubing and wires from
the oven.” The autoclave was then grounded tb the electrometer case.
With this done, turning the oven heaters or fan on or off did not affgct
the potential at all. On the other hand the jacket heater caﬁsed a tén
.millivolt shift in the cell potential when it was in ﬁse and so no read-
ings were taken withjthat heatef on.’ Thermbcouple effeéts_between the
léads were mentioned above as being negligiblé. The measured potentials
were undoubtedly within + 0.0Sva,'of the actual ¢ell electromotive force.

A further factor was the length of time necessary to estaﬁlish
eQuilibrium after a change of temperature. It was found that the elec-
tromotive forcg_often came to temporary and false "constant" values'
when the potential appeared to change less than a few.hundredthsvof a
millivelt in an hour. Thé causes of this will be discussed below in

Chapter ITI, Section A. Suffice it to say that the recorder trace was
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invaluable in showing slight trends and that experience soon showed the
false from the true values.

H. Solutions and Materials

1. Condudtivity Water

All solutions were made from conductivity water; all apparatus was
given final finsings with the same; and all chemicals were recrystallized
or washed in conducﬁivity water as deemed necessary. The conductivity
water was prepared by passing laboratory distilled water through a
Crystalab ion exchange column and then distilling from alkaline permanga-
nate into a 20-1. pyrex reservoir. The water ih the reserveoir was pro-
tected from carbon dioxide in the atmosphefe by means of a tube filled
withlAscarite. The specific conductances of the two batches used were
initially 5 and 8 x 1077 (ohm‘-»cm)-l respectively. These values increased

slowly but never became greater than 1 x lOf6 (ohmﬁcm)-l.

2. Hydrochloric Acid Solutions

" The hydrochloric acid solutions were made up by weight dilutions
from twice-distilled constant boiling hydrochloric acid. A fresh bottle
of Baker and Adamson feagent grade concentrated hydrochloric acid was
the starting matérial for the distillations.‘ The procedure of Foﬁik

and Hollingsworth56

was followed in essence, and the final distillate
fraction was collected at T4l.% mm. Hg. (corrected). The constant

boiling acid was analyzed gravimetrically by the method of Kolthoff
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and Sandell57 and three determinations gave aIValué of 20.275 percent’
within 0.3 parts per thousand. After correcting by 0;057 percent to
account for solubility of silver chloride in the wash water and other
factors according to Foulk and Hollingsworth;S, the value of 20.267
percent (in vacuo) compaied favorably with the value 20.263 percent
calculated by interpolation from the table given by Foulk and Hollings-
worth36. The constant boiling acid was stored in a pyrex flask having
a grbund glass stopper. - | | |

The ﬁeight dilutions were made so aé to have solgtions exactly_
0.005, 0.0075, 0.01, 0;025, 0.05, 0.075, 0.1, 0.2, 0.5, and 1.0 m HC1.
Vacuum corrections were made and the weights had been previously cali-
brated by the transposition method given by Kolthoff and Sandellss‘ The
solutions were stored in 1-1. pyrex bottles having ground glass stoppers.
In order to‘ensure that no gross errors had been made the sélutions were
titrated to a pH 7.0 end point with standard sodium hydroxide using a
Beckman Model H'EH meter as indicator. All solufions wefe found to have
been made accurately. The sodium hydroxide was‘standardized to a pH
8.3 end point using Baker and Adamson reagent grade potassium acid
phthalate dried over Drierite. The standard sodium hydréxide solutions

were also used to titrate the hydrochloric acid solutions after the tests.

5. Silver Compounds

Silver oxide was made according to the procedure given by Bate559

and was washed twentyefive times with distilled water and ten times with

[ AN |
£
&0
2
R
o)



36
cdnductivity water. Silver chlorate was made according to the procedure
given-in Inorganic Synthesesuo and recrystallized from conductivity}
water. Silver chioride was made'accdrding to the procednré giveh by
Zimmerma,n)’tzL except the starting material was Baker and Adamson reagent

grade silver nitrate.

The silver oxide and silver chlorate were mixed in a 7:1 ratio by .

weight with a little conductivity water to give a thick paste. The paste
was stored in a pyrex bottle having a ground glass stopper. The gilver
chloride was stored in a pyrex bottle having a Bakelite‘cap and wvas

kept in a light-tight vacuum desiccator.

R. Hydrogen

Electrolytic hydrogen obtained in commercial dylinders was passed
over Drierite, Aséarite, Drierite and then a platinized catalyst bed
{Trade Name Deoxo) before passing through two bubble towers containing
solutions identical to that under test. In this way carbon dioxide;
water vepor, and oxygen were removed and the hydrogen was saturated with
thig *vapor from the solution. Then the hydrogen was bubbled through the
solution in the autoclave. Andérsqnug showed that two bubble towers
were enouéh to pre-saturate the gas so as to prevent loss of water or
acid from the test solution. Thevonly-impurity likely to be left iﬁ the

hydrogen was thus nitrogen in amounts which should have caused no error.
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I. Preliminary Investigations

1. Solubility of Silver Chloride

As Lietzke and Stoughton have pointed outl9, it was necessary to
know the solubility of silver chloride as a function of temperature and

hydrochloric acid concentration in order properly to -interpret the elec-

k3

tromotive force data. Fortunately the data of Raridon -~ became avail~

L *
able . The solubility values (s ) in each of the solutions Raridon

~AgCl Lol
-used were fitted by the method of least squares to:
108 (Spgon)p ) = o+ b/ ()

and the resulting equations for each hydrochloric acid molality solved
for the solubility at all of the temperatures of interest in this study.
These values in turn were fitted at each temperature by the method of

least squares to:

- 2
1og (8)501) = 2 + b loglmyy ) + o L}og(mHCIi] : (5)

The values of a, b, and ¢ at the temperatures of interest are listed in

Teble III as are typical values of g, o, in 0.0l m HCL.

AgCL
The solubility increases markedly with temperature, and there is
a minimum in the solublllty at’ about O 005 m ‘HCl at each temperature.

The effect of the solubility on the ionic strength of the solution at

The author would like to express his sincere thanks to Dr. Kurt
A. Krau§ and Dr. Richaerd J. Raridon for allow1ng the 1mmed1ate use of
thelr solublllty data. '

‘ , The author would also like to thank Dr. M. H. Lietzke for making
available a very convenlent least squares code for the QRACLE.
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TABLE IIT

SOLUBILITY AND SOLUBILITY PARAMETERS
OF SILVER CHLORIDE IN HYDROCHLORIC ACID

Temp. Solubility in 0.0l m HCL Solubility Parametersa
% Calculated® Observed® a b c
25 6.75 x 1071 6.51 x 1071 4086 1.752 0.354%
60 5.42 x 10‘6 ' -3 bkt 1.555 0.3%228
90 2.35 x 1077 -2.999  1.k08  0.2968
100 3.63 x 1077 3.59 x 1077 -2.869 1.354 0.2847
125 9.84 x 1077  9.80 x 1070 - -2.556 1.255 0.2673
150 2.37 % 1o'k 2.38 x JLo'LL -2.298 1.168 0.2520
175 5.17 x 107 4.80 x 107 ~2.060 1.090 0.238%
200 1.0k x 1072 1.15 x 1070 -1.847 1.021  0.2262
225 1.9% x 1077 -1.656 0.9582 0.2152
250 . 3.3 x 1077 -1.482 0.9017  0.2053
275 5.76 x :Lo"5 : -1.323  0.8577 0.1996
300 9.20 x 1077 -1.180 0.8105  0.1913

a . . o 2
Constants in the equation log Spacl =@ * P (log QHCl) + ¢ (log mHCl)

P R. J. Raridon, Ph.D. thesis, Vanderbilt University, Nashville, Tennessee,

(1958) p. 93.
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the higher temperatures is small but certainly not negligible and it
was taken into account in all calculations.

The double least squaring proqedure naturallyvraised doubts as to
the accuracy of the values calculated from the.data given in Table III.
Therefore several poiﬁts were checked by direct obéervation of the dié-
appearance of the last crystal of a weighed‘quantity of silver chloride
in a weighed quantity of hydrochloric acid contained in a'sealed silica
tube as the tube was heated slowly in an air oven. Agreeﬁent was satis-
factory although these experimental values were only accurate to:% 10

percent due to the small quantity of silver chloride that could be used.

2. Hydrogen Chloride Content of Vapor: Phase

The fact thaf hydrogen chloride is present in the vapor above con-
centrated hydrochloric acid solutions raised the>question as to the ex-
tent of such vaporization at elevated temperatﬁres with dilute solutions.
Therefore in two prelimina?y experiments the vapor above 0.0l and 0.1l m
HCl was sampled at 200 and af 250o to determine the hydrogen chloride
content. '

The apparatus was essentially that‘already described for the
electromotife force work except in place of the electrodes an 0.008<=in.
dia. I.D. platinum capillary tube was sealed into the autocléve head with
a Teflon fitting. The end of the capillary inside the autoclave was bent
up and protected by a Teflon cup from ha?ing solution splashed_onto'it

and entrained in the vapor. . The capillary was nine-feet long and passed
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out of the oven-through é water cooling Jacket. The end of the capillary
outside of the oven was crimped closed. After the autoclave containing '
the hydrochloric acid solution waé equilibrated at temperature a sample
of the vapor was condensed and Withdrawh simply by cutting the crimped
end of the capillary. The condensate was collected dropwise in a poly-
ethylene bottle and about 1 ml,was sent for radiocactivation analysis% of
chloride.v Several successivé samples wére taken to ensure flushing of
the capillary tube (total volume of the capillary was about 0.1 ml)}
_ Then the fube was crimped again and the temperature changed.

Table IV is a lisf Qf'the results. It may be seen that hydrogen
chloride is in fact pfesent in the vapor space and that the amount in-
creases with hydrochloric acid concentration. However, it waé calculated
from the vapor deﬁsity and volume that the total amount of hydrogen chlo-
ride in the vapor space was negligible for solutions to 0.1 E.at'temper-'
atures to 2500 insofaf as changing the concentration of solutign or in-
fluencing the pressure of the systém.» On the other hand the féct that
0.5 and 1.0 m HC1 solutions corroded the titanium bomb head at tempera-
tures above 200 and 150o respectively may be taken as evidence that a
relatively large amount of hydrogen chloride was ébove thbse:soiutions.
However the amount in the vapor éompared to that in solution may not have

been appreciable. Thus the results with those solutions are subject to

% ‘
“The author would like to thank Mr. G. W. Leddicotte and his
group for performing the radiocactivation analyses.
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- TABLE IV

THE CONCENTRATION OF HYDROGEN CHLORIDE IN THE VAPOR PHASE
ABOVE DILUTE AQUEOUS HYDROCHLORIC ACID AT 200 AND 250°C

0.01 m HC1 0.1 m HC1
200° 250° 200° 250°C

HC1 Concentration in Vapor, - 13 19 160 450
micrograms/ml, condensate '

. HC1 Concentration in Vapor, 1.7 0.95 20 23
micrograms/ml. vapor :
Total Amount HCl Volatilized, 6L 27 720 640
micrograms
Percent of Total HCl Present 0,18 e 0.08 | 0.22‘ 0.19
Volatilized . ' _ '
Partial Pressure of HC1 (vased 0.018 .0.010 0.21 0.2k

on Perfect Gas Lew), psi.
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a certain error which has not as yet been determined but which is prob=-
ably small in comparison to the other uncertainties in the results with

those solutions.

J. General Procedure

The generai procedufe in making each test was as follows:

l) The autoclave containing the electrodes and solution was slipped
into the Jjacket, the assembly was_put into the oven, and éll connections
were made.

2) The vapor space was evacuated to less than 1 mm. Hgi; hydrogen
from.the bubble towers (previously evacuated and purged with hydrogen)
was admitted carefully; the system'was.re-evacuatedg,hydrogen was re-
admitted; the process was repeated a third time; and then hydrogen was
bubbled througli the solution for several hours (titration of the solu-
tion before and after this procedure in several trials showed that the
concentrationrchanged‘less than one part per thousand).

3) When the chart record of the electromotive force showed thét
equilibrium was attainéd, the special valve_iﬁ ﬁhe head of the autoclave
was closed, thé hydrogen supply was shut off, the valves ﬁo the pressure
gauges were opened, and the pressure gauges were set to agree with the
manometer reading.

h)'Aﬁ initial reading of temperature, pressure, and electromotive

force was taken; and then the temperature was raised to the next level

;
fe
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desired. After equiiibration the second set of readings Were.taken and ’
the temperature again raised. | ‘

5) Aﬁter the final set of readings had been tgken_at the‘higheét
temperature, the oven was cooled to foom temperature and another set of
readings taken. (

6) Finally the system was teken apart, the solution titrated, and
in the first series of tests the electrodes ﬁere compared %ith the others 
not used. | | |

In the first series of tests, coﬁducted on seven soelutions from
| 0.005 to 0.1 m HC1 at 25,V6O, 90, 125, 150, 175, andVQOOO, several
duplicate tests were run. 1In one test measurements were made during
both ascending and descending temperatures with géod agreement bet%een
values taken at the same temperature, but- otherwise measure@ents were
" made only during ascending temperatures (except for the final measure-
iment at room temperature). ~Allowing for concentrafion'changes anqhslight

temperature differences, agreement between inifial and finél values at 25
averaged 0.5 mv. Therefore it appearéd that the electrodes were acting
reversiblyvover the temperature range 25 to 200°.

_ In the second series of tests, measureménts'were extended to in-
clude 225, 250, and 275° (the 60 and 90° points were generally omitted)
with nine solutions from 0.005 to 0.5 m. 'A:l.O m solution was measured
to 200°. Since the same pair of silvér~silver.éhioride electrodes waé‘

used throughout the second series and since the initial room température

o
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measurements agreed with Harned and Ehlerse‘and‘with Bates and Bower5,
it appeared that these electrodes also were acting reversibly over the

temperature range 25 to 2750.

i4% (98




CHAPTER III

RESULTS

A. Experimental Data

‘Figure 5 is a tracing of a typical recorder chart record of one
datum point. The temperature was changed as shown on the left of the
figure and brought quickly from 225 to 2500 with the aid of the auxil-

" close

iary heaters. The temperature was allowed to level off at "t s

to but not exactly “teven"g in this case 250.0000. The cell electro-
motive force waé not recorded when the auxiliary heaters were on because
of the slight inductive effect. The time at which the auxiliary heaters
were to be turned off in order to prevent under or over-shooting of‘the
autoclave temperature was found by experience. As may be seeﬁ, the
electromotive force fell sharply as the temperaturg increased. The

"over=-shoot" was most likely due to slow solubility of hydrogen in the

unstirred system. Final "quasi-equilibrium' was reached about three

hours after commencing the temperature increase at 2500. It took as

long as six hours to reach this point at lower temperatures.

However, the electromotive force did not stay constant but be-

gan a steady, linear decrease with time. This effect was noticed by

b5

Anderson ~ and is undoubtedly due to reaction of hydrogen with silver

ion which both concentrates the solution and decreases the hydrogen
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pressure according to reaction (F). 'The rate of the reaction increased
with increasing temperaturé and with decreasing acid concenfration.
Once. the rate had been established, the eléctromotive force,‘tempera-
ture, and pressure were measured, and the temperature increésed again.
It was decided to calculate the moiality of the solution for

each final measurement of thelelectromotive force at each_temperature
by using the slope of the recorder trace. In this way the relatively
large error in measufing the slopes and timeé at eéch témﬁerature was
thréwn entirely inte the value of m, the molality of the solution. The
electromotive force valueé were not éxtrapolated.

" The calculatiqn of the change in molality due to reaction (F) was

made according to the equations

An = antils. ?a'% AEm (6)
AEm = AEtoﬁal - AEP | (7)
Hp
}E-m v (antiln ﬁ—-—-xr-l]— - 1) o
=3 =%F'5-1n 1+ °o . 2;;;_ (8)
2 | *H, (77 + =% ),

AE = change in molality during a measurement at constant
temperature, '

AR = change in emf at the temperature of interest due to
change in m,

DBy a1 = total change in emf at the temperature of interest,
. AEP = change in emf due to change in hydrogen pressure,
H
2
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m, = concentration of solution at start of measurement,
v = weight of solution (kg.),
E;g = hydrogen pressure at start of measurement (aﬁm,),
vapor . volume (m1.),

<
it

K = Henry's lLaw Constant for hydrogen et'the temperature of
interest (assumed to be that for hydrogen in water).

The total change in electromotive force, Agtotal’ was taken to be the
slope of the recorder line after "quasi-equilibrium" multiﬁlied by the
time at temperature, taken to be froﬁ the moment the auxiliary heaters
were turned off untilvthe electromotive force reading was made. These
times are indicated on Figure 5 by the circles. This total change was
corrected for the change due to the decrease in hydrogen pressure,

AEPH , to give that Que solely to the change in ecid concentration,
qgm,zby equation (7). The change in hydrogen pressure was measured for
some points but usually it had to be calculated by iteration using a
trial value of Agm in equation (8) to give a value of AEPH, which ceuld
give e better value of AE from equation (7) and so for*bh.2 Finally

the change in molaiity, Am, was calculated using equation (6). The
perfect gas law was used in deriving equation (8) and activity coef-

ficient corrections were neglected in equation (6),but the Am values

were small enough to allow these approximations.

Two further corrections were made to the molality of the solution.

The first was the change in concentration due to the reaction (F) that

occurred between the time a reading was taken at one temperature and

)
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the time the auxiliary heaters were turned. off at the next higher temper-
ature. 'This wae calculated from the average of the slopes at the lower
and higher temperatures multiplied by the time involved. The second was
the increase in concentration due to the loss of watef from solution to
the vapor space. This was calculated from the vapor density of steamu6
and the vapor volume (calculated assuming that the expansion of the :solu=.
tions with tempefature was equal to that of pure water). Table V is e
ligt of the total accummulated changes ih concentration at each tempera-
ture, including all of the above effects.

Therefore the experimental data consisted of values of the
electromotive force at temperatures slightly different from even values,
at concentrations slightly different from the~stérting valu§§, and at

hydrogen pressures slightly different from 1 atm.

B. Treatment of the Data

In order to deal with the experimental electromotive force data
it was necessary to correct them to values at exactly 1.00 atm. and
exact even temperatures. The former was done by subtracting the Nernst

pressure term,gz-ln P.. in which the hydrogen pressure was assumed to be"

oF Hp
equivalent to the hydrogen fugacity. It was further assumed that the
water vapor pressure had no effect on the hydrogen fugacity. This latter

.assumption will be discussed below.

The .second correction (to even temperatures) could have been made

RURS KW oo
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TABLE V

CHANGES IN COI\TCENTRA‘I‘ION.'OF HYDROCHLORIC ACID DURING TESTS

Temp. ‘ - Total Ahﬂé _ ,

o G.005 m 0.0075 m 0.0 m 0.025 m 0.05 m
150 - 0.0000%3 0.00018% 0.00002 0.0000k . 0.00009
175 0.000619 0.000553 0.00010 0.00036 0.00015
200 0.00225 - 0.000757  ©0.00050 0.00058 = 0.00169
225 | 0.00086 0.00085  0.00280
250 0.00238 0.00138 ©  "0.00379
275 . | 0.00217 0.00591
=Temp. Total Ajﬁ%

OC ) Q.O75 m 0.1 m 0.2 m 0.5m 1.0m
150 0.00013 0.00017 0.0003 : 0.0009 0.0020
175 0.00022  0.00029 0.0006 0.0015 0.0090
200 ~ 0.00090 0.06071 © 0.0009 0.00257. 0.0167
225 0.00161 0.00143 0.0014 0.0035
250 0.00692 0.00354 : = 0.0168 0.0075
275 - 0.00809 0.00543 0.0326 0.0170

® Includes all changes up to and including the temperature of interest.
Loss of water to the vapor space was also taken into consideration.
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graphically but an analytical méthod-was.fouhd which was more accurate.
Figure 6 is an outline of this method. In essence; after the pressure
correction was made, the electromotive forces were corrected to even
molalities neglecting dctivity corréctions. These values abt each
molality were then fitted to a qu&ratic function'of the centigrade
temperature}by'the method of least squares, The quadratic did not fit
the data within the errors of measurement in all cases (the standard
error of fit averaged 1.4l mv.), but the first derivative of the quad-
ratic at each temperature was &éry closg to the true cﬁange of electro-
motive force with temperature. Therefore a correction to the electro-

motive force for slight temperature differences was made as follows:.

a8, = (GNT) = (0 + 2 e6) ey = Tope)s (9)

where dE/dT = (b + 2 ct) was the first derivative of the quadratic

) was the temperature

equation for each molality and AT = (teven - b

difference between the exact even temperature of.intereét and the actual
'temperature_measured. This A&& was then added to the electromotive
forces corrected to 1 aitm. H2 to give the final working values of
electromotive force at 1 atm. Hy, even temperatures, and observed
molality.
"
C. Calculation of E
The further trestment of the data was similar to that used by

Bates and Bower®. In order to make & linesr extrapolation of the
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electromotive forces to infinite dilution so as to evaluate EO, the
standard potential of the silver-silver chloride electrode, it was
necessary to put the mean ionic activity coefficient, 7+, in proper

form. The Debye-Hackel equation in extended form was used as follows:

log 7+ = - 18%% X107 /T + BI - log (1 + 0.03604m) + Ext' (10)
(o) (1 + A /,oOI)

Where Z%

= density of water,
D =‘diele¢tric conéféhﬁ of water,
| T = absblute temperature, :
;‘= ionic strength of solution = Meoy + SAgCl?
A= denominafor coefficient, '
B = linear term coefficient,'
log (1 + 0.03604m) = corf'h from rational to practical scale,

"Ext' = extended terms of Gronwali, LaMer, and’Sandved“Y.

Inserting equation (9) into the Nernst equation (1) and collecting all
. "

terms measuréable or calculable on the léft, we have defihed_@? to be

.a linear function of the ionic strength as follows:

o 2RT , 2RT | -1.8252 x 106 VA,I | + Ext
E £ E+ == 1nmy + 2.3026 5 573 -
] | om) (e o)
= E 4+ bl ' . (11)
where E = emf at 1 atm. H2 and even temperature,
n+ = mean molality of solution,
Ext = 2.3026 (@%)(m' --log (1:+ 0.0%3604%.m)),
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b = 2.3026 (2RT)B' B = 1i t oefficient
D = 2.0 --F-—- ;5 B = Jlinear term coellilclen P)
A = denominator cdefficientc

As a first approximation I and m+ were set equal to U the

molality of hydrochloric acid, Avﬁzé‘was taken to be 1.5, and Ext was

1"

‘calculated using an ion size of 4.3 Xngstromso Thejgo values were

calculated as the tests were made and used as a guide only'so that
obvious errors or omissions in thé data couid be noticed and duplicate
tests made.

For the second approximation the solubility éf silver chloride,

, was taken into account and A was set equal to (50.2901&(DT)'1/2 2)

"

Epg01

where é is the lon size parameteruS. A set of §9 values was calculated

- for all of the electromotive force values using successively 2.0, b, 3,

and 6.0 Xngstroms for %. All of these values were then plotted on large-
scale graph paper versus lonic strengtﬁ%. At this point the first tenta-
tive decision as to what data to discard was made. Arbitrarily, all
points lying more than 0.5 mv. off the best straight line that could be
drawn with a ruler at temperatures up to 2250 and more than 2 mv. at 250
and 2750 were discerded. Some of these points were latef used. Then the
" .
remaining E? values for concentrations up to and including 0.1 m were

fitted by the method of least squares at each temperature and for each

value of % to

n
B> = E° 4+ bI. (12)

*
It is a pleasure to acknowledge the very helpful discussions that
the author had with Prof. Herbert S. Harned at this stage of the work.
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It was obvious that the %.values chosen did not in most cases give the
best straight lines possible.

"
Therefore a third calculation of E? values was made. First the
. 1"

electromotive force data were again inspected and all points giving E?

values lying within 2¢ of the least squares line determined in the

it

above treatment were accepted. Here o is the standard error of fit

fit
of the least squares line to ‘the datahh. Also, to rule out further arbi-
- trariness, if all but one or two points from & test were accepted, the
points at first discarded were accepted if at all possible .since it was
feit unlikely that electrodes giving "good" values should suddenly go
"bad" and then ﬁecome "good" again. Table VI is a chart of the values
accepted for each test. |
Fﬁrthérmore, in the third calculation the g_values were varied in
1 Xngstrom increments over wide limits at each temperature. The EEE
terms corresponding to each %_value were obtained by interpolation or
;éxtrapolation of the wvalues previously calculated for % = 2.0, k.3, and
6.0. The &aiues of Ext used are listed in Table VII. The calculations.
were made on a high speed digital computer such that the output of E?"
values for each value of g at each temperature up to an ionic strength
of O.i ﬁas in proper paper tape form for use as input to the least
squares codeuu. The least squares code then put out values of gf, b,
the standard errors in E? and b, and the standard errors of fit for each

% at each temperature according to equation (12). Finally, the standard

errors of fit were plotted versus % and that value of g’which gave the

|53
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TABLE VI

1

DATA POINTS USED IN E° CALCULATTONS

- Run Conc. o o o ° o . _ 0 o o o o

Number  m 257 60" 90" 125 1500 175 2000 2257 250" 275 C
21 0.005 X X X

22 0.005 XX°

31 0.005 XX

20 0.0075 X X X X X X XX

6 o0l ® X X X X X XX

29 0.01 X X XX XX X X X

17 0.025 XR X X X . X X X

28 0.025 XX XX XX X X X X X
12 o.os X X X XX XX XX XX X X X
27 0.075 ¥ ™o o M W™ XX
18 0.075 ¥R X XX X XX XX

3% 0.1 XX o QD o G o G o GRS o GEED's SEED o ¢
19 0.1 XX XX XX XX X X X '

26 0.1 X XX X

& One silver~silver chloride electrode of the two in the autoclave used.
Both Silver-silver chloride electrodes in.the autoclave used.

¢ The average emf of the cell after cooling to room temperature was used.
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TABLE VII

1

VALUES OF EXT USED IN EC CALCULATTONS
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lowzst standard error of fit was taken Lo be the correct value. A typi-

"
cal fit of E? values is illustrated in Figure 7. Typical plots of Ufit
versus,g are shown in Figure 8. The value of % at 2750 was cbbtained by -
extrapolation of %_values at lower temperatures since the errors were

too large to give a meaningful value of % at that temperature.

D. Determination of g? and E

Having assigned the value of g at‘each temperature, the values of
E° and B became established. Table VIII is a list of the values of B,
B, their standard errors, %, and fhevstandard error of fit at each
temperature of interest from 25 to 2750. Figure 9 is a plot of the
vdlues of % and E}versus temperature.

The valueé of gf from 25.to 200o were fitted to a quadratic func-
tion of the centigrade temperature by the method of least squares to
give the equation and values shown ianable IX. The standard error of
fit was 0.19 nv., very satisfacfbrily within the errors of measurement.
Also shown in.Table IX are the measured valueé taken from Table VIIT,

3

the values measured by Bates and Bower~” at the National Buresu of
Standards,'and values calculated by extrapolating the data of Bates and

Bower in two different ways (see Chapter IV, Section B).

Ga2 072
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TABLE VIII

",

VALUES OF E°, 9, AND B FROM LEAST SQUARES FIT OF E° = E + bl

a a

Tewp. o & = E° o B % Test
Oc - Angstroms volts millivolts T millivolts millivolts
25 4.3 0.22233 0.08  40.152 0.011 0.22
| 60 6.0 0.1968 . 0.2% -0.025 0.028 0.41
| 90 7.0 0.1696 , 0.20 -0.125 - 0.023 0.36
125 7.0 '6.1530' 0.14 - 20.116 0.013 0.23
150 8.0 0.1032  0.10 -0.250 . 0.010 0.21
175 é.o 0.0708 0.17 -0.2T%  0.015 0.36
200 11 ©0.0348  0.30 -0.422 0.024  0.68
225 12 -0.0051. 0.3k 0,578 0.020 0.29
250 15  -0.054 . 2.16 1.1 0.12 . 2.57
275 20 - ~0.090 b7k 0:95 . 0.23 | 5'8§,f
a

o = standard error.
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< _ Figure 9. Values of the Ion-Size Parameter, g_, and the Linear Term Coefficient, B,

versus Temperature.
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TABLE IX

STANDARD -ELEC’I‘RODE POTENTIAL OF THE SILVER - SILVER CHLORIDE ELECTRODE

Temp. | B, volts | . -
°c | Measured Equata.on aall Ba,tesb Equation 11° Equation IT.IZId
25 0.0003% 0‘22242, 0.2223h 0.22225 0.22032
60 0.19676 _6.1965h 0.19649  0.19654 | '0.19648
%0 0.1696 0.1697  0.1695 . 0.1696 0.1696
125 0.1330 0.1330 o.132h_ 0.1331
150 0.1032  .0.1033 0.1020°  0.1040
175 10,0708 0.0706 - o ~ 0.0685  0.0725
200 - 0.0%48 0.03k9 | 3 . 0.0519 0.0387
225 -0.005L .  =0.0038 -0.0080 0.0028
250 -0.05  -0.045 | -0.051 . -0.035
275 ."-0,09o: '3 -o.o9¢-]-"i" - "-0.097 o -0.075
300 . | -0.138» -0.146 -0.117
a O <l

= 0.23735 = 5. 3785 10 t -2, 3728 10 61; based on measured values
from 25 to 20009, f £ = 0.19 millivolts.

R. G Bates and V. E Bower, Jd. Resea.rch Natl. Bur. Standards 55
283, (1954)..

c Eo
d'Eo

b

-k t - 2.5241 x 10’5 t2 based on Batesb. !

it

0.23683 - 5.2004 x 10

-0.06864 - 0.0037345 T log T + 0.010217 T based on Bates’.

poy b
0

Fiy
[
&
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E. Activity qufficients

1. Molalities up to and including 0.1

The mean ionic activity coefficients of hydrochloric acid at con-
centrations up to 0.1 m were feadily determined from equation (10) once
the values of % and B were known. These values are tabulated in Table X.
The activity coefficients from 25 to 200° were fitted to guadratic func-
tiong of the centigrade temperature by the method of leasﬁ squares and

the constants of theseAequations are listed in Table XI-

2. Molalities from 0.2 to 1.0

"

It was observed that the plots of E? versus T showed marked
1

curvature above 0.1 m. Obviously the linear relation between.gf» and
EO was not holding true at the higher concentrations, as expected.

Therefore, following Harned and Ehlersg, a quadratic term was added:

"
Q

P - 4T +d I - (13)

#
5° values for the concentrations 0.2, 0.5, and 1.0 were calculated

using the % values prev1ously found. Then equation (13) was fitted by
the method of least squares using all of the dats previoﬁsly chosen from
O.GOSlto 1.0 m. The values of B' and D are listed in Tablé XII where
F/( .30 (2)(RT)A' b' and D = rF/(2.3026)(2)(RT)] d.  Then

activity coeflicients were calculated from the equation:

1.8252 x 106 V45T

log 7+ = + Ext + B'T + DI (14%)
T o0 (D)
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TABLE X

MEAN IONIC ACTIVITY COEFFICIENT OF HYDROCHLORIC ACID, 7+ .

LA

O O

c25° 60 90 125° 150

I8

S5 200°¢

.00L 0.9655 0.963 0.960 . 0.955 0.949 0.939 0.925

0
0.002 0.9522 0.94%9 = 0.946 0.940  0.934 0.926 0.915
0.005 = 0.928h4 0.92%  0.920 0.912 ~ 0.906  0.898 0.889
0.0075 0.9149 0.910 0.905 0.896 0.889 0.882  0.862
0.01 0.9044+  0.899 0,893 . 0.884  0.876  0.869 - 0.860
0.02 0.8754 0.868 0.861 0.84%9 0.840 0.833 0.824
0.025 0.8650 0.857 0.849 0.837. - 0826 - 0.819 0.810
0.05 0.8310 0.819 0.807 . 0.79%  0.779 0.772 0.760
0.075 0.8109 - 0.795 0.780 0.765. 0.746 0.739 0.724
0.1 0.7972 0.776 0.758 0. Thl 0.720. - 0.714% - 0.69%4
0.2 . 0.7632  0.742  0.723  0.69% - 0.668 0.661  0.637
0.5 0.7540.  0.7%0 0.695 0.665 0.63L 0.60L - 0.567.
1.0 0.8061. 0.761 0.71k 0.655 0.615  0.577 0.535
n 225> 250°  215°C

0.001 0.90k4 0.87 0.85
0.002 0.898 0.87 0.85
0.005 - 0.875 0.85  0.8k4

. 0.0075 0.859 0.84 0.83
0.01 0.846 0.82 0.82
0.02 0.808 0.78 0.78
0.025 0.793 0.76 0.77
0.05: 0.738 . 0.69 0.71
0.075 0.698 0.63  0.66
0.1 0.663 - 0.58 0.62 .
0.2 0.606 0.57 0.68
0.5 ©0.609 (0.58)  (0.60)
1.0 - - -

[N

&2 0FSY
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TABLE XI

CONSTANTS OF QUADRATIC EQUATIONS EXFRESSING LOG 7+
AS A FUNCTION OF TEMPERATURE

HClmConc. _ ; , Constagtsa ‘.‘ — . int
0.005 -5.165 x 107°  -1.85k x 1077 -3.870 x 10" 0.0001
0.01 -h.202 x 1072 -5.125 x 102 -3.287 x 1077 0.0002
0.02 -5.499 x 1072 | -9.286 x 10~ -2.755 x 1077 0.0005
0.05 7.558 x 1072 21,765 x 107 -2.143 x 1077 0.0010
0.075 -8.501 x 1072 -2.352;(-10'h . =2.065 x 1077 0.0015
0.1 -9.13%6 x 1072 -2.91% x 10'LlL -2,076 x 10~7 0.0026
0.2 -1.022 x 107+ ~5.206 x 107 2.2 x 1077 0.0058
0.5  1.140 x 107 2,951 x 107" -1.880 x'lof6 . 0.002
vl.O : 6,751 x 1072 ~ -1l.047 x 1072 +1.811 x 1070 0.003
2 .

& Constants in the equation log 7+ = a + bt + ct

~
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TABLE XII

VALUES OF B' AND D FROM LEAST SQUARES FIT
. N _
OF B0 = £° 4 b'I + aI°

Temp. B a 03' b D-’c . Gi)gd. Geqt e
o, '.Q;rl s n‘.}_f,-z o - millivolts
o5 'Qo.ljo'-’ 0.0059 -0.0026  0.006  0.25
60 ~0.040 0.012  -0.0k2 " 0.012 0.51
90- 0.029 .01k -0.077" 0.01k 0.64
125 0.036 0.01L  -0.060 0.011 0.69
150 0.139 0i18 ~0.149 0.018 0.96
175 ~0.213 . 0.012 -0.210 0.012 0.6k

+ 200 CousT . 0.021 -0.325 0.022 1.0k

225 0.599 0.0%  -0.955 0.06k 0.73
250 2118 0.15 -2.01 0.27 - 3.43
275 | 0.91 Q.eu -1.77 - 0.k b.31

a B! = -—-'Z-—F-—-- b? d, GDV = Standard Error in D
4.6052 RT ' = o '
b oyi = Standard error in B’ Opyy = Standard Error of Fit
cp -F d
£ = §.6052 RT
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However, since there were so few experimental points abéve 0.1 m,
the quadratic did not fit well and the activity coefficients calculated
by equation (lh) will not be listed. Therefore activity coefficients
were also calculated’directly from the experimental electromotive force

values according to:

F o .
108 Ttneas. = (2T5006)(2)RT & - E) - log mt (15)

where the E values were the averages of all the measurements made at

‘that concentration and temperature and were corfected to even molalities
ZRT Pobs = . '

by the term = In ~ where necessary. These values are the ones

even '

given in Table X for concentrations 0.2, 0.5, and 1.0 m.

F. Calculation of gﬁ

The pH of a solution has no exact thermedynamic basis but must.
be operationally defined. The definition is usually made s0 as to be
both convenient for measurement and as close to the "thermodynamic"

k9

value as possible. Bates ~ describes thé procedure aﬁd has listed a
nuﬁbef of standard solutions whose gﬁ values up to, in some cases, 950
have been defined and agreed upon. He lists also 0.1 g}HCl as a sup-
plementary standard. Therefore it was considered appropriate ﬁo ex-
tend the temperature range of the operationally defined pH scale using
~ the present measureﬁents on dilute hydrochloric acid;

'The non-thermodynamic assumption that may be made is that the B

single ion activity coefficient of the hydrogen ion and chloride ion
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are eQuai and equivalent to theaﬁean ionic activity ;oefficient; This
is ﬁhe Guggenheim assumption5o. Values of the PH calculated on this
basis are llsted in Table XIII. . |
The pH values for O 1 m HCl it in with the values llsted by
Ba.te_s51

_ of the supplementary standard scale of pH values. These values may be

used to calibrate pH meters and electrodes for use with other systems.

G. The Relative Partial Mblal Heat Content

The relative partlal molal heat content, 22; 1s defined by:
olog 7+

5 = - 4 6052 RT® (-—:;———Qm.P 1 . (16)
The change in sctivity COéfficient with'temperature_Was-determined by
taking the first derivative ofvthe quadratic equations given in Table

I Then was calculated by equatlon (16). The values at several

L,
molalltles are listed 1n Table XIV and are 1llustrated 1n Flgure 10.

H. The Relative Partial Molal Heat Capacity
. The relative partial molal heat capacity is defined by:

| L
3, = am‘?)mp- - (1)

Values_of‘gé calculated from the second derivative of the activity

coefficient quadratic equations are listed.in Taeble XV and are illustra-

ted in Figure 11,

B
fny
&2
"“}
%]
(]

and may be considered to be'an extension to higher temperatures
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TABLE XITI

VALUES OF ‘I‘HE pH OF HYDROCHLORIC ACID SOLUTIONS
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TABLE XIV

. VALUES OF THE RELATIVE PARTIAL MOLAL HEAT CONTENT
' OF HYDROCHLORIC ACID

Temp. ' _f;,'g (caloriés)
°% ' 0.005m  0.0lm 0.06m 0.06m O.lm 0.2m 0.51
25 | 30.8 | 55.1 86.7 152 246 433 315
60 66.0 . 92.1 .128 205 321 558 526
90 107 133 12 260 397 681 762
125 167 193 23) %3l 498 843 1110
150 221 246 288 395 | 586 9713 1400

175 283 506 348 k62 669 1110 17hO
200 355 s W6 537 7671 1270 210

L4285
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Figure 10. The Relative Partial Molal Heat Content of Hydrochloric Acid
versus Temperature.
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TABLE XV

VALUES OF THE RELATIVE PARTTAL MOLAL HEAT CAPACITY -
OF HYDROCHLORIC ACID

Temp. J, (calories)
°c 5.005m  0.0Lm  0.02m  0.05m  0.lm 02w O.5m
25  0.83 0.90 1.0 1.4 2.0 3.3 5.2
60 1.2 1.2 1.3 1.7 2.k 3.9 7.0
90 1.5 1.5 1.6 2.0 2,7 k.3 8.7
125 2.0 1.9 2.0 2.3 3.1 5.0 11
150 2.3 2.2 2.3 2;6 3.4 5.4 13
175 2.7 2.6 2.6 2.8 3.8 5.9 15
200 3.1 2.9 2.9 3.2 b1 6.k 17
a2 087
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I. Smooth Values of E

For the purpose of comparison with previous and possible future

- work, smooth values of the electromotiVe' force of cell (A) up to 0.1 m

HC1 were calculated from the _E_:° and B values determined above. These

values are listed in Table XVI.
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TABLE XVI

SMOOTHED VALUES OF THE ELECTROMOTIVE FORCE
OF CELL A AT ONE ATMOSPHERE HYDROGEN PRESSURE

=

25° 60° 90° . 125 150 175 200

0.001 0.57904k  0.5953 0.6036 0.6063 0,601% 0.5897 0.5698
0.002 0.54415 0.5565 0.5617 0.5620 0.5571 O.54%74 0.53%08
0.005  0.49838 0.5055 0.5063 0.5023% 0,4952 0.4846  0.4689
0.0075 0.47830 0.4831 0.4820 0.4758 0.467h  0.4559  0.4hOT
0.0L O.46411 0.4672 0.4648 0.4571  0.4478  0.4354  0.4185
0.02 0.43017 0.4295 0.4238 o.412k 0.4007 0.3859 0.3673
0.025 0.41932 0. k17h 0.5107 0.3982 0.3856 0.3701 0.3508
.05 0.38576 0.3802 0.3705 0.3543 0.3396 0.3%215 0.3002
075 0.36619 0.3587 0.34%73  0.%290 0.3132 0.2936 0.2713

1 - 0.35228 0.3435 0.3%310 0.3112 0.2948 0.2742 0.251k
2 0.%1891 0.3063 0.2906 0.2685 0.2499 0.2264 0.2025
o5 '0.27245 0.2546 0.2357 0.2085 0.1872 0.1630 0.1373
0 0.23340 - 0.2124 0.1907 0.1616 0.131 0,1076 = 0.0767

.504

0.001 0.5422 0 0.47h
0.002 0.5067 0.471 0.443
0.005 0. kl7h 0.415 0.390
0.0075 0.4183 0.387 0.3%63
0.01 0.3970 0.366 0.342
0.02 0.3447 0.31h 0.290
0.025 0.%277 0.297 0.272
0.05 0.2758 0.2k - 0.219
0.075 0.2463 0.218 0.189
0.1 0.2261 0.200 0.168
0.2 0.1754 0.147 0.108
0.5 0.0966 0.056 0.020

362 090



CHAPTER IV -

DISCUSSION

A. Frror Analysis

1. Measured Quantities

| The errors in'directly measurable qﬁantities,were probably no
.greater and in many cases much less than errorslin_¢élculated quantitiés.
The most accurate meésurement,was undbubtédly that of temperature, the
error ;g‘which can be conservatively set atg%@;olowuptto gsoongnd.iO,OSO
at 275°p. The electromotive force measurements were subject to errofs
.in standardization, as'well as_thermocouple; inductive,‘and non-
equiiibrium effects aﬁd the errors were estimated to be about +0.05 mv.
at 25°, +0.1 mv. at 60 to 90°, 40.2 mv. at 125 to 200°, and 0.5 mv. at
225 to'275°. Pressure measurements, as was stated, were accurate to
40.25 psi. to 200° and +1 psi. at 225 to 275°. The initial hydrochloric
acid concentrations were certainly kﬁown to within 0.1 per cent .and. the
final titrafions had an error no greater than that. Onuﬁhe other hand
thevéolubility_of silver chloride was determined‘to within only‘a few

'per.cent.

* - _ ‘
, Errors are listed as ranges within which the true value would be
expected to lie. This is not based on a detailed statistical analysis
but on a consideration of the factors entering into the measurement.

Ea
[P
&d
)
fet
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2. Calculated Quantities

a. Solution Molality. As noted above, the quantity having the
largest error in the calculations was that.of the molality at the time

of measuring the electromotive force. The molality was in error pri-

marily due to the errors involved in measuring the slopes of the

electromotive force versus time curve and in determining the length of
timé to ascribe to each slope. A check on the calculation at each
temperature during a test was obtaineg by adding up all the changes in

molality and comparing the result with the value obtained by titrating

the solution after the run. In the first series of testsr(which went

to 2000) the téfal change in molality averaged 5 per cent and the agree-
ment betﬁeen calculated and titrated concentrations averaged 0.6 per cent
In the second series (which went to 2750) the changes averaged 17 per cent
and the aéreement between calculated and titrated.congentrétion averaged
2.4 per-cent. The errors in the concentrations were equivalent to errors
in thé electromotive forces averaging 6.5 mv. in the first series and

2.2 mv. in the second series. Of course these erfbrs oceurred to a
greater exteﬁﬁ the higher the temperature and the lower‘the concentration.

b. Hydrogen Fugacity. The errors involved in calculsting the

hydrogen pressure have been discussed above. It would appear that the
errors -in the pressure gauges were larger than errors in the Steam tables,

the use of Raoult's law, or the correction of steam pressure for the

presénce of hydrogen. Therefore errors of +0.25 psi. and +1 psi.,.

S i
©e2 092
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equivalent to f0'25 mv., and il nv, in the elecfromofive force; were
likely up to 200° and from 225 to 275 respectively.

Now the assumption that thé hyﬁrogen pressure was equivalent to
the hydrogen fugacity introduced a possible further error, Hainsﬁbrth,
Rowley, and MacInne552 found that, fqr the hyﬁrégenacalomel cell, hydro- -
gen acted as a perfect gas insofar as the electrom§tivé force Wwas con-
cérned at pressures.as high as 100 atm. at:250. The data of Deming and
Shu.pe55 and more recently Holléy, Worlton, and Zeigiefsh show that pure
hydrogen at‘l to 2 atm. has a fugacity equal to its-ﬁreSSure within b.l
percent at temperatures to 3009. HOWe§er the effect of theblarge excess
of water vapor on the hydrogen fﬁéaciﬁy at the higher.temperatUres-was
20 '

v L% - :
a definite consideration . Gillespie gives a thermodynemic equation

for the fugacity of a gas in a gaé mixture:

RTlnf:f(\-ra%T-)d.P+RTlan o (18)
| 6-‘_' S o
where f = the fugacity desired,
v = partial molal volume of gas in the mixture,
P = total pressure of‘mixture,
X = mole fraction of the gas in the mixture.

The last term on the right in equation (18) is the Lewis and Randalls6

The author would like to thank Prof, George Secatchard for helpful
information on this point.
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approximation (except P should be f?, the fugacity of the pure gas at
the seme total pressure). The integral may be calculated from the
equation of state of the mixture, if it is known. Unfortunately no
daté on either the fugacity of h&drogen in steam or the equation of
state of hydrogen-steam mixtures was fouhd. The various séts of data

57-61

on such mixtures are not extensive enough to permit calculation of
the fugacity or the eqnationféf state at’theftemperaﬁures’of,interest
to this study. Therefore recourse was mede’to'the various methods of

estimating the coefficients of equations of state of gas mixtures from

the equations of state of the pure gases.

‘Hildebrand and Scott62 give the following equatien for gases that

have equations of state in the virial forms:

In £ = 1n X£° + % (1-x)° (19)
where fo =

the fugacity of the pure gas at the same total pressure,

o
i

By, = second virial coefficient of the mixture,
El = second virial coefficient of pure gas 1,
@2 = second virial coefficient of pure gas 2.
Guggenheim§5 gave éssentially the same equation for "slightly imperfect

binary gas mixture", i.e., ones for which the virial coefficients above
the second are negligible, Hildebrand and Scott6h pointed out that for
such gases the second virial coefficients are related to the Van der

Weals constants a and b by:



. S
B=b-==, _ | (20)
and .then
/2 _ 1/2
A = = . ‘ | (21)
Guggenheun showed that for gases that obey the principle of correspond-
_65
ing states : ,
by %l/5+l v %1/3)5 ;- " e
1272 - T2 72 % %.1/2
: (T, T, ) : g
- where v, = characteristic volume of pure substance 1,
v, = characteristic volume of pure substance 2,
217'= characteristic temperature of pure substance 1,
* _ :
' 22' = characteristic temperature of pure.substance 2,
§ = a function for all such gases and mixtures.

Guggenheim gave a plot of ¢ so that B 12 values couldvbe_obtained66.

from §1 and. EQ have been pro=-
67

Various other methods for calculatlng B12

posed, particularly using the Bridgeman-Beattie equation of state,
Unfortunately, as StoCkmayer pointed out68, sfeam is not a gas
that can be treated in this way. He gave‘a method for calculating the

second viriai coefficient of steam and other polar gaées using the

* T ' '
A substance obeys the principal of corresponding states if the
interaction ene:ﬁy'w of two molecules a distance r apart can be repre«

Lo ‘ * #*
gsented by w = uyg-r where e ils an energy and r is a length character-

istic of the moiecule and u is the same function for all the molecules
concerned.
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empirical equation of state for steam'given by Keyes, Smith, and Gerry69 :
2 :
A D/
B = Bo - g ¢ _ (23) |

Then Stockmayer split the coefficién‘bs A and D up into two parts, the
first depending only on the ihtemolecular force common to all kinds
of molecules and the second depending on the dipole moment of the

molecule. Expressing the intermolecular potential energy by

u = -‘x-Kr-6 - uErEBg | (24)
where K = constant,
r = intermolecular distance,
u = dipole moment,
g = orientation factor,

he was able to calculate the terms §o » A and D for steam and carbon
dioxide. He then calculated the values of the coefficients for the
mixtﬁre by taking the geometric mean of the values for the pure gases
“except for 1-30 which he took as: -

H,0 co,,

(B.)

o‘mixture

The calculation of Ele fitted the experimental data for the carbon-
dioxide~steam system of GerryTo fairly well. However, in applying the
treatment to nitfogemsteam equilibria Stockmayer found that at high
temperatures (about 200?) Dalton's law gave bettex‘"agre‘ézhent with the

expei‘:imenta.l data! Since hydrogen-steam mixtures are probably more

i

B

o0

3

£36
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nearly like nitrogen;sﬁeam mixtures than carbon dioxide-steam mixﬁures,
- Stockmayer's method was not tried.
Instead, in order to get an idea of the magnitude of the erfor,.
equations (19) and (21) of Hildebrand and Scott62 were used; the Van

der Waals a constant being availdble for hydrogen and waxerYl. A

detailed calculation was made for one ﬁeméerature, viz., 2000.-vAn
average value of the hydrogen pressure was taken, 1.600 atm., énd the
fugacity found to be 1.642 atm. The corresponding error in'thevelectro~
motive force due to neglecting this effect would have been +0.56 mv. on
this basis (i;g., the electromotive force at 1 atm. should have been
calculated to be 0.56 mv. lower). |

Therefore the error is in the range of being significant, although
at present there is no way of being sure of its absolute magnitude.
"Furthermore, the 1n X £° term alone in equation (19) would give a fugac-
ity lower than the'observed pressure whereas addition of the A term re-
sults in a fugacity higher than the observed pressure, i.e., the two
terms tend to cancel each other. Smith and KatzTg, in.reviewing the
data on the solubility of hydrogen in water, found that the ln X £°
term generally was adequate to rgpreéent ﬁhe fugacity of hydrogen in
~the vapor phase. They referred to é thermodynamic rel;tionship |
derived by Krichevsky and Kasarnovsky 5 for the solubility of gases
in water which utilized the Lewis and Randall appfoximation and sﬁc—

cegsfully interpreted the data for hydrogen and for nitrogen. It
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should be realized that since the electromotive force data at each
' temper;ture were taken at about the same hydrogen and total pressure,
the error in neglecting fugacity corrections would affect bothig and
gﬁ in the same way and hence 7i_which depends onhgfgf_would not be

affected.

c. Mean Molality and Ionic Strength. Errors in other calcu-
lated quantities were not significant in cOmparisoﬁ with the above.
These other quantities included the mean molalify and the ionic
strength of the solution, Values of these quantities are given in
Tables XVII and XVIII. Even thougﬁ the sblubility of silvei chloride
was known only to a few percent, the‘errors.inami anadz.Were’at most
'tO;S and 1.0 percent respectivély in_0.00S m HCl at 2000, and nmuch less
than this at higher molalities. Thus thé largest error in the electro-
motive force would have been about 0.25 mv. at 2000°

Another consideration involving the solubility of silver chloride,
however, is that complexes involving species such as AgCl; are khown to

Th

exist in hydrochloric acid solution' . Therefore the values of the
mean molality and ionic strength are stoichiometric qpantifies,vand
the activity coefficients derived therefrom'are stoichiometric
activityvcoefficients and are not the activity coefficients'of the
actual specles involved. If the latter were desired, the stability
constants for the various complex ions and indeed the.néture»of the

complex ions themselves would have to be known. These have not as

yet been determined at the temperatures of interest to this study.
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TABLE XVII

ACID SOLUTIONS SATURATED WITH SILVER CHLORIDE

n 250 60° - 90° 125° 150°¢
0.001 0.001000 0.001003 0.00101k 0.001058 0.001137
0.002 0.002000 0.002003 0.002011 0.002049 0.002118
0.005 0.005000 0.005002 0.005011 0.005046 0.005110
0.0075 0.007500 0.007503 0.007511 0.007547 0.007613
0.01 0.01000 0.01000 0.01001 0.01005 0.01012
0.02 0.02000 0.02000 0.02001 0.02006 0.02014
0.025 0.02500 0.02500 0.02502 0.02506 0.02515
0.05 0.05000 0.05001 0.05002 0.05009 0.05020
0.075 0.07500 0.07501 0.07503 0.07511 0.07525
0.1 0.1000 0.1000 0.1000 0.1001 0.1003
0.2 0.2000 0.2000 0.2001 0.2002 0.2005
0.5 0.5000 0.5001 0.5002 0.5006 0.5012
1.0 1.000 1.000 1.001 1.001 1.003

n 175° 200° 225° 250° 275° ¢
0.001 0.001286 0.001529 0.00188 0.00236 0.00299
0.002 0.002255 0.002494 0.00287 0.00340 0.00414
0.005 0.005241 0.005479 0.00587 0.00648 0.00733
0.0075 0.007T46 0.007990 0.00840 0.00903 0.0995
0.01 0.01026 0.01050 0.0109 0.0116 0.0126
0.02 0.020%0 0.02058 0.0211 0.0218 0.0229
0.025 0.0253%2 0.02562 0.0261 0.0269 0.0281
0.05 0.05042 0.05080 0.051k4 0.052k4 0.0538
0.075 0.07552 0.07597 0.0767 0.0778 0.0795
0.1 0.1006 0.1011 - 0.102 0.103 0.105
0.2 10.2010 0.2018 0.203 0.205 0.207
0.5 0.5021 0.5037 0.506 0.509 0.513
1.0 1.00k4 1.007 1.01 1.02 1.02
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TABLE XVIII

VALUES OF THE IONIC STRENGTH, I, OF THE HYDROCHLORIC ACID
SOLUTIONS SATURATED WITH SILVER CHLORIDE =

o5° 60° 90° 125° 150° ¢
0.001001 0.001006 0.001028 0.001119 0.001293
0.002001 0.002005 0.002023 - 0.002098 0.002243
0.005001 0.005005 0.005021 0.005001 0.005223
0.007501 0.007505 0.007522 0.00759% 0.007728
0.01000 0.01001 0.01002 0.01010 .0,0102k
0.02000 0.02001 0.02003 0.02012 0.02028
0.02500 0.02501 0.0250% 0.02513 0.02530
0.05000 0.05001 0.05005 0.05018 0.05041
0.07500 0.07502 0.07506 0.07523 0.07551
0.1000 0.1000 0.1001 0.1003 0.1006
0.2000 0.2000 0.2001 0.2005 0.2010
0.5000 0.5001 0.5004 - 0.5012 T 0.5024
1.000 1.000 1.001 1.003 1.005

175° 200° 225° 250° 275°¢
0.001653% 0.002337 0.00355 0.00557 0.00895
0.002542 0.003110 0.00412 0.00580 0.00855
0.005494 0.00600k4 0.00690 0.00839 0.0108
0.008001 0.008512 0.00941 10.0109 0.0132
0.01052 0.01104 0.0119 0.0134 0.0158
0.02060 0.02118 0.0222 0.0238 0.0263%
0.02564 0.02625 0.0273% 0.0290 0.0315
0.05084 0.05161 0.0529 0.0549 0.0579
0.07604 0.07695 0.0785 0.0808 0.0842
0.1012 0.1023 0.104 0.107 0.110
0.2020 0.2035 0.206 0.210 0.215
0.5043% 0.5073 0.512 0.518 0.527.
1.009 1.01% 1.02 1.03 1.05

g 106
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However, no error in the activity coefficienfs or standard potentials |
is incurred because of this consideration since it actually involves
onlj a choice'of standard state. |

d. Junction Potentials. The cell (A) is ordinarily referred

to as a cell "without liguid junction". However, in the present case
the solubility of silver chloride became appreciable as the temperature
increased and so there was a definite liquid junction at the quartz frit
which divided the silver-silver chloride electrode compartment (satu-
rated with silver chioride) from the main body of the solution. The
potential across this Jjunction was not measured. It could be calculated
if the transference nmumbers or mobilities of silver ion and ehleride ion
were known or if the ratio of the equivalent conductances of hydrochloric
acid with and without silver chloride were known at the temperatures of
interest, but such is not the case. Therefore it was assumed to be
small and negliglible inerelatioh to the other effects noted above;
perticularly since the concentration of hydrochloric acid was in all
cases much larger than the eoncentration of dissolved silver chloride..

e. Smoothed Values of E.. The final error was in the smoothing of

the electromotive force values to even temperatures. As noted previ-
‘ously the greatest error in this step was not over 0.1 mv. The
. larger errors occurred when the'observed temperature was far from the

even temperature desired.

252 101
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3. Reproducibility of Results

The final test of the random errors inherent in a procedure is
the ability to make duplicate tests and reproduce the results. A mum-
ber of duplicate tests were made in this study. Téble XIX is a list ofv
the differences between the results for each molality for duplicate
tests. The observed electromotive forces were corrected to 1 atm.
hydrogen pressufe and even temperatures. Then the difference between
the values at the same temperaturé and'conceﬁtfaﬁion for duplicate
tests was énteredmin the table. No correction was made for slight
differences in concentration between the tests since these differen-
ces wére quite small. In order to estimate the effect of random er-
rors, a term called the "emf variation" (similar to but not the same

as the standard deviation) was defined:

. 4 o | 2
T =V znr:2 - \/ZlElEn E2| (26)

Where . r=E - E at each temperature,
Save. T
n = number of r values,
Epve, = average of the two emf's at that temperature,
E = one of the emf's at that temperature,

and the summation is carried out for both emf's at all of the tempera-

tures” studied in the duplicate runs. The oe's at each temperature agree
1

well with the ¢ values obtained in the least squares Titting of Ei .

fit

T
&
- b
D
&9
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TABLE XIX

REPRODUCIBILITY OF ELECTROMDTIVE FORCES IN DUPLICATE RUNS

aQ

o

cate runs at the same temperature and concentration.

_ 51
..__JﬁZJEl - By
0=/ 2n

; B = number ,°f|E1 -'-Eelvalues,,

.TemP. ’ |El _ E2|a , b e
° 0.005m 0.0lm 0.025m 0.05m 0.075m 0.lm o o
25 0.06 . 0.17 0.02 6.51 0.0k  0.17 o0.22
60 0.68 0.4l
90 0.63 0.36

125 6.59 0.1k 0.54 0.16 0.39 0.29 0.23
150 0.42 0.92 0.48 0.25  0.51  0.k0 0.21
175 0.09 0.56 0.30 0.58 1.21  0.47 0.7
200 0.47 0.18 1.45 1.05  0.66 0.68
o> 0.28  0.35 0.55  0.29  0.55  0.30

Overall o 0.40 0.39
a

lEl - 2| = absolute value of difference between emf values of dupli-

2l | o ,
014 = -%2— where r = difference between observed point and the
least squares line, and n = number of data points.
2 |
gy = -f-l-— where n = number of values.

1
ks R

l\
oD
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It can be seen from the overall Oy that as far as random
errors go, the electromotive force data‘are accurate té about iO.M.mv.
to 2000. Duplicate tests were not made at ﬁighef temperatures.

On the other hand, reproducibility of results does not ensure
that there ﬁére no systematic errors. Howavér, the difference in
procedure between the first and second series and the fact that the
resulﬁs could be used interchangeably indiéaté that systematic errors
in the procedure were minimized. Systematic errors introduced by the
assumptions made in the calculations were discussed above and the fol-

lowing error analysis does not consider them.

4. Derived Quantities

The errors in quantities derived from the measured and calculated
qgquantities may be obtained statistically by defining the error of the
derived quantity to be the square root of the sum of the squares of
.the errors of the quantities making ﬁp the derived quantity (assuming
all guantities wére,weighted equally) divided by the ﬁumher of quan-
tities. According to this definition the overall error in gif is
£0.5 mv. to 225°, +2.2 mv. at 250°, and 45 mv. at 275°.

The standard error in Ei was obtained in the least squaring of
the ggf values to é straight line. - Thevionic strength was‘assumed to
be known exactly and the scatﬁerjof EiuvalueS‘used-to calculate the

standard errors in both gi and B (the linear term coefficiert) ac-

cording to the usual least squares procedure. Actually the errors in
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I would not affect the results greatiy, However the choice of the ion-
size parameter’%,'which depended on making the standard error in the f£it
of the line to the data a minimum, was certainly no better than +1 Bng-
strom and in fact at 250° and 275° the choice of § was quite arbitrary.
It should be realized that due to the small number of Ef? values enter-
ing into the least squaring at higher temperatures, one bad value could
skew the.line and several accidentally close values could give a false

picture of the error. The latter undoubtedly occurred at 2250 where the

rit %€

was much lower than at 2000; Theiérrors in ng B, and ¢
listed in Table VIII. |

~ The errors in 7+ ﬁere calculated from the errors in the difference
(E? - B)-and in m+ and also from the errors in I, g, and B. The two
results showed that the mean ionic activity coefficients are good to
10.005 to 2250 in solutions no greater than 0.2 m. At highef concen-
trations the error is +0.01 and at higher temperatures the errors. are
+0.02 (250°) and 10.05‘(2750).
The errors in the smoothed values of E. should be less fhan the

"

. .. -0 . . s}
errors in either the measured E or B~ . The standard errors in E were

used to estimate the error in E
=smooth

to be +0.2 mv. up to 225°, +2 mv.
at 250° and +4 mv. at 275°.

The errors in LQ and gé

pend on the function used to fit the activity coefficient data. The

are of é different sort since they de-

quadratic equations calculated for log 7+ 4id fit ﬁhe data within the

n ey
el

fey
[
(1
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!

above calculated error to 200° (see the o values in Table XI) and so

fit
it may be presumed that the first and second derivatives are as accurate

as first and second derivatives can ever be. This has been taken to be

+10 percent for ;2 and +30 percent for gé. However, in looking at Fig-
ure 11 a discrepancy is seen in that above 150O the curves for 0.01 and

0.02 m cross over. Actually éé should go to zero ag m goes to zero.
) (

Therefore taking the second derivative appears to be too drastic a step

in this case. On the other hand Gucker and Schminite75

reported from
calorimetric measurements that at ESOAat concentrations below 0.1 m

the partial molal heat capacitngig ihcreased very sharply. If their
low concentration data were accwrate, the J, = Cp, - Cp0 could‘actually
increase at lower concentrations. However the results of Harned and

3

Ehlers2 and Bates and Bower” as well as the results given here do not

76

ghow this at 250, and Rossini = was inclined to disregard the anomoly

entirely.

B. Comparison with Previous Investigators

1. Low Temperatures

Table XX is a list of the values of E tn’ 7% Lp, end J, from

—-sSmMOo0 =27 ° I
3

this investigation and from Harned and Ehlerse, Bates and Bower 5

7 5

Covington and Prue ,'Lietzke78, and Gucker and Schminke'”. The agree-

ment is seen to be satisfactory. Part of the difference in E
_ —smooth

and 7+ between this study and that of Bates and Bower at 900 was the

2
Bon
&
s
-~
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TABLE XX

COMPARISON OF RESULTS WITH THOSE OF PREVIOUS INVESTIGATORS

Temp. HC1 Conc. 7+

°c m Greeley”™ Bates® Harned® ~CoVingtond Lietzke®

25 0.005 0.9284  0.9283 0.9285 0.9280 0.9277
, 0.01 0.904k4 0.9045 0.9048 0.9037 0.9030
0.05 0.8310 '0.8308 0.83%0k 0.8285 0.8216

0.1 0.7972 0.7967 0.796k4 0.7775
0.2 0.7632 0.7667 ~ 0.7304
1.0 0.8061 ‘ 0.8090 0.6254

60 0.005 0.92h 0.925 0.92k o 0.926
0.0L 0.899 0.900 ~ 0.899 0.900

0.05 0.819 0.823 0.817 0.822

0.1 0.776 0.78% 0.781 0.783

0.2 0.742 0.Thh 0.741

1.0 0.761 ' 0.754 0.653

90 0.005 0.920 0.920 0.921

0.0 - 0.893 0.893 . 0.895

0.05 - 0.807 0.810 : ' - 0.814

0.1 0.758 0.765 . 0.775

0.2  0.723 ‘ 0.734

1.0 0.714 ' ’ 0.649

a

o See reference 3 in text.

Values measured in this study.

¢ See reference 2 in text.
a See reference T7 in text.

€ See reference 78 in text.
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TABLE XX

COMPARISON OF RESULTS WITH THOSE OF PREVIOUS INVESTIGATORS (CONTINUED )

Temp. HC1 Conc. E oot (volts)
oC m Greeleya Batesb I*Ia.rnedc
25 0.005 0.49838 0.49840 0.49841
0.01 0.46411 0.46h12 046416
0.05 0.38576 0.38579 0.38587
0.1 0.35228 0.35233 0.35239
0.2 0.31891 0.31871
1.0 0.23%340 0.233%28
60 0.005 0.5054 0.5052. 0.5049
0.01 L 06T 0.4669 0.4667
0.05 . 0.3802 - 0.3797 0.3797
0.1 ©0.3435 0.3428 0.3425
0.2 0.3063 0.3055
1.0 0.212k4 0.2123
90 0.005 0.5063 0.5063%
0.01 0.4648 0.4648
0.05 0.3705 0.370%
0.1 0.3310 -0.3304
0.2 - 0.2906 ’
1.0 0.1907

g
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TABLE XX

COMPARISON OF RESULTS WITH THOSE OF PREVIOUS INVESTIGATORS (CONTINUED)

Temp. HC1 Conc.

ig (calories)

_'32 (calories)

e m Greeleya Batesb Harned® Greeleya Batesb Harnedc GUckerf
25 0.005 30.8 b2 373 UL5B 0.8 0.55 0.9;1.1P

0.01 55.1 5k L6 63 0.9 0.88 1,2;1.5.

0.05 152 113 1203130 1.4 1.9 2.1;3.1

0.1 246 177 1603175 2.0 3.0 2.9;3.8 2.4

0.2 b33 238242 3.3 3.7:4.8 3.4

1.0 7788 6263611 7.5:8.1L 7.5
60 0.005 66 63 90; 79 1.2 0.69 1.1

0.0 92 90 © 117;108 1.2 1.2 1.4

0.05 205 234 238;219 1.7 2.6 2.6

0.1 321 295 3003295 2.4 L.1 3.5

0.2 558 L1k,395 3.9 43

1.0 8h2 - 9h4;900 8.6
90 0.005 107 86 1.5 0.84

0.0L 133 130 1.5 1.5

0.05 260 269 2.0 3.1

0.1 397 %00 2.7 5.1

0.2 681 4.3

1.0 870

T R T e S e T e T Ty

2 Calorimetric values. See reference 75 in text.

§ Calorimetric value at 1.0m is 550 cal. (J. M. Sturtevent, J. Am. Chem.
SOC . 62, 58)'1‘ (19)'{‘0) °

Harned gave values calculated in two ways.

K
B

o
.
D
7
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choice of 7 Xngstroms for & rather than 6 Xngstroms-and the inclusion
of the solubility of silver chlofide which begins to become significant.

Lietzke's values for 7+ were calculated from an equation of the form:
1/2 s /1

_E_,) °

pop° 1+ay/I

Naturally his values at the higher concentrations fall off since he did

- (27)

not include the Ez_term. The agreement between 22 and Eé values of the
different investigators is within reason considering the temperature
ranges covered by each,

The agreement with the data of Bates and Bower is particularly
valuable since .their study was over a wider temperature range than any

previous to this one and they used many more cells at each temperature.

Furthermore their methods and electrodes were enough different to mini.-

mize still further the chance that unknown systematic errors were occur-

ring. What is vitally needed now is a non-electromotive force measure-

- ment of 7+ at the higher temperatures.

2. High Temperature

5

were ex-

a, BExtrapolations. The Ei values of Bates and Bower
trapolated in two ways. The first was by fitting their measured values
to a quadratic function of the centigrade temperature and the second
was by fitting their measured vélues to an equation of the fqrm:

E - a+bTlog T + eI (28)

By

r O
Ay

fhy
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Extrapolated values calculated by each equation aré listed in Table IX
along with the results from this study. It can be seen that the present
resultsffall between the values extrapolated in the two different ways.
The extended equation for 7+ of Harned and Ehlers2 was fitted by

Lietzke ” to their data at 0.1 and 1.0 m at 25° and at 60° to give the

‘following equation:

In 7+ = =779 x 106\/; -'( 1 : ) + (b=b't)m + (d-d't)m2
- (pr)?/2 1 + 50.30 (or)Y/ 2V
- In(1 + 0.01802ym) (29)
where g = k.3 d = 0.0161
b = 0.3201 d' = 0.0000735
b' = 0.01075 y=2

and D was calculated from the Wyman eqpationgh.

This equation was then solved at lOo.intervals from O to 50000 for sev-
eral molalities from 0.001 to 4 m. The values so obtained were used
throughout this study for comparison as the wofk progressed. Table XTI
is a list of some.of the values which may be compared with the values
measured in the present study. It can be seen that agreement is general-
1y better than 1 per cent up to 200°.

b. Experimental Data of Roychoudhury and Bonilla. As discussed

- previously, the only other high temperature measurements of cell (A)

7

were by Roychoudhury and Bonilla'. The electromotive forces for their
conditions have been calculated using the'g? and 7+ values of the present

study. The results are listed in Table XXII. The agreement is within
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TABLE XXI

COMPARIéON OF MEASURED 7+ VALUES WITH VALUES CALCULATED
BY EXTRAPOLATION FROM THE DATA OF HARNED

Temp. 0.0l .IE 0.05 E O-l .12 l,O E s
c Meas. Calc. Meas. Calc. ‘Meas.  Calc. Meas. Calec.

90 0.895 0.889  0.807 0.805 0.758 0.760 0.71k 0.708
150 - 0.876 0.869  0.779 0.768  0.720 0.717 = 0.615 0.610
200 0.860 0.85h4 0.760 0.743 0.694. 0.686 0.535 0.543
250 © 0.82  0.85 0.69 0.75 0.8 0.68  (0.59)% 0.50

a Value calculated from equation (14) in text.

E ™~
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TABLE XXII

COMPARISON OF THE DATA OF ROYCHOUDHURY AND BONILLA
FOR CELL (A) WITH THE RESULTS OF THE PRESENT INVESTIGATION

Temp. Mean Total H A

2 ' _
Molality Log 7+ Pressure Pressure & Calcb B Measc EC - EM
° m+ in’cerpola’ceda psia. atm. volts  volts- mv.
2L 0.01695 -0.0535 14,7 0.970 0.4381 0.4398 - 1.7
' 115 7.80 0.4644 0.4603 + 4.1
265 18.0 0.4751 0.473%0 + 2.1
, , 615 k1.8 . 0.4859 0.k797  + 6.2
80  0.01696  -0.0593 115 7.33  0.4654 0.4665 -1
. 265 17.53 0.4787 0.4820 - 3.3
100 0.01698 ~0.0620 265 17.0 0.4765 0.4810 - 4.5
: : 615 0.8 0.4906 0.4860 + 4.6
150 0.01707 -0.0702 115 ‘ 3.11 0.432h 0.4450 -12.6
: 265 = 13.3 0.4589 0.4683 - 9.4
615 37.1 0.4776 0.4801 - 2.5
200 0.01746 -0.0785 265 2.67 0.3996 0.4322  -32.6
' : 615 26. 0.4h6l 0.4684 -22.0
250 0.01811 —0.1015 615 2,57 0.3581 0.%935 ~35.4

a Interpolated values from Table X.

. Calculated from the _E_O values of the present investigation and the data
given in the table according to the equation:
_ g . BT RT
E=E 7 lnmi7t+2£,lpPH2.

¢ Measured by Roychoudhury and Bonilla.T.
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about 5 and 10 mv. at lOOo and 150o respectively and is perhaps satis=~

factory considering the fact that they waited only an hour for equilib-

rium at each temperature and that they took into'acéount neither the
solubility of silver chloride'nor the reaction of hydrogén with silver

ion. However the difference from the calculated value becomes 35 mv.

at 250O and is in the opposite direction from that calculated by

LietzkeB.
Roychoudhury and Bonills cross=plotted their data in order to
determine the effect of hydrogen pressure on the electromoetive force

at constant temperature and found a discrepancy from the theoretical

equation:
P
RT 2
AEP T OF l~nPl * | : (50)

This discrepaﬁcy was attributed to an effect of hydrcgen on the silver-
silver chloride elecfrode. Lietzke8 noted that at high temperatures
and pressures hydrogen electrode sites might become established on the
Silvér«silver chloride electrode thereby lowering its potential rel-
ative to the hydrogen electrode. Roychoudhury and Bqnilla stated that
they observed a 7.6 my.'differeﬁce at 25O between a silver-silver chlo=
ride electrode in s cell through which hydrogen was bubbling and a

silver=-gilver chloride electrode in a connecting cell kept free of

hydrogen.

PeseyBO has given an equation for the obéerved‘potential, ¥V, of

an electrode upon which two electrode processes are occurring:




A0 AF L0
oM wmmvy (12 4=V
. RT (ll) e + (12) . . .
V =3& 1n , , (31)
N o 1/2 AR o o 1/2 )
1) ez Vit ) o Yo |
where ii = exchange current of reaction 1,
;Z = exchange current of reaction 2,
Ei = potential of electrode 1 in the absence of process 2,
| YZ = potential of electrode 2 in the absence of process 1,

A o= numbér of charges tr&nsferred across the electrode
interface during the charge transfer step (assumed
here to be 1).
The exchange current is the rate of the reaction involved in the partic-
ular electrode process, here
(D) /20, = H +e | o (a)
(2) AsCl + e~ == Ag + C1™. (m)
In the present case if process (1), the hydrogen electrode reaction
(G), occurs at an apprecisble rate on the silver-silver chloride in
comparison to process (2), the observed potential V will be different
from‘the thermodynamically expected potentialvyz. Since Anderson8l
found that a platinized platinum electrode covered with finely divided -
silvér still géve the same potential as a fresh platinized surface, it
would appear that process (1) can readily occur on a silver surface.
' Hence the possibility that process (1) occurs on the finely divided

silver of the silver-silver chloride electrode is entirely within

N

b

O
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Y
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reason. The question fo be answered is, "What are the relative rates of
process (1) and (2) on each electrode?”

Now the excha_.nge currents may be measured in the following way.
If a snhll current is passed between the silver-silver chloride and a
working electrode in hydro'chlorvic acid free of hydrogeﬁ , the current

may be expressed as:

where t, = the desired exchange current of process (2),

| LY Y '
1=1) |e Br.. P | (32)
S |

Vv = potential change occurring upon the passage of current
. versus a suitable reference electrode (f:',:.% ., calomel),

¢+ = functlon of asymmetry of charge barxrrier which: can be

assumed to be symmetrical so "‘tha.t B+ = g%-— ,
§- = function of asymmetry:of charge barrier which. can be
assumed to be symmetrical so that P= = %FT_ .
| , , i
Expanding the exponentials for small V:
L @ 1 1 S -
1_12(-¢:+¢:)V‘ | (33)
and
av , RT '
T3 (3k4)
i, F

Therefore a plot of V versus i would yield the exchange current of
process (2), Then a similar measurement could be made of the exchange
current of process (1) on silver using a finely divided silver electrode

in sulfuric acid unsaturated with respect to silver sulfate in the
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éreéence of hydrogen. These measurements would have to be made at
several temperatures up to 200o and woﬁld at least indicate the magni-
tude of the effect. |

Another possible explanation for the difference betwéen calcula-
ted and observed pressure dependence of the potential is similar to the
above in that any deposited silver on‘the-hydrogen electrode undergoing
an exchange reaction with silver ion in solution woﬁld'not respbnd to
changes in hydrogen_pfessure. This possibility could be checked by
measuring the effect of hydrogen pressure with both a clean platinized
platinum surface and one with silver deposited on it.'

“Actually it is not possible to be entirely sure that the pres-
sure anomaly noted by'Roychoudhur& and Bonilla is real. The difference
between their data and the values calculéted from the present sfudy are
larger than the pressure discrepancy. However further work, particularly‘
along the lines of small current polarization measurements, is definitely

needed.

C. Applicability of Debye~Hﬂckel Equation

The DebyeFHﬁckel equation in extended form was found to be entire-

ly applicable over the range of temperatures studied. Straight lines
) " "

were obtained for gi versus z.that were well within the limits_of ex=-
perimental error and which readily allowed extrapolation to infiﬁite

dilution. -However the magnitude of the ion-size parameter, %) found to
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give the best £it of the data has been brought into question%. The value
determined at 200O s 1l Xngstroms , and the extrapolated value at 2750 5, 20
Rngstroms , are so large as to suggest that g_ in these cases is simply

a convenient constant at each temperature and bears no relationship to
ion size. Lietzke and S'l:,caughton82 found that when the denominator term
in the Debye-H{ickel expression for the activity coefficient was set
equalA to (1 + Asﬁ) better agreement with experiment was obtained than
with the full expression (1 + 50.29 & (DT)-l/ 2\/,9_1) for solubility caleu~
lations up to 200° where As was indep‘endentj of temperature. Harned and
I:Ihler's2 observed that _g._ did not change by more than Ov.h Xngstroms from

0 to 60° and their method of calculation of _%_ was probably more sensitive
than that of Bates and Bo‘wer3 which was the same as used in this study.
Therefore an equation of slightly different form than equation (2) used
here might give _% values more nearly represen‘l;ihg an "ion size". Such

83

an equation might involve a term in m In m suggested by Fuoess ~ or a

1/2

power series in m as given by Harned and OWean'.
The relationship between % and the linear term coefficient B was’

investigated since, as may be seen in Figure 9, the two vary in the

‘ same way with temperature. Table XXIII .is_ a list of B[a. values and

shows that the ratio of B to g is not constant and goés through a mini-

“mum at 2500. If these very rough values can be believed, this would

* v
‘The author would like to acknowledge the interest of Prof.
R. M. Fooss in this discussion. -
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TABLE XXIII

VALUES OF THE DEBYE - HUCKEL LINEAR TERM
DIVIDED BY THE ION-SIZE PARAMETER

Temp. 5/8
% (m-Angstrom) ™"
25 +o,035
60 ' ~ =0.004
9% -0.018
125 - -0.017
150 -0.031
175 -0.030
200 -0.038
025 -0.047
250 | . -0.076
275 -0.047
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indicate that perhaps §_(or %) involves the Qg_pfoduct since it too
goes through a minimum hear 2500.

In calculating the activity coefficient for the higher concen-

“trations the quadratic term Dm2 was used. Here Q.is certainly just an

empirical ébnstant. The errors in fitting the déta with this term in-
cluded were largé but were due to the paucity ofldéta abbve O;l E. .
Therefore the Debye-Hﬁckel extended equation can be used te cal-
culste the mean ionic activity coefficients of hydrochloric acid up to
0.1 m over the ﬁempérature raﬁge 25 to 2750 with an accurécy equivalent
to that in the electromotive force data using the eﬁpiricallg and B
cdnstants given in Table VIII. The agtivity coefficients frOm 0.2 to
1.0 m can be calculated using the equation extended further to include

the quadratic term from the empirical constants gsaﬁd D listed in

Table XII with somewhat less accuracy.

D. Conclusion

The errors as listed above were éomewhat higher than the goal
set for the work, XEE'? iQ'l mv.,'but appear to be reasonable insofar
as meeting the other objéctives of the study. In particular it has
been shown thaﬁ the silver-silver chloride electrode can be used as
a reference electrode at elevated temperatures. Thé agreement with
previous investigations and with extrapolated‘data lénd support to

the validity of the work. On the other hand measurement of activity
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coefficients, the standard free energy of reaction (A), and the other
quantities of interest by non-electromotive force methods must be made

to check the validity of the underlying assumptions.



CHAPTER V

SUMMARY

Electromotive force measurements have been made of the cell
Pt; Hy(g), HCL(m), ASCl; Ag

from 25 to 200O and in some cases to 2750 using hydrogen pressures of
about 1 atm. and hydrochloric acid concehtrations from 0.005 to 1.0 m.
'The potentials obgerved were cérrected to exactly 1 atm. by means of
the Nernst equation, asgsuming that the fugacityQOf hydrogen was eqguiva-
lent to the pressure of hydrogen, and to exactly even temperatures by
adding the témperature difference timeé the slcpé of the qpaﬁratic
equation representing the change in electromotive force versus tempera-
ture. It was necessary to correct the concentration of hydrochloric
acid for changes occurring during the test due to the reduction of
silver ion by-hy&rogen. - This correction was made from the slope ofvl
the electromotive force versus time at constant temperature. The mean
molality and ionic stfength’of the solution_were calqulated agsuming
that the solution was séturated with silver chloride:and that all of the
chloride in solution existed as free chloride ion. Junction potentials
were assumed to be insignificant.

The mean ionic actiVity céefficient of hydrochloric acid was
written in the form of the Debye-Hlckel extended equation and the

'resulting expression substituted into the Nernst equation. 'Rearrangemgnt

ZH
Faa
&
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' O"
of the latter gave a term E_ as a linear function of the ionic strength
13

of the solution where gi- was the collection of all terms measureable or
”

calculable, The ion size parameter in the Debye~Hﬂckel part of gf_.was
chosen so as to make the standard error of fit of the_gff'values to a
straight line a minimum for solutions of concentration up to 0.1 m.
Exﬁrapolation of the line to infinite dilution gave values of gi, the
standard potehtial of the silver-silver chloride electrode (assuming
the standard potential of the.hydrogen electrode to be zefo at each
temperature) which fitted the following eqﬁation_to Within 0.19 mv.

to 200°:

L

t - 2.3728 x 10'6

E° = 0.237%5 - 5.378% x 10~ +2 volts.

. The Nernst equation was then solved for the mean ionic activity
coefficient of hydrochloric acid at the témperatures and concentrations
of intereét. PH values for the same solutions and temperatures were
calculated assuming that the activity coefficient of chloride ion was
‘equivalent to the mean ionic activity coefficient, Finally, the mean
ionic activity coefficients were fitted to quadratic functions of the
centigrade temperature over the range 25 tq 200O at each concentration
and these equations differentiated to give tﬁe_relative'partial moial
heat contents. A éecond differentiation gave the relative partial
molal heat capacities.

The overall error in the reproducibility of the electromotive

forces was about tO.S mv. up to 2250, probably iE mv. at 2500, and
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+5 mv, at 2750. Agreement with previous investigators at temperatures
‘, below 100° was satisfactory, both with the electromotive forces and
with the derived quantities. Agjeement’ with the single investigation
at high temperatures was within the probable error of the other
investigation,

On the other hand it was shown thatbseveral assumptions made in
the calculations could have caused systematic_errors,inltﬁé'results.
These were (l) assuming the hydrogen fugacity to be equivalent to the
hydrogen pressure; (2) neglecting junction potenfials; ahd_(})_neglectu
ing the possibility that the hy&rogen#hydrogen ion exchangé.current on
the silver=-silver chloride electrode could have.beEn significant in
relation to the chloride-silver chloride exchange current. The maxi=
mum error attributable to effect (1) was estimated as less than 1 mv.
at 200°. The errors for effects (2) and (3) are unknoﬁn. |

The Debye-Hﬁckel extended eqﬁation was shown to express the
~ data satisfact@rily although the ion size parametervappeared to bé '

simply“an adjustable parameter.
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APPENDIX I

CONSTANTS USED IN THE CALCULATIONS

A. Fundamental Constants (Chemical Scale)go 4

Ice-point Temperature .- T 273.1500 ¥ 0.0002 K.
Gas Constant R 8.31470 % 0.0003% x 10! erg. mole.™
, . .degfhl :
Joule E@uivalent B Jl5 4.1854% £ 0.0004 ébs; J.'ce.l.'-l
Faraday | F 96,495.7 Tia coulombs (g. mole)ﬁl.
Standard Atmosphere 1,013,250 dynes cm. -
(defined) |

Electronic Charge e 14.80286 * 0.00009 x 10710 abs. esu.
Velocity of Light c 299,793 £ 0.3 k. sec.™
Boltzmann Constant k 1.38044 ¥ 0,00007 x'10"16 erg. deg."l
Avogadro Number N 6.02322 ¥ 0.00016 x 10> (g. mole)™ .
Stendard Volume Y, 22,ﬁ14;6 to.9 cm.BIatm; mole"l,

(perfect gas) . : v
Acceleration of Gravity g 32,17k ft. sec;"2

B. Derived Constant

6

‘ 6 :
2Ne  _ .00 x 10°.

1000 k-

Debye-Hﬁjkel Limiting Slope So
% (DT)5 2 - ‘
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C. Measured Constants

Dielectric Constant of Wa.ter22

D = 5321/T + 233.76 - 0.9297 T + 0.001k17 T° - 8,292 x 1071 72,

Density of Tf‘sTa.te:rz3

4

t - 2.60k01 x 10~°

£ = 1.00157 = 1.560% x 10~ £2,

-

“x2 133



APPENDIX II

DESIGN OF BELLEVILLE SPRING WASHER26

It was desired to haNe a washer wﬁich would yield to the upward
thrust of the expahding Teflon linerégasket_but which'ﬁould maintain a
pressure~tight seal during both the upward thfust upon heating up and
the contraction‘upqn eooling down. A Belleville spfing washer was
found to have the reqﬁired properties, inconel X, heat treated l6_hr;
at 1350°F. followed by air cooling, vas found %o be a suitable material.

Let the washer be represented as shown in cross section:

theﬁ P = . 5 l:(h - §)h - -2‘5-) t o+ t3:|" : (1)
“ 3 | - R

where

P = pressure desired,

d = deflection necessary to give pressure desired,
E = modulus of elasticity = 29 x 10° psi at SOOOF:.,.
o = Poisson Ratio = 0.3,

m =

function of & and b (= 0.55 for a = 3 in, and b = 1.875 in.).

Rearranging equation (1) for t = 4

(® - 6 w(@? Vo eyt . (2)

0.068 in. for P = 1000 psi.

t -

BN

2N
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Now

h=t/2=0.09% in. (3)
Therefore a washer 3 in. 0.D. and 1.875 in. I.D. (as required to fit
the autoclave head) having a thickness 0.068 in. and a height 0.096 in.
woﬁld serve up to 1000 psi.
The deflection necessary to withstand steam pressure at any

temperature was calculated from:

2 are
P (1 -0 )(m)(F 1
§- f e ®
, E (hed)n-3)t+t
and the following table used in assembling the autoclave:
Highest Temperature Highest Pressure Deflection
Expected During Run Including Safety Factor d

goCl ‘gpsigg in.

200 250 0.009

250 600 0.025
275 1000 0.09

-Deflections were measured during the tightening of the cap bolts with

~a special micrometer depth gauge.

~ -~ 3 d (.) :"'
w139



| APPENDIX III

FORMULA AND VALUES FOR CORRECTING STEAM PRESSURE
FOR THE PRESENCE OF HYDROGENC?

Let

El = vapor pressure of HZO at T in ‘the abs‘ence of H2,
1’2 = vapor pressure of H20 at T in the presence of H2,
EH = pa:rtial pressure of H2 at T,

v = molar volume of water = 1'§-Q- , .

3

/8 = density of wa.ter,,,

R = gas constant,

'_15‘ = free energy.

Then, from the change in free energy with pressure at constant temperature:

¥ -
(-3—-—) -5 | (1)
| ' 12 . : _ _ ' .
Integrating:‘ . Fl - F2 = A Vdp = V(PH +-P2 - Pl) _ ‘ (2)
Also: F, - F, =RT In =y _ (3).
Therefore:; ,
2 7 . 18.0 . v :
1n§l—=-§(1: + Py - P);E-——RT (By + P, - By). (%)
Since P /P is close to unity we may expand. the logaxrithm a.s follows:
18 0
4 I_l /pRT (P + Py = P ):| (5)
and since Pl ~ PE: o .
_ .. 0. 212
P, = Py [l X Py | (6)
0. 219 Pl
= P + -‘% T PH . (7)
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TABLE OF VALUES

Temr . Vapor Pressure of Watber Correction Term

° By per atm. H,

(psia) . 0.219 P,

BT
(psi)
125 _ 33,66 - 0.02
150 ' 69.04 ‘ 0.0k4
175 129.45 0.07
200 225.45 0.12
225 369.90 ' 0.20
250 ' 576.586 0.30
275 862.80 . 0.46

~ Corrected Water Vapor Preséure = Uncorrected P + (corr'n term x EH )
2
where P, = hydrogen pressure in atmospheres.

Hy
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