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CHEMICALfTHERMODYNAMICS OF'AQUEOUS THIOSULFATE AND BROMATE IONS
. Howard Charles Mel
Radlatlon Laboratory and Department of Chemistry and Chemical Engineering
~ University.of California, Berkeley, California

. . September, 1953

o L!,.,ABSTRACT -

'PartvI Thiosulfate Thermodvnamlcs

In an effort “to clear up gross 1ncon51stencles in the thermodynamic
data for 8203 ion9 the equillbrlum constant las been determined as a
\function of temperature for the new. reaetion. . |
2g (e) +. 3203 Agzs (a) + 303 —
A calorlmetrlc heat of ox1datlon of 8203 w1th BrB" has also been
measured From these sourcesy~the'thermodynamlc prOpertles have been
calculated for 8203 at 298,16° K with the results: AH; = =154,0 kcal,/_

mole, AF?-— -122 od kealc/ﬁole, S° = 14,1 €all, .Dlscussion is given,

particularly from the‘standpoint of"fhe theories of aqueous entropies.,

_ Part IT, Bromate Thermodinamics‘

Dlscrepan01es 1n thermodynamle data for BrO3 ion were felt to be
primarlly due to an 1naccurate value for the heat of formatlon. This
. quantity has been redetermlned from a calorlmetrle study of the reduction

of BrO with I~ vand the reduction-with Br g“Comblnlng these heats with

3 .
other heat and entropy data, we have the results for BrO,” at 298.16° K:

ﬁﬁg = =18,3 keal,/mole and AF% = 2,1 keal,/mole, These Values_have 5een

discussed with respect to other experimental data,
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. L. Thiosulfate Thermodynamics
" Chapter 1

"Introduction_

: Aqﬁebne s¢1ﬁtién§;or thiosulfate are among the commonest and most
impontant of analytieal-reagents; and:yet the.eXperimentally determined
_"thermodynamle properties of thlosulfate ion show widely dlvergent
values, -and values that eannet be reeonclled with what one would
consider a reasonable entropy° Far example, B:Lchowsky1 reported from
- his study of the’ equalibrlum of-aqueous caleium thiosulfate with ecal-
*eium sulflte and sulfur, AFS at 298° = ~125-11 keal,/mole for S 203"

£
ion, . In attempting to calculate AH? from his experlmental ealori=

L metrle data and/or fram & Z plot of his heat eapaelty and equilib-

: rium datag values are’ obrtalned from approximately -145 to ~157 ‘keal,/
‘mole, The. large uncertainties arlse on the one hand from important
'undetermlned dllution correetlons and~on the other hand from a large
'seatter of the p01nts in: the 2 plot Some.of this work is more
» crltieally examlned in Ghapter 6«04 |
BiGhOWSky and Rossini2 calculate from the calorimetric data of
‘ThonpsenB and Berthelot4 values for the heat of formation of aqueous
3 =, AH;: = —145,9, =147, 2 and -149.1 keal of
mole respeetlve‘ly° Reeently Ballezo and Kaufmann5

Na282 3 whence for S
made determinations
near room temperature of the equllibrlum constant for the reaction
studied by Blchowsky,‘ They pletted log K vs, 1/T using their data
and also the high tempenature-data of.Bi.ehowsky° From this plot they

calculated a reaction heat, whence for 820339 AHZ = =164,7 keal,/mole,
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Combining this value for AH% with'the above free energy, one obﬁains N

S5 = =13 e+u.3 on the other hand, using AHP - -145,5 keal,/mole (the

value adopted by Bichowsky and Rossiniz) one'cglculates SZ§8 = 52 e.u,

for thiosulfate ion, These may be compared‘with the value SZ§8 1é = 4ol

e.u.6 for SO,~, an ion somewhat smaller in size with the same overall

4

6 :
charge, The Bureau of Standards has adopted AF; = ~=127,2 kcal./ho}e,

BEZ = ~154 keal./mole and 5° = 29 e.u, for S,0,%, which are apparently
compromiservalue8<not based on additional experimental data,

It was with the hope of resolving these large discrepancies and
obtaining a standard heat and frée energy of formation for SéOB?,
consistent with a reasonable entropy that this investigation was under-
taken, A,knowlédge of the entropy of thiosulfaﬁe ion is also of interest
for its own sake; entropy data for ions of this-type are practically non-
existent,

Unless otherwisé specifically noted, all calculations will be
made using thermodynamic data tabulaﬁed by the Bureau of Standardsé/with
one exception, Thermodynamic.prepertieé for 50, are takén from Latimer’

3
for reasons which will be explained in Chapter 6.
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Chapter 2

Construction andncalibration of Apparatus fof Egquilibrium Studies

Since much of the apparatus was assembled during the course of‘the
experiments as the need for it was felt, not all the equipment deseribeq
here was used for all the experiments, Nevertheless, I prefer to degcfibe
it all here and then later refer to the various items in this section that
are applicable to each épeeific equilibrium study,

A, Air Bath

The early equilibrium work was done in an air bath which;wasrsimply
a modified 110 Volt 6 amp, drying oven manufactured by the National
Appliance Company, Portland, Oregon, Originally a small a.c. blower was
connected to blow air in at the bottom and recycle it by removing it at
the top, with insulated conducting pipes to minimize heat losses, The
blower turned ou£ to be unsuitable for contimuous long term operationm,
however, so it was replaced witﬁ a fan inside the oven, motor-driven by
. a shaft from outside, It was also necessary to replace the Bi—metallic
regulator with an electronic relay to operate the heating coil, After
the early studies, it was decided to abandon this arrangement alﬁogether
in favor of an oil bath with higher heat ¢apacity and better temperature
regulation, .

B. 0il Bath

To replace the air bath, an oil bath was set up for heating the
equilibrium tubes. |

| B=1, 011 The oil chosen was Aeroshell 120, SAE 60, an aviation
lubrication oil manufactured by the Shell 0il Company. Its principal
virtue is that it is a relatively inexpensive oil suitable for use
. between approximately 100° and 250°C, AtrlowEr temperatures it becomes

too viscous for proper stirring, Its disadvantage, however, is that,
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upon prolonged heatigg at high temperatures, it tends to_smoke,_thicken
and tar, causing erratic étirring and temperature regulation, (even if
additional Phenyl-a~-Naphthylamine inhibitor is»added;) At 122,5°-it
must be replaced in two to six months, but at 195°C it has prbve& no
longer usable after three weeks, if good temperature control is to be
maintained, For short term or intermittent operation,veven at tempera-
tures up to 250°, it is reported satisfactory and able to maintain

8

constant temperature to * ,005°,

B-2, Bath and Heaters. (See Figure 1-&) The bath itself is
a silvefméoldered cubis monel metal box, with wood and silk floss
insulating walls and provided with a fhreeasection varnished beaver-
board top., The holss in the top are to provids access for temperature
Sampling at various points‘tﬁroughout the bath, and are normally corkedo
The principal heating is from a 2000 watt "Calrod® heater held about
two inches above the bottom of the box, The power level from a congtant
voltage "Sola® transformer is adjusted by a series variac to maintain a
temperature 5° to 10° below the regulated bath temperature, if left
continuously on, The femaining power is supplied by a 250 watt "Calrod¥
heater insidé thé well of stirrer A and controlled by the temperature
regulating device, The sealed pyrex equilibrium tubes are placed in
iron pipes which are éuspended in the bath by wires from the overhead
iron rods, |

B-3, Stirring, Stirrer A is a conventional well-type stirrer,
which by itself gives circulating currents'with some tendency to support
fixed temperature differentials throughout the bath, Stirrer B, however
is a singly wound helix on a vertieal one-half inch shaft (patterned
after the iaea of the new "Shell-Brown" stirrer) which gives violent,

turbulent stirring. (See Figure 1-B) It was made by cutting out
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small notches from one 51de of a one-lnch strlp of oopper, and then

| bendlng the strlp around the rod 1n'helloa1 form w:th the notched side
next. to the rod9 then s11ver—soldering'1n plaee, It haS'proved very

.‘ rugged and effectlve in st:.rmng‘actlon° The two stlrrers are ganged
g w1th pulley and belt to oppose each other, i e.g eaeh tendlng to "pump"
downward | ‘ ""

An 1mportant faetor 1n the stlrring of an oil bath such as thls
Cig 1ike1y to be sllppage of the belt dr1v1ng the stlrrer, Although
'fthe bath 1s eovereds enough oil fumes are present along with the
-wnormal wearlng and stretehlng of a 1eather belt, to reduce the
tfrletlon eons:.derably° Gonsequentlyy the belt must be frequently
,w1ped free of o:Ll9 and sometlmes shortened The_obv10us answer_to
"thlsg of:oourses is a p031t1ve chaln an& sprooket drive Orrequivalent

Temggrature Regg;atlon3 vThe Woontrol" power applled to
the 250 watt "Galrod" heater was 1n1t1ally'controlled by the mercury
| regulator and’ eleetronlc_relay used;for'the air bath, For long term_
N :operation'at'sueh temperatures (1200'6r hj‘.gher)(9 the mercury regulator

‘ 'proved less than ideal due to evaparatlon of the nereury and to scum

‘, formation on the surface of the nercury where eleotrleal contact is

“made, even though oil fumes-are'exoluded by a cover, This would

neees31tate resettlng the- temperature control rather frequently, which
is 1neonven1ent beoause of the bime lag for temperature readjustment in
‘the large amount of oil (aboutHZQ gall‘ons)° For this reason9 and also
beeauee or tne temperatureuosoillations inherent with any strictly
.“off-on“ type of regulator,‘it wae.decided to assemble a resistanoe )

thermometer controlled, proportlonal temperature controller° (One of

the main faetors in the heatlng time lag, with its attendant effect on
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bath temperature regulation, is again the lc;,onditi_on of the oil, The first
effect of o0il decomposition ismua-ily”“fonna‘t'ion*iof"’an" insulating crust of
decomposition pro_ducts around the large "Cal'g-od" h_eater.») ' A

B-5, Proportiomal Comtroller, The. gii‘cui‘b diagram-ifor this
gonftfro;ler, _dgsigned by Professors'vR. E, Powell and W, D, (}wiﬁn, has been
given elsevﬂ'xe:r*e«8 Brlefly, its opera’tion is as follo '+ A resistamnce
thermometer acts as pa.r’o of an a.d, br:.dge as a control element pzjéviding
an accessrble temperature range of about 0° to 300°C, A-ny unbalance
between tile thermometer and 'theszv'es*t of thev.b'ridge is amplified'a.nd 'bhen
combined at the grld of a 2D21 'bhyratron, with another fixed signal 90°
out ‘of phase, thus ope rat:.ng the thyra’oron for a longer or shorter period
of time, The 2D21 feeds into the primary of a 500 watt saturable reactar,
the secondary of which cperates the 250 watt heater, with-mare heating
curre_'nt produced the greater the unbalance at the bridge,

The only departure from thié circuit dia.gmm is in the bridge
circuit, where the 'a-.,c, bridge was built with the variable resistances
covering the range O to 190 ohms to balance the 55 ohm platinum control
resistance 'thermome’oer substituted far the 100 ohm fhermometer shown

in the c¢ircuit diagram, lahakltner_-8

states that such a circuit can keep
constant temperature in an oil bath at 250° to * ,005° over a two-hour
period, ,

B=6, Coﬁtrol Resistance Thermométer. (See Fiéure 2 for
constructional detailé,) The copper part at the bottom is used to
contain the sensing element in order to minimize ar:;r..time—’cefnperature
lag, Platinum wire (99,9+% pure, soft temper) was wound in a lathe
on a piece of piano wire to form a__jbigh'biy coiled "spring", the piano
wire then being dissolvedv out 1n a 150° batﬁ of concentrated nitrie

- and sulfuric acids, After washing and spreading thespring" slightly
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to avoid shorting turns of the wire, it is bifilérly (non-inductively)
wound around the mica "eross" and placed in the copper-glass tube; the
No, 28 platinum wire leads are then brought out fhe end through the mica
spacers, The whole open therﬁometer is placed in a vacuum line, and A
while evacuated a current df'0.175 amps is passed through the wires for
one minute for annealing purpbses. (For temperatufe gontrol purposes,
this is not critical,) Low heat capacity silicone ©oil (General Electric
© 9981 ITNV 70) is then added to cover completely the "spring' and the
thermometer sealed under vacuum, (In a similar situation, such oil

‘ : : 8
was found to give added stability to the regulating mechanism, )

C. Calibration of Resistance Thermometer L, No 55366.
At the start of this research it was hoped that the temperature

control in the oil bath would be such, that a calibrated resistance
thermometer with Mueller Bridge would be desirable for masuring these
temperatures, Because of the unforeseen behavior of the oil upon pro-
longed heatiﬁg,%it later turned out that the oil tarring and thibkening
became the limiting factor for temperature regulating insofar as it
interfered with adequate stirring and rapid heat éxchange. (The exﬁenﬁ
of this temperature variation is given under each separate equilibriumv
determination;) Consequently, the highly precise temperéture measure-~
_ments;affcréed by such a thermometer were not'really.necessary. .
However, a 2 ohm resistance thermometer L. N, 55366 was calibrated in
conjunction with Mueller Bridge L. N. 85316 (which itself was auto-
calibrated and calibrated against a standard resistor) and did prove
useful as a check on the mercury thermometers, so its calibration is

described here briefly,
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The constants of an equation of the form RT = Ry (L +aT * ﬁTZ) are
to be evaluated by measuring the thermometer resistance at at least three
standard temperatures.,

Ry = the thermometer resistance at any temperatgre T.

Ro = the thermometer resistance at the ice point ,

avand‘ﬁ are empiricél constants to be eValuéted.
The standard ﬁoints ih the temperature fange under study are the ice
. pointy, the éteam point, and the sulfur boiling point,

For the ice point measurement, it is simply necessary to immerse
the thermometer in a dewar containing puré chopped ice and water in
thermal equilibrium, making sure that the ice is present over the whole
‘length of the sensing element of the resistance thermometer, and not

just floating on water with the thermometer below,

C-1, Glass Hypsometer. For the steam point measurement, a hypso-
meter was built as per Figure A, Cénﬁections were provided for
admitting the steam either at the top or bottom as a double check for
superheating or cooling, (None was found,) The heat was adjusted under
the distilled watéf steam generator for smooth boiling by means of a
variac; glass or metal boiling chips were used, Moving the thermo-
meter up and down in the inside tube over an 8 cm, range gave no
variation in thermometer resistance,

C-2, Sulfur Boiling Point Apparatus, To measure the sulfur

'boiling point, the apparatus pictured in Figure 3B was built, The
recrystalized sulfur gave a negative test for Se with hot concen~
trated H2804° A radiation shield (here of black sheet iron) is
essential to obtain proper experimental values, Again, moving the
thermometer up and down did not affect the resistance value, For

both the sulfur and steam points, barometric pressure should be read
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simultaneously with the resistance, At all three points, resistances
were reproducible to better than 0001 ohms at constant pressure (the
smallest division on the Mueller Bridgé)o
For more detailed information on resistance thermometer and equip-
ment calibration, see the references (9) - (13),

D. Sulfite Delivery Apparatus.

v

After the earlj equilibrium measurements, it was determined that
considerable air oxidation of the sodium sulfite solutions was occuring,'
so the apparatus in Figure 4 was built to exclude air during the filling
and sealing of the equilibrium tubes, and standardization of the sulfite
solutions, .

Sequence of Operations:

A, Filling Buret (if for first time, flush whole apparatus and
' o leave filled with argon,)

(a) Cloée (1) and (4). ( (2), (3), (5) and (é) also ¢losed)

(b) Open (6) momentarily to build up a little pressure in
the reservoir, if not. already done,

(¢) Open (3), then (5) and £ill carefully. (Close (5)
. and repeat (b) if necessary).

* (d) When done, close (5).

B, (Clearing Liquid and Drips from Tube T

(a) Cautiously open (4).

(b) Close (3)-

(e¢) Open (5) till it drains, then closes
C. Delivering from Buret

() Open (6) and immediately (1) until steady stream argon;
use from (1) to flush tube filling,

(b) With (6) adjusted to just a faint stream, open (2) and
deliver,

(¢) When done, close (2).
(@) Close (1), then (6) as soon as slight excess pressure
built up in reservoir.
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Chapter 3

Equilibrium Studies: Ca28203

Bichowskyl studied the equilibrium between calcium thiosulfate,
calcium sulfite and sulfur, For the reaction he wrote:

CaSx05 (aq) = CaSO, ° 2H,0 + Sp (3-1)

3
In view of the simplicity of the determination of the équilibrium
constant (just the analysis for 8203=), this reaction was the first
investigated as a method of obfaining the free.energy of thiosulfate
ion, However, a number of difficulties were encountered, The first

involved the composition of the solia hydrate, :
A, Calcium Sulfite Hydrate,

The dihydrate of CaSO3 has been reported in the 1literature as -
the sﬁable'hydrate at room temperature, BichoWSkyl described four
different ways of preparing it and remarked; "These samples varied
strikingly in crystalline habit, but had nearly'the‘same refractive
index, *and no difference in behavior was noted among them, Above
temperatures wsomewhere near 160° the dihydrate is unstable in contact
with vater, presumably forming the semihydrate CaSOs ¢ 1/2 Hy0
analogous to CaSO A * 1/2 H;0," (This statement was based on a
microscopic exaﬁination of the two phases,) He also made some
simple heat capacity measurements on two sepérately'prepared sampies
of this solid, obtaining the same value, namely, 42,7 cal,/mole,

The Kopp's law value for the dihydrate is 41,014 while for the hémi-
hydrate it is 28,1, T vt

Kelly%5 in describing his procedure for making the anhydrous
salt, remarked that after five hours heating at 155° the composition
was c?aso3 * (0,51 Hy0), but did not describe the dihydrate, In 1949,

however, Matthews and MbIntoshlé'described five ways of making
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erystalllne CaSO3; whlch all gave analyses of 8 to 1@ percent H20 (di-
hydrate is 23 pereent HZO)’ and they stated that no dihydrate was found,
'The optleal propertles for thelr hemlhydrate preparation agreed w1th
those prev1ously clalmed for the dlhyﬂrate.r Samples of,C@SOB that I
recipitated,with NaHSOB'ana C&Glz solutlons, dried at 110° then
- ground, did’ not glve con51stent results, but generally showed on
ana1y81s between oné and two waterS—per CaSOB,'(when no -special care
was taken to exelude water vapor of the air,)’ ThlS method was used in
'preparlng GaSO3 ° 1/2 H O for the equlllbrrum studies, In v1ew of
Metthews and MbIntosh's detalled work and my results 1nd1cat1ng less
than R waters, it is probably safe to assume. that the form stable in
contact with water solutlon at room temperature is not the dlhydrate,
) but probably the hemlhydrate;--I‘made various attempts to grow
.orystals'of Ga,SO3 in aqueouseéoiﬁtion:by,methods sﬁch as (a) pumping
on a solubion of GaSO3 1n a sllght excess of acid in a vacuun dess1cator,
(B) standlng a container of Ga012 in a Jlarger contalner of NaHSO3 \
.solutlon; then earefully £illing both with water, and letting them

- git for solutioh and diffusion to teke place, None of these attempts
A proved suooessful, when GaSOB ° 9HZO was obtained it was in a finely
lelded form = (some eiear crystals that mlght have been thls solid
were formed in one of the_CaSQOB equillbrlum tubes, but before they
could be tested, they‘deGOmposeag)_-ﬁ |
B; Ereparatlon of CaS 0. Solutions.

3¢_m_n

After a number of experlments, the following procedure was found

most satisfactory for making CaS.,0 6H20(o): Dissolve 51 g -

273

NaéSQOB =,5H20 in 20 ml HA0 at 40°, and dissolve 35 g CaCl, 2H20 in
20 ml H,0, filtering both solutions if necessary. Slowly and with

stirring, pour CaCls solution into Na2§203 solution, keeping the

-~
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temperature down to 40°, After several hours, or over night, when the
NaCl precipitate is well packed at thg'ﬁottoms filter and er’ysté.llize~
out CaS,0, ° 600 on an ice bath, Decanﬁ and wash GgSéQB ° 6H,0 in the
cold and dissolve in water at 40° and recrystallize on an ice bath,
These orystals are separated, washed with a small portion of cold water,
and dissolved in water to give reagent solutiph of tle desired concen-
tration, (The dried erystals de not keep, but”deeqmpose), Notes
Samples of reagent grade GaGiQ of different manufacturers were found to
contain one or more impurities as evidenced by an organic chemical odor
and a yellow color in eoneénfmated_solutions that cannot be removed“

by ordinary filtering, VTHe impurity can be removed by filtering with
charcoal, but then smll amounts of charcoal may remain in fhg solution,
even théugh it looks clear, In some @asesgbeoncentratgd HC1. caused
pre@ipitatien of yellow needlemlike_éyrstalsp not readily soluble in
water, but volatilized by direst heat,

C. Equilibrium Experiments: CaS,0

3 . R S
Iheseﬂexperiments consisted of two series of sealed pyrex tubes;

the first containing each 10 = 15 ml of 0.6 M CaS,0, solution; the

second containing excsss CaSO, ° 1/2 H 0, excess S, and water, These

2
were plased in the air bath at 122°, % 3%, Some time later, most of
the tubes exploded or wers demolished by those that did, Some
additicnal tubes were then added; this time'ea@h in an iron pipe.
Altogether, two survived and were amalyzed aftér two to three ﬁeeks,
by filtering and titrating an aliquot for 8203:9 with standard IBG
solution, The results showed them to be far from equilibrium at the

time of analysis, Both tubes gave a strong odor of st}upon opening,

and also a positive test for SO

Amo
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3 Although a thorough gstudy of the above reaction could well“yield
worthwhile results, we were reluctant to continue with it if a more
satisfactory réadtion c¢ould be found, For one ﬁhihg,.ﬁhe above reaction
has a very iafge AGp,» A;so, the form of the suifur produced is different
at differentftemperatureé, GaSOBls.formula énd solubility were uncertain,

and the presence of H,S and SQA=,vwith poor material balance, coupled
with the hégati#e equilibrium results; were disappointing, Simultaneous
"testsubeing made:for_other sﬁitable reactions were encouraging, so it

was decided’to’abandon this method in their favor,
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Chapter 4

Other Equilibria: The Reaction of Ag(c) with 5,04

A survey was made of possible equilibria of the type:
2M(c) + S'203'= = M;8(c) + 505" | (4-1)

& study of the known free.energy data reveals that the'only possible
mono or divalent metals for which AF°® would be near zero are Ag, Hg
and Cu, Blitzl‘7 remarks that Cu feacts "apparently irreversibly" with
the fused hydrate of Na25263 to give QuQSTand Na2803.' Préliminary
experiments with Ag and Hg at 100° indicated that in three days, the
forward reactions did take place to some extent, In the case of Hg,
a strong st odor was present, whereas for Ag none was detected,
Consequently, we decided to investigate moré thoroughly the reaction

of 8,0, with Ag,

3

Some tubes, containipg in the one case Ag and 3203=, and in the

other Ag,S and S0,%, were made up and placed in the air bath at 122°

2 3

along with the Ca$S being studied, Most of these were casualties;

2%
with the Ca3203 tubes, but additional ones were made and placed in

pipes, and enough survived to determine that the reverse reaction
did occur and that sulfate formation was minor,
Although the analytical procedure is slightly more involved than

. for 'bhe-CaST-ZO3 equilibrium, there was less ambiguity about the solids

involved, and side reactions appeared less troublesome, Also, it is

a much more "symmetrical! reaction, and the Acp should be smaller and

activity coefficient corrections less important, These reasons and
the fact that it was a new reaction were sufficient to concentrate

further equilibrium studies in this direction, i.e., on the reaction:

2Ag(c) +_8203= = Agzs(@) + 303=. (4=2)
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(Another quite different reacﬁion that mlght be studled can be written:

a4 5203 H2803 + 8 (in c,s,,) | | {4=3)

A, Gengral.AnalyﬁiqglLEr9cédure°

Analytical Operatioﬁs common’ to many of the.equilibrium tubes will
be discussed héfe father than under the separate equilibrium sets, The
determination of various inorganic sulfur species in the presence of one
another has been studiéd by numerous workers, and much of this work has

been summarized by Kurtenacker,

A-1, Sulfite and ThigsulfateoiThe procedure for determination of
sulfite and thiosﬁlfate in the same solution involves for one portion
the titrationvwiih iodine of'the coﬁbined SOBﬂ + SQOBE, and for a second
portion the complexing of the'SOBE by formaldehyde and then titration of
3205= with iodine, My experience irdicated that a modification of the
\scheme given by Kurtenacker was necessaryp for I found that the starch
indicator was interacting with the formaldehyde, causing very uncertain
endpoints, In general, the greater the ratio of GH20 to sﬁarch in the
solution being analyzed, the more quickly must the titration be done in
or&er to get é good Blue inétead of a pale brownish yellow endpoint,

If one knows approx1mately'whenathe -endpoint 139 holding off adding
‘shawch t11¢ just before this improves i,

When the time came for analysis of a tube,vit was removed from the
oil bath, cleaned and rapidly cooled to room temperature, It was
broken by crushing the upper part with pliers while the tube was
standiﬁg in a beaker9.and immediately pipeting - the portion to be
used for the total S0, + S,0_° analysis into an excess of standard

3 273

1,” with Nahc - HAc buffer, For the later sets, this operation was

done in an atmosphere of argon, In a few minutes it was back titrated
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w1th standard 8203

To prevent sucking up the solid material, the pipeting is done
through a removable "filter tip", consisting of a short section of glass
tubing packed with glass wook, with a female standard teper joint on the
end attaching to the pipet, The attachment is simply a friction fit,
with a small piece of filter paper, which is wet with the solution
being pipeted acting as a gasket, This prevents air ffom beiﬁg drawn
in at the point of attachment, The tip is then quickly and easily
removed for delivery of the portion pipeted.

The second portion is then delivered into an Erlenmeyer containing
two drops of phenolphthalein, In almost every case, the solution gave
a pink color so the CH)0 was added immediately, (This basic condition
is necessary for the complexing of 803= by GHZO, and NaOH must be
added dropwise if the solution is not already basie,) I noticed
generally that if the colar of the solution was initially a pale pink,
addition of the CHL0 intensified the color, while if it was initially
a darkef red, the color often became paler,

A delay of two or three minuﬁes in pipeting the second portion
should not mtter, for even if some air oxidation of 50,” to 50,
should occur, this does not interfere with the determination of 8203=
ip the presence of SO;“'° The room temperature tubes (Set G) were
handled in the same manner except no cooling was necessary.

After standing for five minutes, thefimst solution is acidified
with 10 percent HAc until a 20 ml excess has been added, dand then
titrated immediately with standard iodine, using starch indicator,

The amount of 10 percent HAc necessary for neutralizing the solutions

varied with the initial concentration of solutions used in the tubes
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and wasAapproximately'the same for similar ?ubeé;” For:exampleg in equilib-
‘rium sets D, E and F, 10 ml, 5 ml or 2 ml were required for the high,
1 medium and 1ow_ioni¢ strength sets, respectivelyg

The amount of CH,0 ﬁecessary depended'on the amount of the sulfite

: 2
to be complexed and the amount of starch to be used, For 10 milimoles

of SO0,%, 40 ml CH,0 and 13 ml 0.4 percent starch solution are required.

3 2
If these are titrated immediately after acidifying, a good biue color
will Suddenlyvappear atvﬁhe endﬁoint and persist for at least 15 seconds
before fading, (Actually the real endpoint is 1/2 to 3/4 of a drop
" beyond the first faint blue color that persists.) When smaller amounts
of‘Sosé are present, less GHzO is negessary and prOportionateiy more
starch.can be used, giving a more permanent endpoint, Fbr the equilib=
ritm runs made from ﬁndilut_ed 0.2 M SO ;= and S,05" solutions, 10 -- 12
ml CH.O and 7 - 8 ml starch were used, depénding on the volume of

P4

solution pipeted out, For the most dilute solutions, 5 ml CH,0 and
5 ﬁl stﬁréh gave good resultg; | |

| A=2, Standafd.SblutiOns,' In_some cases the IBf_golutions were
standardized against.A52039 and in others the 81203g was standardized

with KIQ3 sbluﬁioﬂ; The relative titer of the S’203 - 13” solutions

"was_élways'detérminéd also, The relative and absolute titers of these
" reagents were checked frequently during the amlysis of each set of

- équilibriumjtubés. 1Fbr the analyses, iodine solutions of 0.1 N and
' 'O;Ol'g and SéOB= solutions of 0,2 N, O,1 N and 0,02 N were used.
A-3, Blank Correction, For titrations with the 0,1 N or 0,2 XN
" solutions, no blank was necessary, With the more dilute reagents,
however; the blank was gehefally the equivalent of 0,07 to 0,14 ml

of 0,0LN I.~, to be subtracted from the I 5 volume, This blank was

separately determined for the different analytical procedures uéed.
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A-4, Preparation of Reagents.

(a) ﬁgézzoa Solutions, For the eqﬁilibriumrmegsuremgnts,
standard solutions we?e:generally made by dissolving the cqmﬁg;cialwnﬂ
Naé§203 . 5H20 in freshly boiled distilled'water. (When»the solutions
werevto be used for analyticél purposes over a period of time, a small
amqunt of Na2003 preservative was added in accordance with accepted

procedure,19

(b) §g2§Q3 Solutions, The commercial anhydrous salt was
dissolved in distilled water that had been deoxygenated by bubbling
argon through it,

(e¢) Ag. Samples of commercial "precipitated silver®
(gnalytical reﬁgent) were thé stérting material, Some of these were
used with no further treatment other than grinding., Others were first
t;eated with HClQ4, then waghed to remove any'Ag20 present, (It was
found next to impossible to remove the last traces of Ag+, even after
many washings and filterings with hot and cold water,) Still<others
were treated with 8203= solution in the cold, before the tubes were
made upe.

Some finely divided Ag was also heated in a crucible, which
would cause decomposition of any Agzo. This was not too satisfactory,'
however, for the fine particles tend to sinter together; even hundreds
of degrees belas thg melting point of Ag, Since it was desired to
have the Ag with as much surface as possible t&fspeed up the reaction
with 8203=, this method cf_purificatiqn was pot_qsed._ ) o
No difference was detected in any of the results from the .
uée of different Ag'samples, so they will not be individually referred
to with the equilibrium data, (These samples all gave good Ag X—ra&

patterns,)
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' (d) ggég' (1) .Hgﬁfwas»bubbled thrbugh:aiselutien of
analytleal reagent AgNO the solid then filfered, washed and dried
~at 110° Very often, the solid prepared in thls ‘manner, when heated
had a peculler "artichoke" odor; this may have been due to impurities
v 28 samplee;

(2)- A eolution of AgC‘lQ4 wa.s nade by firet-preeipitating

in the H.S, for it did not ocour with all H

Agzo out of a solutlon of reagent AgNO3° ‘This was Filtered and washed

- eight tlmes w1th hot water and then dlssolved in cold 3 M HCIQA.

An H S‘ﬁrain was setvupzo

5 and the purified HZS passed through the AgNO3

o selution. The solid was washed ‘and filtered elght times, then dried

at 130°, ground and reWashed and flltered w1th hot water° & sulfur-
1ike odor that had per51sted through this treatment was now qulte w
falnt ' After drylng, ‘the eample was finely ground° This sample was
speetroecopleally pure and gave the Xaray pattern for the a (low
temperature) form, A test also showed 1t to be free of Agte

(3) Some commercial Kahlbaum reagent was used, The sample
was speetroscopleally pure and gave a good q—form X—rayﬂpatternoiw

(4) Some'bottled.Ang'marked "Reserved for Randall" was
" used in some aetermiﬁatiensQ»bbth untreated and after treatment with
SQOBg invthe:eeld. Spee%rbseopie and X-ray exa@ination showed some
PbS impurity present,-whicﬁ microchemical analysie gave as less than
one pereenf; ;Possibly sqﬁe ether undetermined impurity was present
ilso, - R . ‘

'From'e careful examination of the. equilibrium results, no

systematic differences can be detected in the values for the equilib-

rium constants as a function of the partieula’soliGS'used,‘
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B. Equilibrium Sets A--F at 122,5°

_ B-1, Introduction. These sets were a2ll run in theroil bath, It
was apparent from the preliminary work that the glass tubes would have
to be improved to withstaﬁd the increased pressure on heating._ The
first step was to change to heavier glass for the tubes, Pyrex test
tubes 30 cm long, 22 mm i,d, with 1 1/2 mm wall thickness, were pul}ed
with a _heavy walled constriction at half their length, The upper
portion served as a funnel for filling the tubes and was then pulled
off in a flame, taking particular care that the glass at the constric-
tion was "sucking in" at the instant the seal was made, With these
precautions only one tube broke among all the sets at 122,5°, (The
vapor pressure pf water is slightly over two atmospheres at this
temperature,) Each tube was placed in an iron pipe with screwed-on
ends and was suspended in the oil bath with a wire,

In a1l cases; samples of both solids along with one or both of

~the solutions, were added to the equilibrium tubes, regardless of

whether equilibrium was being approached from the high,SOB= gide or

high S,0_= side. (The appropriate solid must be present in excess,

3

of course,) The concentration equilibrium quotient is defined for

future purposes as

K,= 3 (44

where the sulfite and thiosulfate concentrations can be expressed in
any consistent units, since only their ratio is being considered.

Since analyses were volumetric, units used here are moles/liter,

We shall also refer to the quantity SOz= which is the
. S =
initial ratio of these concentrations 273 /1

at the time of f£illing the tubes,
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Material balance calculationS'have been made by cémparing the total
number of moles of sz03= + 303'* initially in a given volume, with the

total number present 1n the same w lume at the time X, is . measured, It

is expressed as a_percent 1oss = Q(Inlt Mbles B Flnal Moles) x 100,

R (Init Moles)
It should be emphasized that durlng the "Delay Times" listed in

-Tablas 4—1 to 4-6,jthe tubes have already been cooled to room temperature,
Far practical purpoées,-no change in equilibrium can ocour in those short
times before analyses, |

Tempefatﬁres were'réad with Hg in glass thermometers graduated
to 0,1 degrees, These u@re;cheéked against other thermoneters, including
Bureau of Standards célibrated thermpﬁeters, and the resistance thermo-
meter desciibed in Chapter 2-C, :The values given for the equilibrium
sets have been cdrreeted,if'ﬁeéessary.

Some attack on the glaés was noticed fbr many of the runs, but it
appeared fo have no effect on the results,

B-2, oSet Ao For Set A§ all the tubes were made up witth the

initial rationR = 50 "/S = either o or o, The results from the

2 3
Tlow® side (1,e., R = 0) have no meaning» since by mistake an excess

of Ag was not present, The results from the "high" side showed 6

out of 7 chg'to bé in the fange from 18 to 26, Initial concentrations
of 50,7 of 0.1 M (and one of 0,05 1) were used with Ag,S sample (1),

At the times.of.analyses, the oil bath had.beeh up to the proper tempera-
ture (122,5 + ,6°) for periods of from one to nineteen days, The mroury
regulator and electronic relay were being used, For the two-week pericd
preceding this, the oil temperature was 116° to 120°, so the above K;'s

may have reflected this lower temperature, A material balance check

showed 32 peréent to 54 percent lessy the worst belng for the more
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dilute solutions, A maximum of two and one—half hours elapsed between the
time of removal of these tubes from the oil bath and the start of the
analysis,

No real conclusions couL% be drawn from these data for the above
reasons, and also because of the small titration volumes (less than 1 ml),
It did appear possible that equilibrium could be reached starting with
more concentrated solutions, allowing more certain analysis procedures,
Alsoy a rough calculation fér the amount of oxygen in the air sealed in
with the equilibrium solutions, indicated that this could account for
the material balance loss, and using more concentrated solufions should
minimize . this,

B-3, Set B

‘Materials and Conditions.

< ) initially either o or o™

S 03

20 ml 8,0, 1M with approximately 20 ml air
20 ml 803 1M with approximately 20 ml air

Ag,S: Sample (3), Section A-§, (d)

Ag : See Section A-§, (c)e

Temperature: 123.,2 * ,5%; Mércury Regulator,
See Table 4-1 for results,
Comments, On the basis of this set, K, is limited to a value between
11,0 to 2108 at this ionic strength and temperature (123°)° The
titration volumes were large enough so that good accuracy (at least
3 ml on a buret reading to ,001 ml) could be attained, The greatly
improved material balancé oﬁer Set A is also apparent, but so is the

slowmess of the reaction at this_concentration° At the end of the
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‘Table 41

, Equilibrium_Mbasuremen£s¥8et B

Tube m®) (e Percent Days. (23_—_) —

Noov Delay : _Final Initial‘ - Loss in Bath 8203= N c

1 1 1/4'111',.'_ ' .968' 2984 1.6 '7 @ D 64,6
2 11/3 hra_:_ 963 L 2.2 . 16 @ 4342
3 /3 hr. W967 - 9% L7 28 o 28,9
4 4 he. ;9_61_ Coom 2.;3 70 o 21.8
5 31/2hr. .89 ﬁ-938, L2 7 o0 ) .80
6 él/é hr. . _‘ ;,9i7 | ;938. 2,2 16 o 2,01
7 1 nr. .93 9% 0.3 28 0 3.43
E 1 hr. 4933 -.,é38 o 7 0. 11.03

{a) Total millimoles of 80,= + 8,0,7 per nl, solution

For definitions of other quantities, see Section B-1,
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run, wﬁen the tubes were opened, the solids were usually packed into a
fairly firm mat at the bottom of each tube, Even with the convecﬁion
currents that must be present in the tubes while being heated, it was
felt that quite possibly not enough fresh surface of the solids was
being rapidly exposed to the reacting solutions, sb that this may have
been the limiting factér as far as the raﬁe o reaction was concerned,
A calculated excess of each solid was present, but if the reaction had
to proceed by "eating into" the centers of the particles from the out-
side and through a coating of the néwly formed solid (note that one
solid is formed and one used up for both the direct and reverse
reactidns) thén this could definitely slow the whéle process, In an
attempt tb speed the reaction we decided to take the foilowing gsteps:

(1) Particular care would be.§Xercised in‘grinding the initial

solids to a very fine state,

(2) A greater excess of solids would be used,

(3) Somewhat less concentrated solutions would be tried.

(4) Even these steps might not be sufficient if the solid

particles were going to pack firmly together at the bottoms

of the tubés° Therefore, it seemed logical to try to hold

these solids dispersed throughout the solutions dﬁring the

runs by means of glass wool put in at the start, To check

on the poésibility of additional harmful side reactions,

only some of the tubes would be tried with glass wool,

B-4, Sulfite Oxidation in Air, We had wanted to verify that this
was actually the main cause of thg poor maﬁerial balance in Set A,
Consequently, at the time Set B was preparéd,_somerseparate tubes
cogtaining only SOBf solution (of the concentration used in Set A) were

also readied, Two of these were heated in the oil bath, the third
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simply left at room temperature, The results of thése determinations

are given in Table 4-2:

Table 4-2

- Oxidation of $05 by Air

~ Tube :mm(a>‘ mm(a>. - Percent | Temp,
No, . = Fimal "Initial . Loss Days B ¢
1°  0.554 0982 417 123
2 0557 0,982 43 . 27 123
3. . 0;562  ' 66982 , s o 43 27  Room Temp,

(a) Tdfal_nﬁmber millimoles‘803= per 10 ml solution

Cdmparing.these 43 to 44 percent losses with the 32 to 48 percent
losses of Set A, it seems safe to cbnélude that air 0xidaﬁiohiof the

‘ SOBg ;gvindeed the principal cause of the poor material balance. It
should algo be noted that heating had no apparent effect on the mterial
balaﬁee; i.e., that this side reaction is essentially complete in twenty-

. sevén days at room temperature, Future tubes should therefore be made
up excluding air at the time of fiiling, (and, for safety's sake,
reducing the total volume of any gas over the solutions in the tubes,)

- Note: There is no real reason to believe that this side reaction has
iﬁterféréd with establishing the'prOper.KG; nevertheless, on general
principles, it is wise ﬁo prevent it,

B-5. Set C.

Materials and Conditions -

SOB :
S initially either o or oo

=



=38- ‘ I-4

25 ml 803= : 0,2 M with apprgxigately 5 ml argon

25 ml 8‘203= : 0,2 M with approiimately 5.ml argon

Ag,S: Sample (3), Section A-%, (d)

Ag: See Section A%, () |

Temperature: 123° * 0,5 until 38th day, then * 1,5° until
the 56th day,. VOn the 56th day the mer cury regulatér broke and the-
temperature was * two degrees for two days., On the 66th day, when the
stirring belt broke, the temperature went up to 136° and was not properly
regulated for two days, After th159 the temperature was again 123° * 0,5
until the end of the run, For the purposes of this set, these temperature
excursions afe unimportant, To prepafe these and future sets where glass
wool was used, it was placed in the lower part of the 30 em test tube |
before the constrietion was blown, The solids were added, then the
liquid, and after sealing; the tube was well shaken so that the solids
were thoroughly dispersed throughout the glass wool, -~ like snow on

the branches of a Christmas tree, The results are given in Table 4-3,



" |.. Nos,

C|Tube[ .
Delay Wool

 Glass| mm'>’
Final
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“Table 4-3

'.quuilibriﬁm Méasg;ements3 Set G -

mm

@)

' ,..,,:‘1"> ot SO=
' mm(a)ﬁglPercent~ Days _,2_
Initial -E:»Loss_ 'in Bath

I-4

11/3 hr

5, 1/5;hra

yes ﬁ

" noj-

04999

0,997

1070 |

‘”1;063_f,¥  jé;o_ 11 |

1,063 | 62 | 3 |

51.063};l; 'TQ,C.1 76 @

31,53
19,04 .
18,38

S B R N R

12 1/5 nr

11 nF,

*1/é’hréﬁ

11 nrd

yes

yes|

tnb_

no|

,?oggeef

FI¥?005 

2,011

0,952

1(a) Total mllllmoles of so3 + s, o3 per 5. ml solutlon |

»13012,}f koS _li 0

. 10012 e v' 057 15 | . 0

fi;dié*fi_}f:5;9 135 | o

1. 012 : fo 1| 76: 0

For other deflnltlons--w-see Seotlon B—l‘

1,97
1,61
6.42
757




Comments,

Some striking features are immediatély apparent upon studying this
table. In the first place, when no glass wool was used, within experi-
mental error, the material balance is practically perfect, even after
76 days heating, (The seeming slight increase of material in tube No, 3
has no real significance.) This means that in the absence of glass wool,
all significant side reactions have been eliminated. Further tests for
any other species such as Szpé=, S;,vetc., were not deemed worthwhile
in view of this result. |

The comparison of reaction rates, both with and without glass wool,
eanvbest be made from a study of tubes No,'s 4 ana 5. The K, for No.

5, after being in the oil four days 1oﬁger than No, 4 (36 percent

longer) still is considerably lower than that for No. 4. (The difference_
between 1,61 and 1,97 is significant, for in this region.of values, the
ratio SOB=/S‘203= changes much more slowly than it does for larger values
of the constant, There, only a small change in the pumber of moles of
8203= present in the solution, appearing in the denominator of the
fraction, makes a big change in the ratio)., By this same argument, the
‘Ké for No, 7 has increased relatively little over that for No, 6, far

the tube having been in the oil more than twice as long. Thus, the
advantage of glass wool in this respect is clearly established, |

However, an additional complication has been added by the use of
glass wool; namely, the significantly poorer material balance, The
presence of some surfaceuinducéd side reaction immediately suggests
itself for an enormous amount 6f additionél surface is present when
glass wool is used; for the purposes of this study, the most important

question is not so much what is the side reaction, but whether it inter-

feres with the values of K,, This can best be determined by measuring
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a'unique K;D both from above and below, with and without glass wool, and
then cémparing the values, o : o R

. iﬁ shéﬁld also be obéerved'that.several of.the_tubes‘had a faint
»whitish depééiﬁ on the top part of the inside glass surfacéo: Possibly
this was ﬁore ﬁreValent‘in the tubes.qoﬁtaining glass ﬁool, though not
vdefinitely'soo .Some of it maj'have.been caused by the‘direct heat
necessary”dﬁri@g'ths‘séaling procesé; ‘ " |
| The"résultsdof Set C, combined with those of Set B, have further
| narfowe@ tﬁe prbbable 1imiﬁs of'Ké to the range 11,0 to 1804_at 1230
(at this ionie'strengthe), Another factor hcw seems apparent; the
reaction rate probably cannot be increased much further without the
-eonstructlon of some SOrt of heavy duty shaker, which also would likely
require reconstructlon of the 011 bath However, knowing the above
- limits on Kes the same effect ought to be :ealized by making up future
tubeS‘haﬁing initial ratios Ofv§0 f/ézogg sﬁraddling this range instead
of with the values o and opheretofore used,

B-6, Set D,

Materials and Conditiong

<0 . ,
(“*3?“§ initially spaced in range 10 to 22
S.0.% J+
s0_® s 0,2 M
3 About 35 ml total with 10 ==
8.0.°7 s 0,2 M 15 ml A
273 _
AgoS : Sample (3), Section A-4, (d)
Ag : See Section A-4, (c)

(An earlier version of the SOB= delivery apparatus pictured
in Figure 4 was used for the first time with this set,)

Temperaturey When the stirring belt broke on the fourth

day, the temperature rose to 136°, and régulation wag not established until
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the fifth day; otherwise, for the first forty days,'the temperature was
123° + 0,5°, From the 41st"to the 55th'day it'averaged about two degrees
higher. The mercury regulator broke again, but was repiaced in a few
hours, From the 61lst to the 67th day, it averaged about 130°, even going
as high as 135.5°; This was due to the bath's rapidly becoming nearly
completely tarred up, During this time large gradients existed in the
bath and at two remote spots, the temperaturé was as much as 35° lower,
However, from the location of the equilibrium tubes with respect to the
temperature pattern in the bath, I would judge that the tubes were not
appreciably influenced by these low temperatures, but rather reflected
fairly closely the high values described above, This temperature
situation is significant in the interpretation of the equilibrium

results, For details and results of this set, see Table 4-4.



Table 4-4

Eguilibrium Measurements, Set D

I-4

Tube Glass mm(a) m<a) Pefcerﬁ#a i)ays in (59?; - Ky
No.  Delay Wool = Final Initial Loss - Bath 234 3

1 11/4 hr. no 1,052 - 1,087 3.2 ‘éA 10,8 16,73
2 1/2 hr, yes 1,029 1,087 5.3 67 10,8 16,05
3 1 h#,  no 1,083 1,089 0.5 68 15,5 15,47
4 1/3 hr. yes 1,000 1,089 8,2 68 15,6 12,25
5 3/4 hr, no 1,066 1,090 2,2 64, 19,2 17.45
6 11/4 hr, yes 1,005 1,090 7.8 67 19,0 16,50
7 11/2nr, no 1,069 1,090 1.9 68 20,5 16,64
8 1  hr. yes 1,064 1.090 2.4 68 21.5% 16,66
" Average of all but No, 43 7 .7 ié;50
42

(a) Total millimoles of 803“ + 820; per 5 ml solution .

(*) Estimated

For other definitions -- see Section B-1,




Coﬁments.v_ ) ) 7

The first feature that catches.the eye in Table 4-4 is the nearly
constant values of Kc. Since half.of these approach equilibrium from
each side, and furthermore, half the runs were made with glass wool,
the value K, = 16,50 * .42 (average of seven of the eight runs) looks
like a good equilibrium constant at this ionic strength. At least it
wquld appear safe to say that the use of glass wool does not cause
any significant shift in the K, values, thus answering one of our
problems, (There are some minor qualifications to this, which will be
discussed below}.

Again, we find the result that the tubes without glass wool
~shoved a considerably better material balance (2 percent average loss)
thah those with glass wool (7.1 percent average loss, not considering
the estimated Tube 8 result). Furthermore, the spread in sulfite
concentration during initial standardization was greater than the
average loss where no glass wool was used, so again we can confirm the
fact that there are no important side reactions for these tubes, Gne
further remark about glass wool, -- whatever side reaction accompanies
its use appears to produce alkali, Tubes containing it were noticeably
pinker to phenolphthalein than those without, |

The big uncertainty in these results is what temperature to use,
In answerigg this question, we probably also have the answer to the
minor variations noted in Kc‘ As Kc changes with temperature, we might
expect the tubes containing glass wool to be able to follow these changes
much more quickly., The. tube that came out of the bath last (No. 4) did
contain glass woél and had been exposed to a significantly higher
temﬁerature for six out of the preceding seven days, Tube No, 5, which

was out first and four days earlier and did not contain glass wool,
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uould probablyﬂrefleot thebaverageriower'temperature it had*seen most
of the‘time The fact that No, 4 had the 1owest K, of the elght with
o_No. 5 hav1ng the hlghest would then be con51stent with the equlllbrlum
' constant decrea31ng w1th temperature, (which later turns out to be
‘preolsely the case),- ThlS argument shouldvnot be carried much faurther
to attempt to explaln all the mlnute varlations, for in the flrst place
‘the exact temperature 1s not known as a funotlon of tlme at every spot
in the'bathw- I do belleve, however, that qualltatlvely thls explena-
- tlon flts the facts, (and furthermore explalns the discrepancy between
these results and those o Set E ) |

All that 1t seems safe to say about the temperature to accompany
hthe rather well—deflned K = 16 50, is that 1t is not exactly known,
but that it is very llkely somewhat hlgher than 123° due to higher
, bath temperature durlng the flnal week before arnalysis, it would be
des1rable, far thls reason, to redetermlne the constant at a well-
establlshed temperature near 123°'l. :

There 1s another reason for further work at this temnerature.
The parenthetlcal quallflcatlon gt thls ionic strength" has erept
1nto the dlsouss1on several times. and 1mp11es that we do not know
Ko as a function of 1on1o»strength, Slnoe 1t would be definitely
‘_de31rable to have suoh knowledge, it was decided to make a final run

.at thls temperature to- remove uncertalntles in both the quantltles

—2. | Initially renging from 12 to 21 at
','8203 i high and medium p; 1 and 2 at lower p,



Figure 4 was used.
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0.2 M Total volumes of 40 -- 47 ml
made up from these starting

SZO3 :1 0.2 M} materials (and water) to give
groups at three ionic strengths;

0.2 M) additional small air space over
tubes filled with argon

Ag,S : Various different samples as indicated
Ag : See Section A-4, {c)

The complete sulfite delivery apparatus shown in

Temperature: Proportional controller now installed.

Temperature for this set can be considered 122.5 % 0. 5° C as a function of

time and position in bath. Sludge formation in the bath prevented new

regulator from exercising more exact control.

Glass wool was now used for all tubes.
Argon atmosphere when analyzing tubes.

Details and results are given in Table 4-5.



| Group

Tube
. Nos

Delay

@
Final . Initial

, Equ:librLum.Méasurements, Set E - (12? 50 C)

Table 4—5'

a)

(a)

mm "

Percent

Loss o

Days 1n :

Bath

S

. {s0.= S
g (- 5 ‘) K? .'
2 3 H?T?}'

(Molarlty) (See AaA, d)

1

[

1 hr,
1 172 hr,

5/6_hr.'

i l/Z»hr.

0831
0,912
0.855

0.891

’ 0991 ‘.
.991
991

10,991

16;1' ‘”

8,0
14,3

. 10,1_>V't

e
o
63

63

0u595

095

o
‘“0,595"5; 

: '(4)"
SRON
- (4)

(4)

19,4
13.0
20,3

13.2

'fi7°95

17,95

'”117;97'

‘Av
17, 96

18,84

CTD

3/4 hr;f

11/3 hr,

1 3/4 hr,

0.324
04350 .
0.32%
0,347

e

429
425

o429
429

2.5

17.5
21{»05

19,2

62

bh

64
62

0,257
0255

0.258

0,257

W
)
).
(4)

21,1 .
20,5

13‘0'

12,9

18,83
17,35

17,55

17,47

IIT

10
11

12

o lm N N e W

1 “hr,

3/4 hr,

1 1/2 hr,

1/2 nr,

0,1030
0,0620
0,1197

0,0930

o172 -

o135
0173

136

40,0
5401
“30,6
1.7

62

63

63
63

0,103

0,081

0.104

0,082

@)

(4)

" (2)
- (2)

1,10

2,28

1,11

229

31;8@

17,03

16,82

-
16,89

16,83/

(a)
(b)

Total millimoles of

Tonie strength based on initial material added (See fextg'Section B-7)

5032 + S904”

per 5 ml solution

For other definitions ~- see Seation B-1,

7-I
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Commenté.

~ For some unknown reason, one value for K; out of four is'notably.
different from the other three at each of the three ionie strengtps,
I can find no likely factor common to just these three determinations,
so the explanation remains a mystery, However, the internal agreement
among the remaining three tubes in'egch ionic strength group varies
from good to exceptionally good, so the anomalous value is rejected
in each case, and the averages based on fhe other three,

 Unfortunately due to an error in making up the tubes of Group III,

equilibrium was only approached from one side, However, there.is no
apparent reason for thinking they aré‘ not at equilibrium, For acamjale »
No, 11 and No, 12 had initial ratios differing by mare than a factor
of two,‘yet their finai K,'s agree well, Also the value from No. 10
is in good agreement, yet has nearly twice the material percentage
loss of No, 11 or No, 12, Finally the frend of decreasing Kb with
decreasing 1 appears well established from the results of Groups I
and II, and these results of IIT give a nice qualitative fit with
those from I and II, Conseguently, it wili be assumed that the tubes
‘of each group have.come to equilibrium with a value of X, given by
the average for the group, at the average p. The latter assumption
implies a somewhat greater uncertainty in this average point for
Groﬁp IIT than for Groups I and II, because of the larger spread
in the individual p values,

The problem now immediately presents -itself: What value of p
shoula be chosen? The values tabulated in Table 4~5 are based on the
amount of initial material put into the tubes, and clearly the per-
centage loss shows that much of the starting material is no longer

present at the time of analysis in the form of SO, or 3203=. This
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means that whatever side reaetlon is taklng place may be accompanied by
. oan unknown change in 1onlc strength AR
I@oklng at the most preelse data for a moment that of Group I, we

';fsee essentlally no change in. K w1th a ehange in pereentage material loss

"'Zgnom'léplﬂto;8kp There is 11tt1e reason, ‘then, why there should be any

h’diffefencelin gblng‘from 8 pereent to O percent 1oss¢ Likewise 1n Group

,'.‘III,9 in g01ng from 54 1 percent to 30 6 pereent loss, there is llttle,

".Vlf any real ehange 1n K Therefore, it seems safe and reasonable to

%l’seleet the y.based on 1n1t1a1 material added to the tubes, rather than
'that based on the analyzed quantltles of 8203’ and SO3 » considering

' them to be the only 1on1e specles present o
| We should note frem these results that K (average) from Group I
: isvsomewhat hlgher than the K (average) from Set D, for the same
vviionle.strength Flnal dlseuss1on of thls p01nt will be reserved for
iSe@tlon D untll after vie have cons1dered the results from Set F,
Another point worth noting 1s the relatlvely poor” materlal balance
afor tubes whemeaar has been eyeluded even for tubes with glass ‘wool,
' ;Direct comparlson_ean he‘made-for Group I_w;th_Set D Here we see a
":Pogéible eefre}ation nihhAﬁhe_sample of>Ag2SLused9Afon Tube No. 2 using
theKsame.Agzs'saﬁplefas waS”usedwfor Set D is hhe‘oniy_one in Set E-I
that has a eompaxably small material loss. Heweven, the‘important
hfeature is that Tubes Eml and E~3 haye K 's agreelng with that of E-2,
whlch is what we are really 1nterested ino »
| One final feature of Set E. is that the tltratlon volumes were
larger than for any prev1ous sets as a result of the use of 0,01 N IB'
for some of the analyseso' Thls may account in part for the hlgher

| preei31on w1th these resultso Also, starting with thls set, the tubes

'were broken open for analysis and the plpetlng done in an atmosphere
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of argon,

C. Egquilibrium Sets at Other Temperatures.
C-1, Set F(195°). |

Materials and Conditions

SOB= o
—_— ], initially o or @
520371
S0_% : 0,2 M , -
3 ~ These solutions were diluted with
S,0,= : 0,2 M HA0 to make the tubes of lower P
273 _ _2Y YU T :
AgZS' A Different samples indicated.
Ag :  See Section A~4, (c).

Sulfite delivery apparatus, Figure 4, used
All tubes with glass wool |
Analyses were done iﬁ-an afmosphere-of argon
7 Temperature: Proportional‘controller regulator used,
set for 195°, On the 11th day, the temperature rose sharply, the oil
having become too tarry for further use, By the 14th day new oil wés
installed and the bath regulating again, This temperature excursion,
ﬁp to 238° C for a short time, could not have affected the value
obtained for Kc’ for it waé too'brief, too long before the analyses
were méde (thfee weeks); and reaction rates are certainly rapid enough
a£ this temperature to cause guick readjustment in Kc’ once control had
again been restored,
In-the additional three weeks time the oil was just about again at
the point where it would be unusable for further work. A‘time—position-
temperature study of the bath showed, however, that for Tuﬁe No. 1, the
temperature should be 195.0°, good to * one degree., For Tube No. 2, the
tempefature might be someﬁhat léwer, though probably not by an impart#nt

amount,,
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It was felt to be safe to make up these solutions with initial
ratios of;o'gnd coinstead of nearer a final equilibrium value (as was
done for Séts D and E), since the reactions mustlﬂe éggh-faster at this
higher temperéturea Furthermore, at tﬁe time these ﬁubgs were made upg
the températuré coefficieﬁt of the reaction was not known, so it was
next to‘impoésiﬁle to‘predic£ what the final K would_bé'at this
temperature, (Whep Tﬁbes 1 and 2 were removed from the oil bath, a
heavy whitish deposit waé coated on tﬁe inside of.the glass, like'
paint, This was not noticed on Tubéj No, 3 (whose Kc vas erronecus».

* For details of the set, ses Table 4-6.
Comnents . B | |

Theﬂexplanation fbrbonly three‘fesults appearing iﬁ Table 4=6
undoubtedlyﬁiies largely in thé brief tempe rature excursion up to
238° deécribed above, for‘a'totél of fburtéen tubeé was actually
placed in the bath, A Quiék:reference to thé vapor pressure tables
reveals that for ﬁater, p = 13;8 atmospheres at 195° G, and p =
31.9 atmospheres af 238° G; vThe remarkable thing to me is that any
of.these glass tubes failed to éxplode when they Wére subjeeted to
an internal pressure of 32 atmospheres, and I consider it fortunate
that even three results were obtained, . The explosion sounds of only

one or two tubes were actually heard,



Table 4-6

Equilibrium Measurements Set F (195°)

; Tube o m@) @) percent Days in (b) - Ag K
Group  No, Delay  Final TInitial  Loss Bath (Molarity) (See A-4, d) 5,057/ 1 c
I 1 1 3/4 br, .880 1,018 13.5 36 611 (2) 9474
1T 2 1 hr, ,378 A 12,9 36 «261 (2) 9.58
(4) 23,19

1II 3 31/3 hr, 0446 ,1001 55,4 37 0601

(a) Total millimoles of 803 +8 o3 per 5 ml solution

(b) Ionic strength based on initial material added (See text, Section B-7)

For other deflnitlons - 8See Sectlon B-1,

7-1
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Luckily, values of K, were obtained approa»ch‘-ihg --fequ_iiibrium;;fmm; Dotk
sides, and:thé agreement between-Tubes'l~a@d*2'Ibokskquite encouraging,
Tube N0; 3‘ismcertainlyloff,vas is apﬁafeht"boﬁh”from these data and from
the data at othér %em.peratures° The reason for this is unknowngvbut it
may be connected with the 1cw ionie strength along with the fact that it
was made using the poorest quallty Agzs sample, With the small total
amount of 8203 1n1tia11y in the tube and a 1arge‘excess of AgZS solid,
'enough 1mpurity could 1ndeed be present to prevent establlshment of the
Proper K.» (There was less materlal present in Tube 3 than in any other
tube of any set Note that the poorest material balanee was obtained
of any tube in any seto) Although ‘the previous work has 1nd10ated that
_this need notvaffe@# the Ke‘result, 1ﬁ_eon@eiVab1y eould 1n certain
cases, Note also thét a titration ﬁolume of less than one»ml appears
: invthe~aehomihator cf the ratib far‘Kc whéreas for Tiubes 1 and 2 the
volumes were greater than 16 ml; so this is added reason to diécgunt
| the K, from Tube 3, |

Thé'question remaiﬁs of interpreting ionic stréﬁgth effé@ts-for
this set, Judging from the resulté of Set E@_Kg,from No, 2 should be
lower than that”from No, 19 and this is indeed the case, However, as
discussed'aboﬁeg the temperéture is somewhat less for No, 2 than for
~ No, 1, so if Nog‘z‘were aetually’at a lower temperature, the smaller
Kc might not be gnough smaller, Since the tempera%ure is relatively
more certain‘fof Nbe 1, I feel the soundesﬁ procedure is to consider
for the results of this set, K, = 9074 at p = 0,611, T = 195,0 # 1° G, -
’dnd then to extrapolate this value to p = O by some theoretical
prpcedureﬁvbased.on the experimental variation of K@ with‘p.which was
determined from the results at 122.5°, See Section E for the

continuation of this discussion,



C-2, Set G (25°)

Materials and Gonditions

Same as for Set E; the two sets were made up at the same
tine, _

Temperature, 25,0° % O.1°._7Asiread on a Beckmamm
thermometer, Thi; set was on a vigd}ous meqhanical shaker in the 25°
watef bath, having a mercury temperature regulator and an ordinary well-
type stirrer. The shaker was shut down for minor repairs during the run,
but this should not affect the results,
The details‘are given in Table /-7,
Comments,
| The variation in‘p between No, 3 and No, 4 resulis from an excess
of SOB= solution having.been added.tp No, 4 when it was made up,.

The evident feature of Table 4-6 is that all the initial ratios
were too small, but as was explained for Set F, this could hardly héveii
been predicted. The importaﬁt question, however, is whether the highest
Ko = 77 really represents equilibrium conditions, A decision on this _
point should probably not be made on the basis of thesé data alone, It .
is unfortunate that the initial raties for Group IiI of Set F suffered
the same error that Group Iii'of E did, having been prepared at the
same time, Quite likely, solutions this dilute would come to equilibrium
under the conditions of this set, if their initial ratios had been as
high as 20,

There is one bit of evidence from ﬁhe equilibrium measurements
themselves that might be considered, It is rathef well established from
a consideration of all the sets that the more dilute solutions approach
equilibrium much more rapidly than'the concentrated ones, One inter-

pretation of this is that the number of moles o SZZOB= that must be



Table 4=7

E:uilihriymmMéaﬁprﬁmenﬁﬁ~5§t-g4“2i

rbe m® m®) percent 5,0,>(®) Days in () *  aps (?_‘E’) K
Group No, Final  Initial Loss DIfT Bath (Molarity) (See A-4, a) 5,05%)1 c
I 1 0917 T 991 745 027 105 +595 W) 196 4244
" 2 890 .91 10,3 027 105 595 (3) 13.1 19.5
11 3 .382 429 11,0 - ,015 "105 258 ) 21,0 77,0
4 A78 520 8.2 019 105 312 ) 718.,_6 59,5
111 5 21041 1358 23,3 018 104 1,081 () 2.28 3,39
6 0928 | 1363 31,9 ,026 104, .082 o W 230 5,03
§ | 7 1355 1778 23,8 026 104 | 207 AN  _1,ié - 1.;6 ”
l 8 VAT 1728 18;6- 1,020 104 E . 104 (2) : i.li 1g§o

(a) Total millimoles in 5 ml

(b) Refers to the mumber of millimoles of S0

, alone, in 5 ml of the final solution minus the number
in 5 ml of the starting solution, 3

(e¢) TIonic strength based on initial material added

For other definitions, See Section B-1

I



56~ | I,
convgrted tq 803= roughly determine this spged, whereiequiliﬁriumris being
approached froﬁ the low SO3= gide, Of course, then, the effects of glass
wool, etc.;, must be about the same on all the tubes being considered for
this argument to be valid, To put this in a slightly different way, for a
series of tubes all removed from equilibrium, we might expect a constant

273
the different starting concentrations of“8203=,

amount of S,0, to be converted to 303== in a given time, irrespective of

All the tubes in Set G were on the shakers approximately the same
period of time, (and all used glass wool), Looking for the moment at

the column "S_ 0 = dif," in Table 4~7, mqst of these values are the same

2

to an order of iagnitude at least, This is true even though the amount
of starﬁing material varies by as much as a faétor of ¥ between tubes
of the set, However, a smaller amount Of-8203= was converted in Tube
No, 3 than in any other tube of the set, which is consistent with the
idea that equilibrium actually has been reached for Tube No, 3.

Furthermore, this smaller loss of S,0,~ did not result simply from a

2%3 |
particularly good over-all material balance, for the material balance
for Tube No, 3 is the poorest of any of the four tubes in the high and
medium ionic strength groups,

Because of other factors involved; this is not a conclusive argu-
ment, Perhaps the best way to judge.thé value Kc = 77 at 25° is to
use it on the presumption that it is really an equilibrium value, and
see what conclusions this leads to, There may then be some independent
check on these conelusions, which would therefare serve as a check on
Kg =77 (x 4)‘° The uncertainty + 4 is estimated from the analytical
proqeduré, for with such a large ratio, titration volumes, even using

.01 N IB~ for analysis, are getting quite small, (This would not

limit the accurate determination by this procedure of such a K for
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the higher ionic strengths, hogeyeyg_for:mp:e mategia}wisfthen present
te“titrate,) The consequenceSQofAueipg th;s Kc.fgr 25? a:e{given in
Ghapter 6, A-2 and B |

The results & Set G do . suggest that under exper1mental condltlons
similar to these, equilibrlum mlght well be establlshed from both sides
- and measured accurately at 25° in three to four months time, especlally
1f_start1ng ratlos of say 50 and 200 or 50 and 4,00 were used., This
should be quite‘a:sure way‘te get a talue of AFéég.ﬁq;,the reaetion,
not invelving an extrateiatiep_of high temperature dataex‘VJ
- D, Sumhagxlof‘Eguilibrium Results
| In Section B-7 we deferred until later a choice for K, at’1230-
between 16 50 from Set D and 17,96 from Set E for the same 1onle “
. strength, The fact that the 16,50 value could easily be representative
r'ef a semewhatvhigher‘temperatufe was also discussed, Sinee the trend
of decreasing Ke with increasing temperature has now been definitely
established, this would nicely explain the iower value 16,50, and pro=
'vide good reason to reject it in favor of the value 17,96, |
Our eéuilibrium results are sumarized in Table 4-8,

D-1, Correction of K abt 195°, The value K = 9,74 at 195° is the

2
foarm stable at this temperature, Since Ag231(a) is the stable form

equilibrium constant for the reaction involving Ag S (8) which is the

at 122,5° and 25°, we should correct for this in order to have the
K;'s at different temperatures refer to the same reaction, The
£ransition temperature for the two solids is 179° C (452,16° K) at

= 0, At 195° (468,16),

68,16
AF468 = AF452 -l Astr'anscg'T (4-5)
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For all practical purposes over this small temperature range, ASt
o : rans,

is constant, and has the value given by:

AS:

%rans. - Htrans. . o ' ‘ (4;g)
Ttrans. -

Writing the transition reaction:

Ag,S (B) = AgS (0), | =)

= "2032 eouo

AHtrans. = -1050, whence from (4—6), s

S%rans.

From equation (4-5), AF =0 + (2,32)(16) = 37 cal./mole, Choose

4,68
now the activity of AgZS (a) = 1, which is our convenbion-for the other
two temperatures, From the relation:

AF (468) = RT 1n 1
4=7 ; ag : (4-8) -

we calculate ag .= 0.9610 at 468,16, We can therefore correct our K,

at 195° C to Ké, where

: S0~ V
i 3 o _
Ké (S.?} ag KQ 25 (4~9)
or K! = (9.74)(0.9610) = 9,360, |

We should use this value for all fupther thermodynamic calculations.

It has been included in Table -8,

o



Table»4~8

Summary of'Equilibrium Results

,(a)

T oG _(Molarity) Ky L Number of Determinations  Reliability
122.5 & 0.5 0,595 J 17,96 | Av. of 3 from eaéﬁ side with  Very good
- , other confirmation. o
0,257 17,46 - - Av, of 3 from each side Good - ﬁery éood
0.0886 16,89 -  Av. o 3 from each side  Good (More un-

. certainty than
for those above)

195,0 + 1 , , 0,611 , 9.74(b) -1 from each side _ Fairrm good
| ” -9 360(0), | '
25,0 * 0,1 0,258 . 77,0 1 one side only . Not yet fimally
. : ' . : evaluated

 (See Chapt. 6-B)

(a) Ionic strength based on initial material added (See text, Section B-7)

(b) This value is the actual experimental walue where the Ag.S involved in the reastion is in the o
form stable at 195° C, namely the B form, Sinc€ the a form is stable at the other two . 7
temperatures, a sorrection must be applied before directly comparing the K, values., (See (c) below)

(¢) This is the valus K! corrected in Section D-1 as desoribed in (b), It is the value that should be
. used in .all future “thermodynamic caleulations, .

7T
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D-2. Influence of Side Reactions. It was determined that side

reactions, while generally present when glass wool was used (even in
the absence of oxygen), had no appréciable effect on the values of K
selected. It wasvalso determined that use of glasg wool and of various
different starting materials caused no systematic changes in Kc°

E. Extrapolation 9£ K Values to Infinite Dilution°

Before proceeding furthef, let us reexamine the equilibrium

equations
2 Ag(e) +85,05" @ - 885 (g) + 805 (p)
K = K
f_; : o (4-10)
3203?

. ) = S <79 2 S = d =
where fSO==and f8203 arg the activity coefflclepts for 803 an 5203

respectively, with concentrations in moles/liter, It is often assumed
that the size of an ion and its charge are the important facts

' determining the activity coefficient in solutions of a given ionie
strength, Since Sdé‘ andv5203= have the same charge and since their
sizes in solution:' probably do not differ greatly, we would suspect
that the two activity coefficients in the samé solution were approxi-
mately equal and that therefore K, would not be a rapidly varying
function of concentration., A glance at the data for 122,5° in Table
/-8 confirms this, 'Nevertheless, since this relatively small effect
appears to be quite real, it must be considered, and a decision

made on how best to convert these Kc values to a Ko at infinite

dilution.
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An immediate consequence of the decreasing K, with decreasing F at

f =
= is“smaller_than_~8'03f. We will

£
122,5° is that by equation 4-10, “SO o

3
return to this’point shortly,
A form of extended Debye-Hiickel expressiQnrfcr.équeous éctivity
coeffibients~thaf has:frequently‘been ﬁsed”is thé foliowing,g;’?z
v | .v _S\[F' .
Jog fi = i

C1esdT

- (4-11)

I - (®ional concentration“);= 'Z,ciziz_é 2}1‘®Mﬂarity) (4=12)

c3= concehtration‘in'moles/liter,foriité_iqn;
zy = charge on iﬁh ion
.

1,283 x 10

- | 2 L | |
= S ) 422

D = Dielectric constant of éblvent. T in © K,
. A = ' ) .- ‘ . ’ v o . - .
B, C ew
om) L | e

a, =_¢ffec£i§eldiaméter of hydrated ion in angstrom units,
No experimental value for the dielectric constant o water was
| imediately available for 122,5° or 195°, but a caleulation of these
vaiues‘waa kindly made for»ms'by'Alder and Harris23 fromfan extrapolétion
of their theoretieal expression ﬁhat well reproduces the exberimental
data in the range 0 - 100° G, These vaiues togethér with the value:

Y

at 25021 are reprodﬁced ianableblp;Qo

Table 4-9
The Dielectric Constant of Water
250 ¢ 122,5°  195°
78,5,  52.3 4127
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The semi—empiriqal gatﬁre o@ equation'(A—ll) shpuld bevstrgssed.
Since no one really knows what is the "effective diame%er of a hydrated
}on", the best values for a are generally determinedifrom a curve-
fitting procedure of expepimental activity data, with such an equation,
There are some independent means to estimate a-values which_give'general
agreement, particularly in the‘relative sizes for different ions.?

Examining eduaﬁion_(Apll)-once again; We see that for two ions in
the same solution, identical except for hydrated sizes, the larger one
would have a larger a-value, (thus by (4;14)_a larger A), and hence a
larger activify'coéfficiént;  Our experimental.data require.: tle
activity coéfficient for Sé03= to be.larger, ar SéOB= to be the larger
ion in solution, This seems to me to be entirely regsonable, though by
no means absolutely certain; (The entropy of 803= is more“negative
than the entropy Sf 8203=,from ou:_results in Chapter 6fB‘so thét
,SOBé will bind a larger amount of water) The scant density datézZP

give for the crystalline salt:

472) |

Na28"203 : d=2012 ; (V= ‘
Na 805 = d=2.63 ; (V=,380)

One can accurately compare density data only for salts of identical
crystal structure, which is not the case here, Nevertheless, it
seems safe to say that the molar volume of crystalline.NaZSQO3 is
larger than that for Na230 . 7

The hydrated sizes are another thing again, Experience has
shown that the smaller monatomic ions in solution often behave as if
their relative aqueous sizes are quite different from their relative
crystal sizes, presumably because of greatly different dggrees of
hydration, On the other hand, for Fhe larger ions, particularly

polyatomic ones, the radii’in'solution’generally appear in the same
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relative qrder as in the erystalllne state. The presumptlon here is that
all such large ions are hydrated to a smalier extent and that changes in
'crystal 51ze w1ll have less change on the degree of hydration, so that
the relative_s1zes‘1n the crystals will determlne reletlve‘51zes in
: selution, (Bernel and,Fewlerzs gave afgumenté tha?, ‘even for double
negatively'chafged:pclyatcmic'ions,”hydration effects would be minor,)
‘What thls is all leadlng up to is a criticism of the a=values for
3203— andAgQB“ tabulatedibvalel;andzz, 1.e., a503= = 4o5 and 82 3=
= 4.0, Many of the a=values that he tabulatee are based on seyeral‘
different-fypes df-calcuiaﬁion,vas weli as on‘eXperimental data,
Howevef, thare is no indicatlon of where the values for 8203 apd SOB=
came from, or even why 803 was. ehosen "1arger” than 8203 (and larger
than SQA ’ also, for which he 1ists a = 4,0), It ehould be clear then
that if we,are to use equat;qn'4~11 to_extrapolate the results, his
'values fqrfaé should net bevused, for'they cenflict'with the experi-
273
.of the a“s may be all rught Since it appears that . 3203' should

mental -observation that fS 0.~ :> SOB=. The approx1mate magnltudes
be larger than - SO3 , we will arbitrarily reverse Kielland's order and
séléct 3203 = 45 and so3 = 4°o° This ie not done under the
illusion that a strict theoretlealvinterpretation can be placed on
evthese a~values, The whole procedure should rather be leeked upon ag .
.e convenientfway-aﬂ_ext:apolaﬁing our experimental data in accordance
with‘&;semi-theoretical, semi-empirical procedure, with the final test
being hqw it works with the data, Aiso, the eXperienee accumuilated in
‘the use end»interpretetion of eéuetions like (Awll) may allow us to
suggest that the experimental data are evidence that aqueous thio-

sulfate ion is "larger® than aqueous sulfite ion, Note that since we

are only interested in'the ratio of the two eetivity eoefficients, the
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absolute values of the a's we choose are not se vital, but the values
relative to each other are, if we are to use this procedure at all,

The form of the equation we will use is:

. v
S0,= 1 1
log | —2- = =S Jr - ‘ (4-15)
fa o . 1+ Agq o JT 1+4 0=Vl
8,04 s0,= V1 "‘3203
From equation (4~10) we have:
.- f803=
Log Ko = log Ky + log | 77— . (4=16)
which we can combine with equation (4-15) and rearrange to give
| M "
v—\
7 o
log K, - SYI — - = log Ky (4-17
¢ 1+ Aey T 1 +Aq o T
i 803= 8203_

For convenience in plotting, we will add a terﬁ to eqﬁation (4-17)

to give: |
log K, = M = log K, - (Bso Y o  (4-18)
3 . 273

Actually, such B terms are often added to equaﬁions like (4-11) in order
for them to fit actiﬁity data at high ionic strengths, In our case,
where we are dealing with a rétio of activity coefficients (i.e.; a
difference of B values) andbonly af medium ionie streﬁgths, all vafiation
of f's with p would probably result from the different é values so we
omitted the B term originally in equation (4~11)., We will plot
equation (4-18) as (log K, - M) vs. [ and take the intercept at = 0
as log K, realizing thét the slope, (B803= - B8203=) should be nearly
zero, (If we had accurate a values and if_this theofy has any real

significance, then the value of the slope would be considered a check

on the application of the above argument,)
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Before ﬁe can make a plot of equation (4-18) we should decide about
the a-values at other temperatures, Little isukgown_of the temperature
dependence of a=-values., Hdﬁever, Harﬁed and Ehlers26 and Harned and
Egckerzv concluded that the a~wvalues for NaOH and HCl at least, were
congtant over a oonsideréble range of temperatures (and concentrations),
For lack of any further information, we will make the similar assumption
for 8203g and 803a and use the same a-values at all temperatures, If
the values do ghange with temperature, some of this change at leas®
should eancel because of the form of equation (4-17),

In Ebctiqn B~7 the intention was expressed to base our extrapolation
to infinite dilution at 195° on the method used at 122.5°, ‘Assume.that
the B~values (if any} will change similarly with femperature for the
two ions, This means that for the single points at both 195° and 25°
we may calculate aﬁd plot values for the left side of equation: (4—18).

Bs 0~=)

A line through these points, with the same slope, m(ESDBf -
at 122,5°, will then allow extrapolation to K, valﬁes at infinite
dilution in a self-consistent manner for all threé tempe ratures, (Far
the above arguments regarding size and activity coefficients to be
valid, this slope should be approximately‘oﬂ Ag discussed abové.)

We can now use the values previously given for T, D, A, Z (=2)
and K., along with the various assumptions made, to caleculate the
quantities in equations (4-17) and (4~18) for the different tempera-
tures. These quantities are tabulated in Tagble 4-10, The quantity

(log Kemﬂ9for the points at 122,5° is plotted against I’ in Figure 5-a,
and the value log K, at T = 0 read from the graph, On another»graph,

(log K%—@?L  was plotted against [ for the points at 25% and 195°,
Lines were drawn ihrough them parallel to the line in Figure 5-a,

and the log K,'s read also, These values along with the K  values
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are summarized in Table 4-114

Table 4~10

. Quantities in Equations (4=17) and (4-18)

t° ¢ S rfa) A303= A8203= log X, M(c) log K -M

25,0 1.432 0,515 0,930 1,046  1.8865 0,029, 1,8571
1225 172 1,123 0,989 1.113  1.25,3 0,0537 1,2007

122,5 1,72 0;485 0,989 1.113 1,2420 0,0345 1,2059
122,5 1.724 0,1675 0,989 1,113 11,2277 . 0,0174 1.2103

195 1,882 1064 1,008 1.6 0.9713Po0570  0.9u3

(a) Values for T (= 2 p(molarity)) were calculated from the concentrations
at room temperature and the change in density of water with tempera-
ture, For these reasonably dilute solutions, the density change of
water closely approximates that for the solutions,

(b) This is log K} - See Section D-1

(¢) M=8 JF(' 1 _ .

1+4 1+ As o -JF/
50T + 25,0,=JT

See Equations (4-11) to (4-14) for additional definitions

Table 4-11

gb Values as a Function of Temperature

¢ legK, K

(&)
25,0 1,862 72,78
122,5 1,211 16,26

195.0 0,92 8.0
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. It should be noted that Figure 5-a is drawn to quite an’exﬁanded
scale, and that the slope - (BSOB= ‘zBS203=) is indeed very small, The
étraight line from the graph is at least as good as could be éxpected,
if not too good, -

A gimple plot of log K, ¥s Vp  was also made for comparison in-
Figure 5-b, and for it not such a good straight line can be drawn,
Whether the better appearance of Figure 5-a has any real}signifieancel
is hard to say, However, in one respect,'the'ﬁethod'of Equation (4~-18)
does possess a real advantage, namely by providing a means for extrapo-
lating the data at'fhe other.temperatures; It recognizes the fact that
the slope of sugh a log Kﬁ -»J;rblot changes with temperature, and
thus provides a consistent treatment for all three temperatures,
Furthermore, the slope of Figure 5-b is somewhat steeper and the
scatter of the points greater, so the extrapolation, even at 122,5°
is considerably less certain, (The "best" values obtained from |
Figure 5-b and from drawing parallel lines at the other temperatures,
were 72;8,'16.5 and 8,95 at 25,0, 122,5 and 195,0°, These are to be
compared with the values in Table 4-13,) As would be indicated from
the earlier discussion, the use of this method with Kielland's a-
values makes the plot more uncertain yet, (Of course no meaning
should be read into the magnitude of the slope in Figure 5-a, for
it is determined by the a-values we selected,)

In conclusion, we might remark that the ﬁroblem.of correcting
activity coefficients to different temperatures would be quite
simple if.wé only had accurate heat of dilution data (as a funation
of temperature). Very little such data is lmown, and none has been

measured for NapSO;, so the method is not useful in this case,
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Chapter 5

Oxidation of NaZS'ZO3 with Br3

A, Introduction

Although it was planned to study the temperature dependence of the
equilibrium constant for the equilibrium reactiqn (4—2),(in order_to
calculate the AH% of Sé03=, we were also aware of the advantages of
having an independent check on this quantity and thus, indirectly, on
the free energy measurements also,

There is not a wide choice of aqueous reactions available which
would be especially desirable for calorimetric study and suitable for
qbtaining AH§ for 8203=. We concentrated on searching for reactions
which would oxidize the S303™ to the plus six oxidation state,

The literature was not too helpful in this respect, I tried to
find conditions under which such oxidation would be rapid and complete
with several oxidizing agents, including IOB- and Ce+4, but was not
successful, Work with BrOB‘ showed that it might be worth further
investigation, but the large heat, over 200 kecal,/mole, was not

encouraging,

Carridre and Dalpa28 report some conditions under which the

. _ 4
the use of Cl0 would be feasible, although a rough calculation

products of oxidation, using IOB: are S£06= and HSO Conceivably,
showed that nearly 300 keal, of heat would be evolved per mole of
8203= oxidized which again means that high calorimetriec accuracy
could not be expected, Also, the work of Maksimyuk: and Ptitsyn29
indicated that H,S! was often formed as a side product, although they

suggested circumstances to circumvent this, They remarked that

sulfur formed initially aﬁd then later redissolved,

’
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Thompsen?anq_Bichqwské} both measured the heat oﬁ'decompoéitiqn 
9£_8203f'in'acid solutions (see Chapter 1) but the reaction is not clean
cut, likely to be slow, finely divided sulfur-is formed, and in high
acid concentrations where the reaction is most rapid, numerous important
dilution reactions should also be measured, (See further discussion.
in Chapter 6, C-1,)

Permanganate is reported to oxidize'8203=;to S0 =,30_but the un-
certain state of the reduction product or products of MhOLE discourages
its use for a calorimetrie study,

-Berthelo‘b4 used Brsn as an oxidizing agent and obtained general
agrgement with the results of BichowSkﬁ; and Thompsenfs, However, all
. of these results  (in the range AHg'for 8203= = -145 to %149 kcal./mole)
were being viewed with a suspicious eye, along with the reactions used
to arrive at them, There is another report in the 1it§rature of the
oxidation of Nazszoé by Br, vater to Na,80,;" but the original article
 was fiot available to check the details, (This was an analytical, not
a heat study;) in eétimétion of the heat of oxidation by IBrB" gave
the result 154 keal/mole, which is still high, but better than the
other values rreviously mentioned,

It was found possible to titrate an aqueous Br,” {in dilute HC1)
solution, with s:éos%; being oxidized to the + state, to within 0.5
percent of the theoretical yield, As in the case of C10 , S first
precipitated.and fhen redissolved, with the rates of these proéesses
dependent'on relative'aﬁd absolute concentrations. Where a small
amount of $,0,= would react with large excess of Brp in tre calori-
metric reaction, the oxidation up to SOA= should be rapid,  This

condition of relative excess could also result in an éven more complete

oxidation4than in our titration above. '(These results generally
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agreed with Berthelot'sA who also reported that in dilute S ~ with at

2%
least a twofold excess of Br3_, no sulfur at all precipitated,)
For lack of any better choice, then, we decided to study the heat

of this reaction calorimetrically; it appeared to have at least as good

a chance of success as any of the reactions considered.
B. Preparation of Reagents, -

B~1,M8,5,0, SH,0(c) and.i§§_Rquent Solution,
 Kolthoff and Sandel1ll”

describe a procedure for making stoichio-
metric NayS,05 ° SH,0 crystals, which consists of placing the wet
crystals in a hygrostat over a saturgted solution of Ga012,°-6H20

and excess of its solid, Some reagent Na28203 °v5H20 was recryStallized
and dried by suction, then placed in such a hygréstat, Samples were
withdrawn and analyzed with standard 13- solution after varying periods

of time, with the results shown in Table 5-1,

Table 5-1

Composition of Na,S,0, ° SHQO(c)

Number of Days in Hygrostat

L 8 - 27
Number H,O's in 5,52 5,29 492
Samples . '
Afia.lyzed 5947 5-31 4079 )

When the 27-day samples were removed, there were visible signs
of decompositioﬁ on the 5urface of many crystals, .An attempt was made
to select the best looking material but Table 5-1 shows that this was
still not too good, Conceivably, in some period of time intermediate
between 8 and 27 days an.analysis of 5,00 H20 could be obtained, -but

with decomposition occuring so easily, further tests would be necessary
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ﬁo_establish that thistwas notvan average figure representing some wer-
hydrated and some partially decomposed solid, Further examination,of
the literature revealed that Foz and Colomina32 had experiencéd the same
sort of difficulty and had concluded that preparation of the perfectly
stoichiometric pentahydrate in this manner was not feasible, GConse~
quently, we decided to use aqueous solutions for the calorimetric study.
Notes Samples from various commercial samples of the pentahydrate were
analyzed directly from the bottle, The results from one ‘bottle varied
from 4,95 to 5,07 waters, and otﬁer older bottles showed 4,93 and 4,83
waters respectively, Thus, even in previously unopened (older) samples,
there is some evidence of decomposition,. If SOBa is formed as a de=
composition product, this'eould,contribute to the ghanging titer often
reported fer fresh Na28203 solutions, until such time as the SOB; had
been oxidized by air,.

Such solutions would have some additional advantages for calori-
metric work, Inlthe.first place, it would not be necessary to know
the heat of solution of the solid salt, Secondly, for a reaction such
as this which is known to proceed through intermediate products and
therefore not be “instanianeous", an aqueous starting material would
most certainly favor a faster reaétion than wonld a solid, The reagent
solutions were prepared by dissolving'freshly recrystallized wét salt
in recently boiled distilled water, and their titer was established
with a standard KIO, solution, |

B=-2., Other Reaggnts. ‘The standard BrB“.solutions were xepared
by weighing out samples of recrystallized KBr0, (described in Part II
Ghapter 2-B of this thesis), and adding a weighed éxcess of dried.v
reagent NaBr and a known amount of standard HG104° Sufficient time

was allowed (3 1/2 to 17 hours, during which time the solution was
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covered) to insure complete reduction of the KBrO'B°
Co Calorimetric P;oeedure;

~ The experimental equipment (wvhich was also used for Part II of
this thesis) has been previously described.,33 in the first few runs
(for which the details are not given in this paper) the sample bulb
was broken by thrusting through it a rod which moved throughvthe center
of the stirring shdft, The calorimetric heats for three runs (on the
same sample basis as used for the runs deseribed in this section)
varied from 133 to 147 calories, It was felt that perhaps the concen-
tration of Br3" wﬁs insufficient to cause fapid enough'oxidation, so
another run was performed in a similai manner, but using more BrB‘,
with the resulting heat of 138 calories, Finally, some runs were
tried, breaking the sample bulb on the bottom, with the results
described in the next section, (159 to 161 calories) The probable
explanation for this phenomenon lies-in the initial precipitation
of sulfur desecribed earlier, When the sample is broken with the
rod, the solution pressure would immediately force some of the thio-
gplﬁatg_high up énté the previously dry stirring shaft on the end
of which the_buib was aﬁtachgd; Some qf the"acid Brj” solution»
would quickly follow, causing precipitation of sulfur on the inside
walls of the shaft, but since relatively poor circulation is
effected in this small part of the apparatus, all ﬁhe sulfur might
not dissolve during the run, Some sulfﬁr was noticed on the inside
walls at the completion of these early runs, However, by breaking
the bulb on the bottom, this stirring shaft is not immediately
accessible to the 5,05 solution, so essentially all of it is
released into a great excess of oxidizing agent which should pro-

mote rapid and complete oxidation,
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3 A1l weights are\reduééd tovweight in vacuo, The heats were
measured at 25,0° £ 0,5 and are reported in terms of the defined
calerie,

D, The Heat of Oxidation of S,03= by Brs~.

In this series of runs, 5 ml (weighed) samples of standard
N328203 sqlutiqn were broken into an excess of agueous Br3’ and
HC10,, The details are given in Table 5-2, (Br,- production

described in previous section,)

Table 5-2

The Heat of Oxidation ofv3293= with Br ~ Pgrt 1

' Total Grams  Grams Grams Moles  Moles(®) Qe
Runs Water Added KBr0;  NaBr HCIOA NasS-03 cal,

1 102809 2,5851 15,076 0,2326 0010030 161,29

2 " " " oom n 159.14

3 " o " " n 159.46

4 o a n n . 160,46
Av, 160,09 = .8

(a) The Quantity A in Equation (5-1),

~ The quantity Qé'refers‘to the actual heat evolved in the
calorimeter, By the "net" calorimetric reaction, we shall refer to
reaction (5-1), the simplest reaction that ecan be written which includes
all the neutral substances whose concentrations change during thé

reaction,



K NajS05 + B Bry + G NaBry + D Nabr + 54 H,0 + E HC10, =

F NayS0, +E NaHSO, + E NaCl0, + 108 HBr (5-1)

R L , ‘
(Values for the coefficients are given in Tables (5-1), (5-2), (5-3) and

(5-4)0) |
@G-S EE-2 0 Do s texts)

The quantities A through F refer to the number of moles of the different
.épecies as indieatea by the equation, It is understood that these salts
are considered completely ionized in the aqﬁeous solution, They aré
written in this form rather than 1onlzed, to emphasize that these are

the substanees present in the solution which will be comsidered for
dilution purposes. (Of course, this particular choice is nob necessarily
unique, for since there is also K' ion in the solution e.g., some of the
above salts might have been wfiiten_as potassium salts, However here we
are not sonsidering the potassinm salts as taking part in the reaction,
Naturally, they do contribuﬁe to the ionic strength, however, ) Also,

F Na2804 and E NaHSOA means that the solution eontaing F moles of SQ&

and E moles of H503” ter the'H+a SOLﬁ and HSOAf have come to equili-

briom (there is no additional 504= ar HSQQ? in tha soiution hot partici~
pating in the net réa@tion)o |

Since this is a balanced net feaétion9 certain relationships can be
immediately deduced for the coefficients, The sum of B aﬁd G, the total
mnoles of oxidizing agent reactin g with the A moles of Na 203@ must =
LK. Similarly, E +E (the "total so “m) =24, and C + D = 24, In arder
to saleulate B, C and D, we mnst know the tetal number of moles of BrB P
Brz(aq) and Br™ 1n both the initial and final solutlons and then determine
these quantities by differences, These were calculated using the equili-
brium constant K298 = 17 (See Seetion II, Chapter 5), In Table (5-3) are
‘given the results of this ealculation both inlﬁéles_and molality (along

with the differences which are the coefficients B, ¢ and D, A calcu~
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1ation s_lqued ‘fqha.t'; mpbﬁzé;ﬁion of Br2 could be neglected,)
o MMg the course of t@ie':feaéﬁ'ion, the total ionic strength changed
very "_"Lifti_e',iso we will adopt the average value ’1 = 0,290 for both the
initial and fimal solutions, |

' Table 5-3

Species in Calorimetric Solution

HBr -

Before Reactioﬁ'} ' - After Reaction Net Moles
s e | ' Reacting
Subgtance  Moles ' Molality . Moles Molality (Difference)
_Hg_ 59,332 - - *f=w£w - --
Brév(aq) JO26UL 024456 o 022297 020765 003844 = B
NaBry . 0020292 - ,01898) . 0020124, - ,018741 a.006168 =C
NaBr 033330 031182 031500  ,029335 ,0018%0 =D
| KBi‘ - f “.015478  JOL480 0178 OU4L O
HBr . - 01000  .00931 010030 = 104

Caloulation of the coefficients E and F requires a knowledge of the

'_ ‘equilibriui constant . D
() (504:): :

Lt (5-2)
T@s0)

" where the bracketed quantities are ’ﬁhe"ig;b.;aél, concentrations (strietly

‘ Spéafciﬁg“ in molality) of the separate substances in the “solu_tion.
Fuffhermuré,'Kd”muét'be known at the ionic strength of the reaction
 mixturs, Bray an&’Liébhafsk334 determined Kq as a furiction of ionic
‘strength, ahd tabulated these values in their paper aiong with those of

' Skrabel and Weberitscho? These data are reproduced in Table (5-4).
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Table 554

K4 as a Function of Ionic Strength

Skrabel and WeberitschBS ' Bray and Iiebhafsky
1/2 : 1/2

0.210 00,0243 04299 0,0336
0324 00290 . - e312 0377
0328 0069 () .330 0480

0338 - 0370 o344 «0570:
0340 ) 00675 034—5 ‘ éo 595
o347 - 60443 o obh3 . 0654
0416 ' 00675 ° 525 00754
b2 00566 - o
k56 ‘ 0760
9&64 ' 0110

I plotted these déta as 1/4 log Kq vso P the form adopted by Bray and
Lie‘bhafsky,B4 and drew the best line through them, reading of £ the vélue
at }11/ 2

0,12, (Essentially no extrapolation is involved,) Bray and Liebhafsky34

=VO°539 (i°e°, F= 0,29, my ionie-strength).: The result was Kd =

treated their data in a slightly different manner, They drew a curve
through the data in the low concentration range (there was data for moXe
dilute solutions from conduetance measurements of Sherrill and Noye536
which they also used) and then drew the curve in the high concentration
range to correspond to the shape of the NaZSQA-aetivity eéefficigpt
curve, This amounted to ignoring all the déta in the high concentration
- range, and the value of Kd read from their smooth curve at'r;/2 = 0,539
is accordingly lowef thaﬁ-mine,' However, we know today that the inter-
pretation of activity data on a theoretical baéis, correlating it with
ionic strength alone, is an extremely complicated if not unsound process
in more concentrated solutions, and furthermore, no completely satis-
factory treatment has been worked out, I feel that the best procedure

is to base my choice of Kﬁ on the actual experimental data in the
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coneentrgtion range in question,
~ With our choice of gd? we are now in a position to calculate the
coefficients E and F3 these quantities are tabulated in Table(5-5),

. Table 5-=5
-§y;£gte and Bisulfate Formation (See Eq, (5-1).
Substance Moles | Mblélity |
Total B 01487 o138,
Tqﬁal 804= ,000931 = F | 50008é7
Total HS"A" 2001075 = E »001001

Thisﬂcomplgteg the calculation of all the eoefficients in equation
(5~1), The next step is to eliminate the extra species in equaﬁion (5-1)

by combining additional reactions with it, For the reaction:

] g (Brp + NaBr + NaBr) (5-3)
We choose our AH = AH®; =<2,0 keal./mole, (See Part IT, 4 and 5)
Thus Q, , = & (2000) = 0,34 cal.

The other reaction we must consider is

E (NaHSO, + NaGIO

2 ,, = HC10, + Na SOL)"{,E- . (5-4)

4 2

Thguvg1qes:AHf = =331,23 and w31°45 kcalo/hole for NastAVand HGI!.OZP
respectively are simply interpolated from the Bureau o Standards
'bables-6 entering the tables with the concentration for each that would
be necessary to mgké up the entire ionic strength o the solution, For

£

NaHS_O49 a value is listed for Z,\I-fO in 200 Hx0 but this value is probably
incorrectly based on heats of reéetion that were not corrected for the

heat of ionization of HSOA“; in any case, its apparent heat of dilution
seems too high (1.6 keal,/mole), Instead of this, we will calculate a

value from the infinitely dilute solution values for Na™ and Hsodn, using
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amsmgll heat of dilution estimatgd from NaNOB or NaBros, '(This ehoice (o'l
analogy is discussed in Chapter 6;E°) In this manner we salculate AHp =
~269°1_kcg1°/m91e for NaHS0,, For NaCl0

4 A
dilution correction, with the final result AHE = =88,90,

s we must estimate part of a

Combining the above values, we have the result AH, , = =4.68 keal,/

5=t

mole, or Q_, = (4,680) E = +5,03 cal,

54y -
These results are now summarized in Table 5-63; the values being
valid for all 4 runs,

Table 5-6

The Heat of Oxidation o 8203= with Bx°3'= (Part 2)

o AH [ame - age

Q5-1'_av Y3 [ By | %5 [Taes o 1 55 56

cal, cal, | cal,] @al, lkeal,/mole | keal,/mole
160,09 0,34 | 5.03] 165.46] -164.97 | -167.07

If we add reastions (5-1), (5-3) and (5-4), we have reaction (5-5)5 with

Q = Q + Q + Q shownn in the Table,
5-5  5-1 5-3 5-4,
3 Y = 10A -
A NajS,04 + 4A Br, (aq) + 24 NaBr + 54 H0 = 24 Na SO, + 1OA HBr (5 5)
AH is obtained from the relation:
e Qs keal
AH5m5 = «muzmz A , and is the heat for reaction
A molie

(5-5) where A = 1 mole, uncorrected to infinite dilutionm,
Dilution corrections for water and Br, are neglected, and those for
Na,50,, HBr and NaBr obtained from interpolation in Bureau of Standards

data, I made one calorimetric run for the heat of dilution of my

' 37
Na28203 solution and found general agreement with the results of Plake,

The balance of this small correction was estimated by comparison with

NaZSO4 solutiong, The combined wvalue of all of these corrections was

=2,10 keal,/mole (of which, =2,00 keal, arises from the dilution eof 10
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I_x_loles of HBr) and AH® 6 in Table 5—6» was calcula‘beq by applying it

to AH5n5. Now that we have the value of AH®, we can rewrite equation

(5-5) in its equivalent ionic forms
= . : ) _ = + - . ‘
8203 + 4Br,(aq) + 50,0 = 2_804 + 10 + SB? o (5-6)

L BEO, o = m167.07 keal,/mole, S

. ' 6
Now, combining our AH®  with Bureau o Standards data, we calculate
; _ 56" : » . :
our final calorimetric resulty AH%s = ~152,0 kcalsz_mdle for 8203= at

298,16° K_._,'v Further discussion and evaluatioﬁ‘of this quantity will be
reservéd for Chapter 6-B, For a discussion of the heat of formation

data for Bry~ and Br,(aq) see Part II, Chapter 6,
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Chapter 6

Calculations, Conclusions, Discussion

A, Calculation of Heat of Reaction from Fquilibrium Data.
From the values of log Kb at the three temperatures summarized

in Table 4-10, we are now ready to calculate AH®°, ,, the heat for our

I-6

experimental equilibrium rea@tions o
2g(e) + 5,0, AgQS(a) + 80,7 T (4=2)

3
_Howevers_in_order to do th1s9 we must adopt a value for_AGb for the
reaction,

A-1, We are not in a pos1t10n to speclfy

this quantlty exactly, for there are no data at all for the partial

molal leat capacity of NaZS.O30

are available for accurately estimating values for partial molal

Furthermore, no empirical techniques.

heat capacities, In fagt in this area there exists a wide gap in our
fundamental knowledge of the chemical thermodynamies of aqueoﬁs
solutions, Values are known for the heat capagities of the solids

‘ solely

p
on the solid values, with the argument that the roughly similar ions

38 .
Agéf-and.ggo If we chose, we could base the reastion AC

803= and 8203” wouli have approximately equal values of G @, Thié
calculated value of Ac:p (4=2) varied from 11,9 at 25% to 16 3 at
195°,

Harned and Owengl list data for two salts of this valence type,
with considerable uncertainty indicated, These are: Naé30 9 ,pz =
(=503) KZSOAg Gp; = \uéo,é)o We cannot really conclude much from
these data except that the walues appear not to differ greatly,

If ghe species in equation (4-2) were all uncharged, we might
have a good argument for saying'ﬂgp (4-2) = 0 just on the basis of

the mass effect, If we then knew or could calcuiate the separate
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effgct oﬁ eharging up the ioné in the aqueous medium, we might be close
to a good answer, The. trouble is, we do not kmow how to make such a
calculation, We feel that the moét justifiable assumption under the
eircumstances-is to select the value AG; = 0 for the whole reaction
(4¥2) in view of the general symmetrical mature of the reaction, with

the understanding that this may be off by’lo or even 20 C units,

p

- A-2, Galculat;on of AH°_forWSém3; On’ the above basis, we can

caleculate AH® = Dby plotting =4.575 log K, ws 1/f9>drawing the best
straight line through the points and taking the slope = AH°‘ If
AC§ really = O, this curve sh?u;d be. an exach straight ilne, Such a
plot has been made in Figure 6, frbm which we read the value AH°4w2 =
%3045‘k@a10/mbl@¢ It might be argued that the value for Ko at 25°
is just not certain enough to read too much significance into the
| unusually good straight line shown in Figure 6, On the other side of
the ledger, we have the faect that since the AH@ZEZ is relatively small, .
the error in keal »/mole from errors in.slopé is also small, whether the
error arises from AGP errors or equillbrlum errors°

As an example, I also mde a plot (not shown here) e i Z vs. 1/T,
wheremz represents all terms other than the 1/T term in the free energy
equation that showr variation’with temperature, The AG ) used for
this plot was that discussed abowve, based only on the so?st (values
between 11,9 and 16,3, 25°.to 1959), Thisvplot gave not quite such a
good straight line; but the best élopg value was -4,8l, differing from
the mrevious value by less than 1,5 kcalo/m‘c;le° Also, there is no
compelling reason for us to say a prié;i that the equilibrium point
at 25% is no good, and in fact we gave an argument based on the

equilibrium data alone why it might represent a true equilibrium value,

(Note that if the 25° point had not yet>"come up® to its equilibfium
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value the curfaturg from a plot like Figure 6 would require an even

more positive AGP forireactioh (4-2).) Finally, note that the values

here represent an unusually wide temperature variation (175°) compared

with that usually found in aqueous solution studies whiéh'meéns that the /

slope is relatively insensitive to an error in the 25° (6rv195°) point,

m Combining the valu,e"AH°4 é'f ~3.45 keal,/mole with Latimer's data?
for SQ - (see3secﬁion B=1 fér diseussion) and Bureau of Standards dataé

3

for the other species, we calculate for 5,0, 4Hg = ~156.05 keal/mole,

B, Seleétigg of "Best? Values fog;lhgrmodynamicAPronertieS'og
§ég3f at 298216°“K,

Comparing the above value far AHE with our calorimetric result:

4H§ = -152,0 we see the agreement is neither outstandingly good nor
puﬁstandingly poor, On the one hand, for the calorimetric data we
have the uncertainties in equilibrium constants for HSO = dissociation,

4

and B?% - Br, complexing at the experimental ionic strength, as well as

2
possible uncertainties in heats of formation of Brz(aq) and ByB’
(see discussion Part II, Chaéter 6)s Mareover, heat o dilution
sorresctions are by no means unimportant esPeciglly where maltiplied
by large coefficients (up to 10). Also, the large value for the heat
| of the calorimetrie reaction (AH° =>;167 keal,/mole) means the results
are less precise in keal,/mole, | |

On the other hand, for the equilibrium measurements, ﬁe.haveAthe
unCertéinty in the 25° point (also some in the 195° point) plus our
lack of an exact AGP value for our reaction, Thus, the general agree-

ment from these entirely independent investigations is really
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considered to be enconraging, taking intg account the circumstances
described above, Therefors we will adopt as our heat o formation of

S50, the average value AH = ~154.0 keal,/mole with an uncertainty of

3
pgrhgpg * 2 0 2,5 koal,/mole, (It is interesting to note that this is
app:ogimétely equivalent mathematically to making a 2 plot of the |
equilibrium data using a Acb somewhat more positive than that for the
soliié‘alone.) From this comparison, we will say that K@ at 25° and
our assumption of AG@ approximately O are probably reasonably good,

_ With this average value f@f AHE we recalculate the value AHZQZ

= =5,5 and then correct our best equilibrium pointrat 122,5° to 25%

according to the equation:

log K, (208,16) = log E_ (395,16) = b,

2( 1 _ _ 1
4,575 \ 395,16 298,16

(6-1)
or log X (298,16) = 2,205,
- From this we,calculétg the value AF?4_2 = =301 kcai./ﬁoleQ
whence A?% =_~12232 1 keal./mole at 2@8,16 for S§203=o Our figal
caleulation then is to combine AHS and AFg?to caloulate AS2 = -105.0
e,u, and Sggg = 15,0 e,u, We should set an unceftainty of-5 a 6 e,u,

-

on this value,
These calculated best values for the thermodynamic properties o
8203=-are tabulated in Table é-1, For the sake of comparison, the

latest Bureau of Standards values are included also,
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Table 6-1

-6

"Best" Values for Thermodynamic Properties of 8203= at 298,16°K

MBS (keal/mole) AF;(kcal,/mole)' S° (cal,/mole°C)

o+

This Thesis =154,0 + 2 =122,7 # 1 15,0 * 6

No Bo 806 ""”1540 -12702 29

(Estimated maximum uncertainties are shown)

‘Bel, §93= Thermodynamic Properties, In the introduction of

this thesis and in the preceeding section, the remark was made that

thermodynamic pfOperties for SOB would be adopted from Latimer’

rather than from the Bureaﬁ[of Standards,,6 Powel_lB9 has ealcu~-

lated the free energy of formation of HZSOB(aq)vstarting with wvapor

b.pressure'data for 505 over aqueous solutions as a function of
temperature and carrecting for H2803 dissociation, He obtained
consistent answers from results'Cf many observers taken over a
period of many years. On the basis of this revised quantity,
Latimer' adjusted the free energies of formation of ESO_" and S0,”
to give a reasonable £it with the free_energies of ionization and
benfropies of formation and ionization, KThe Bureau of Standards

data6 apparently are not corrected for dissociation of HZSO39 S0

we shall adopt the values calculated by Iatimer.’
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C. Previous Studies., _ _ _ _ ) o
glthqugh SéOB= has“been rglatively littls.étﬁdiéd“thermodynamicallyg
some previous work has been done, so it will be desirable to examine in
more detail two of th‘ese-works° It is felt that there are too many un-
certainties in the very old heat measurements of Thom.psen3 and B?rthelob4

to make more detailed examination worthwhile here, (Their results were

given in Chapter 1.)

C-1, g;ghowsgyﬁéwstugxo' By far the mpst detaiied ihvéstigation A
of 5‘203= thermodynamics was that conducted by Biehowskyl in his study of
the reaction , 0 A ,

2H20(1) + GaSéOB (aq) = GaSO3 ° %HQO'(Q) + S, o (6&2)
The difficulty with the.formﬁia of GaSOS ¢ 2H,0 was previously deseribed
in Chapter 3, A, An erroneous Kopp's law value is calcuia,ted for the
heat eapaeity of GaSO3 hydrate if it is considered_the‘dihydrate'when
actually it is the hemihydrate, It is difficult to understand the
cause for Bichowsky's measured value agreeing with such a Koppls law
value unlessvﬁhe solid was impure or ﬁeto

Another place where the formula must be considered is in the
Qalculation of the solubility of the salt in moles from the weight
in grams that dissolve in water. One of thé»r@a@tioné that Bichowsky

used to ealculate the free energy of SZOBQ is written:

3
Unlike the earlier workers, Bichowsky titrated the mumber of moles of

I S '
CaSO0g © 2Hg0 = Ga%f + 80, + 20,0, - , §6m3)

SOBg in a saturaﬁed-solutionjthwughahiS"results showed a spread of a
fagtor of 8, Besause of eancelling errors the free energy of 8203&
thusly determined from the sum of reactions (6-2) and (6-3) would, then,

not be affected if all the samples of the calcium sulfite hydrate used
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had t@e same composition, The Bureau of S'F.aa,ndards6 values for thermo-
dynamic properties ofw"G'aSO3 o 2H20" were calculated from his data
however by equation (6«3)y so0 as they stand they would not.represent a
true value for any substance @onsidering that the dihydrate does not
exist), There appears to be an error of sign involved-in_this cal-
culation, also,

Bichowskyfs equilibrium measureﬁents for reaction (6-2) weré
made between 80 and 141° C with the equilibrium concentrations of

GaSQO varying from 0,27 to 1,12 M. To correct these data to 25° a

3

knowledge of AGp for the reaction is vital, for from the nature of

equation (6-2) this should be very important, The possible error
in the‘GP value for Ca803 ° (?) H,0 has already been mentioned above
and in Chapter 3-A, For GaS'zO3 solutions, he did measure some
specific heats at 25°, and calculatdd values for the partial molal
heat capacities at the equilibrium coneentrations, His results
showed a variatién of Upz
centration range of 0,16 to 1,12 M, This is a remarkably small change

from -3.4 to =2.,6 Gp units over the con-

{less than 1 C_ unit) over such a concentration range compared with

P
that of other known salts, For example, Na28Q4 shows a variation of
about 55 Gp units over this same concentration fange.40 (Bichowsky!s
measured activity coefficients for Ga,STZO3 show: no such abnormality,
giving approximate agreement w?th those of other sulfates) I tried
to recalculate the heat capacities from his specific heat values,

but could get ngither reasonable ansﬁers nor his‘gngwers. -Another
difficulty is that for his reaction, (6-2), the change in AGp with
temperature might be_im@ortant, and this is an undetermined quantity,
This general uncertainty in AC_, for the reaction would easily explain

p
the poor results for a 2 plot, described in Chapter 1,
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In this paper Bichowsky also salorimetrically measured the heat far
the reaction .
CaS,0, (aq) = CaSO, (in 50% HCL) + S, - o (6-4)
No dilptlon corrections wére included for the right side of the equation,
nor was acécunt taken of H2803 and SO, formation, For these copcentrations
such dilution effects alone would amount te many kilpgaloﬁigs of energy.
Bichowéky_and Rossini? in caleulating AH% of 5203= from this reaction
assumed the net reaction to bes |
5,057 = 80,7 + S, | . | (6-5)
so these errors would show up directly in the AHZ,

£°

~ In order to get the value he needed for the heat of reaction (6~2),
Bichowsky also determined the heat of reaction (6-6):
CaS0, (in 50% HCL) + 2H,0 (in 50% HC1) = CaSO, © 2H0 (e) (6-6)
The result of adding (6m4) and (6-6) is reaction (6-7)s
CaS,04(aq) + 2030 (in 50% HOL) = CaSO3 * 2H,0 (c) + Sp (6-7)
In assumlng that this iz the same reactipn as (6m2)9_the important hgat
effest for correcting water in 50% HCl to the pure liquid state has been
negleacted,

There are other qﬁestionable quantities in his paper that might be
discvssed, Howsver, the above points shéuld make quite understandabie
the apparent thermodynami@ inconsistency in these data for Sy BQ ion
brought out in Chapter 1, !

o These workers reported

G=2, Ballezomand“Kaufmann'sHStud;

equilibrium constants for reaction (6-2) at 40° and 36° G, Although
they approached equilibrium only from the Ca8203 side, after vafying
periocds of many months, the Sf203= concentration remained unchanged,
Even if  the solution had reached equilibrium; however, it is difficult

to see how any thermodynamie significance can be placed on their results,
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In the first place the equilibrium concentrations of G@Sé@Blgaq)“
(iceey the equilibrium constants for the rgactions as used by Bichowsky)
were 6,9 and 9,2 M respectively, They plotted log K vs. 1/T and drew
a straight line through their data and Bicﬁowsky“s;l In'order:far the
slope of this‘curve‘to represent a AH® for the.reaetion, activity
_corfeetion§ in 7-9 M solutions must be negligible 4nd AC, for the
reaction (6»2).(discussed_in.previeus_Segtion) must be O, Since neither

assumption is good for this reaction, we shall not try to interpret

their data further, Their reported heat on the basis of reaction (6~5)

was OH, . = 12,8 keal, and from this we calculated the value of AH, =

6=5 _
=164,7 kealo/mole mentioned in Chapter 1, (Our final average value

“was AHP = =154,0 keal,/mole,)

D, Sulfur Potential Diagram,
It may be profitable tomssexamine the sulfur potential diagram

in view of the new value of AFg = ~122,7 kealo/mole, To caleulate

the free energy of formation of S 06=9 the entropy was estimated as

I
52 e,u, from the method of Connick and Powell4! considering this sub-
stance to be a dimer with a monomerie unit’ like NOB"= G§°_= 35), All
other data were taken from La'bim.erso7 The results‘arenéhown in Table
6-2, |

203= should be relativeiy easily
oxidized to HSO ~, The fact that even with powerful oxidizing agents

From the potentials shown, S

such as Ce™4 thevreaetion is not rapid or complete serves to emphasize
the complicated mechanisms that must be involved, At least, with
several oxidizing.agents, such as Br3° and C10~, the first step is

likely the familiar decomposition into S and SO = (as evidenced by

3
the frequent momentary appearance of sulfur in the solutions.,)
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: Tab1¢_6-2 _
Sulfur Potential Diagram 7
-2 o +2 42,5 | +, +6

-0,14 =0,51 = -0,06 _ .- =050 =0.17 . =
H.S s 8,057 It 80,7 ———— H,S0, 50,
0,39 | -0.12 JSO _
’ 4
-0.25 |

Values are in volts/equivalent,

E. Discussion of Entropy of 8,0,

It will be worthwhile now to interpret the value of the entropy of
8203= in terms of what we have previously referred to as a "réasonable
value" without ever having defined more preciselfo

Undoubtedly the erystal size of 8203= is somewhat larger than that
of SOL=;-since these two ions have the same total charge, one might
expéct’3203= to have a slightly more positive entroﬁy than 80439 in
accordance with the rather well-established trend with other agueous
ions, It was on this basis, that Latimer’ estimted the value & e.u.
| (cofo 4 for SOZ::)_°

This pieture conceivably could be more complicated, however,

Consider for a moment the strueture of SZO = and S0

3 and 80,7
o  =2/3% _ =1/2 -
~2/3E ~2/37 -1/2
0—g—o0 | 00 /2
0? 01/2

One could imagine that the more electronegative oxygen atoms could
"rob" the outer sulfur atom of some or most of its charge, Assume
the 4 outer oxygen atoms of 8043 to be the charge carrying groups,

each bearing 1/2 unit of negative charge, If all the charge shifted
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awayrffpm the outer sulfur on 8203=9 each 0 atom Would end up bearing
2/3 ingtead of 1/2 unit of negative charge., The net effect of such é
transfer might be that the 8203= group in this configuration "ties up"
a larger total amount of water than in a configuration with the outer
S atom carrying its full 1/2 uwnit of charge, Since it is owr under-
étanding that the amoﬁnt of water ?bound" by an aqueous ién is a direct
measure of how_much fnegative entropy" the ion has, the resulting
editropy for S;05~ could be mére negétive than that for SO .

The treatment of Powell and Gonnick4t for aqueous entropies of
polyatomic oxygenated anions allows a slightly different approach to
this problem; by its application and by analogy, we can set limits on
the value expected for the entropy of 8203“'"° They consider as the .
important factors to be used in evaluating an entropy, the number of
charges and the number of charge carrying centers - (1se0p for them,
oxygens). Relative sizes, masses, and other factors are not considered
relevant, Thus, in the event of shift of all charge from the sulfur
to the.exygens in 320 =5 there would remain 3 charge carrying groups a
with a total of 2 charges,.so 8203= would look mpfe like S03= or GOB=
(=7 and =13 e,u,)., (By analogy, as our model for estimating the heat
of dilution of NaHSOA in Chapter 5-D, we‘used NaNOB.iﬁmthe HSQA- ion,
the oxygen participating in the OH group apparently carries little or
no charge, so the OH can be eliminated from consideration, leaving
SOBQ approximately like NOB"O)

For the other extreme, there is a different model that can best
be illustrated by an example, such as Cr207=¢ Writing its structure:

3 9

Cr 0 b -0 |- ?

b

it

0 :
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they say its entropy can be thought of as consisting of twice the
entropy 9f a monomeric unit M‘OB‘B:,J minus a fixed figurevrepresenting
the entropy of dimerization, This figure (experimentally about 18 e.u.)
should be a constant value for all ions where the separation is great
enough for the separate monomeric units to aect independently on the
water, This is mathematieally equivalent in their formulation to
adding the constant 25,5 e.u, to the value of the entropy for the
simple vuméxtended ion to get the value for the extended ion, For
this extreme case, we consider the outer S of 8203: to carry all its
ghare of charge, and furthermore to be sufficiently large to have its
influence on hydration independent of that of the rest of the ionm,
Thus we would ealculate the entropy to be 25,5 e,u, more positive than-r
the value for SO&s, or 29,6 e,u, Now, since it is quite certain that
~all of the charge would not shift away from the S, and it is also
certain that sulfur is larger than oxygen, ore might almost predict
that the positive effect would predominate, it being the larger omne,
(ic€0, the.lower limit is approximately 1l to 17 e.u, below the SOA=
value, and the upper limit 25 e,u, above.)
A requirement: that I believe should hold for the entropy of
3203= can be deduced from axamination of the entropies of C(H™ and '
v SHé'° These are both well-known quantities, for which the Bureau of
Standards® lists -2,52 and 14.6 e.us respectively, (The 5° for HS™
was recently measured to be 15,0 % 0.4 s.u, by Kury, Zielen and
Latimere42
-Note that the value for HS™ is 17 e,u, more positive than that

“for (H , It would seem then, that the entropy of S _0,” should be no

23
more than 17 e,u, greater than that for SOI;° The replacement of one

out of 4 oxygens of SO, by a sulfur to make S,0

4 ®, could hardly

3



-
cause é_ greater effect on the total ionie hydration than would the _rgplace- |
ment of the only oxygen. in OH with a sulf“uz" afom. In fact, one would
vprobably‘ expect the different between. SC)I“"= and 329; entropies to be some-
what less than this 17 e,u, The experimental entropy value of 15,0 for
Si20 = obta.ined in this research is 11 e.u, more positive than S.'Olp’"s-, which
is entirely consistent with the abowe discussion, (Of course in.SH™, ‘the
possibility of charge tiransfer- to other oxygen atoms does not exist, so

we probably could not say with certainty from this argument that the
entropy of Sf203= is greater than thgt of so:, ;rhis resulb appears quite
reasonable, however, The fact that S% does not have a very negative
entropy (-4 e.u;,42)‘ for a small doubly charged ion lends further support
to this idea of a relatively positive entropy contribution from sulfur

atoms, )
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II. The Heat and Free Energy of Formation of Bromate Ion

1, Introduetion  -

Lewis and_Randalll calculate from the‘measurements‘of Sagmet?Aon
the bromine-bromate electrode that the free energy of formation of
B:OB_ is 2,3 keal./mole, The National Bureau of S%gn@grdsB gives 10,9
keal,/mole for the free energy of formation, This latter quentity
was calculated from Thomsen“s4 heat for the redu@tion of Br03m by
Sn** and Ahlberg and Lgtimerﬂs5 éntropy data for BrO;’o The large
disérepancy was thought to be primarily due to an inaccurate value
for the heat of fbrmation of Br’OB‘"° Hence, the present investigation
was undertaken to establish a more ascurate value for this quantityov
Two main reactions were studied, (1) the heat of reduction of KBrOs
by iodide, and (2) the heat of reduction by bromide, The heat of
solution of KBrO3 in water was also measured,. |

Unless specifieally stated, all heat calculations were made

using heats of formation tabulated by the Bureau of Standards,3
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2, Experimental
Calo;ime?er, The calorimeter has been described previously.éf7
The possibility of variation in the calorimeter stirring rate has been
reducgd by the use of a synchronous motor with chain and sprocket drive,
The standard resisfances in the calorimeter circuit were calibra’péd
against resistances recently éertified at the Bureau of Standards,

- The samples of KBrOj (weighed in thin-walled glass_bulbg) were
either fastened to a glass rod running through thevcalqrimeter
stirring shaft and broken on the bottom of the calorimeter, or were
féstened direétly to the stirring shaft itself and broken by thrusting
a rod thfough them, The reactions were calorimetrically complete in
5 to 25 minutes, The heats were measured at 25,0 * 0,5° and are

reported in terms of the defined cealorie.

Réagent o All weighings were corrected to weight ;Q Ya.cuo When
necessary., ITwo separate lots of reagent grade KBr03 were recrystallized
and dried for several hours at 160°, One lot was analyzed by gravi-
metric titration with thiosulfate and was found to be 100.17% pure,

The other lot was not analyzed, but samples from it were used at
random, with no systematic differences in the calorimetric results,

The thiosulfate golution was standardized with recrystallized KIOs.

The KI, NaI, Kﬁr and NaBr used in the reduction runs were reagent

chemicals dried for several hours at 110°, The perchloric acid was

a double vacuum distilled reagent and was standardized before use,
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3. The Heat of Solution of KBrO3

VThree determ;nat;ons were made ofrthe heat of solution of KBrO3

in water, The details are given in Table I,

~ Table I

The Heat of Solution of KBrO,

, BHy, -
Run KBrOBb €o _@20'2 go kcal./mole
1l 2.407% , 1053 . Q074
2 1,5186 1053 9.79
3 2.8477 1043 : 9.80
Av, 9,78 .

Using the heat of dilution calculated from the Bureau of Standards?‘l

data we correct the average value to AH® = 9,76 * 0,05 keal,/mole for

KBrOB(c) = Kt + BrO,” (1)

~

This compares with the value 9,8 kecal./mole calculated from the Bureau

of Standards data,>
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4o The Heat of Reduction of KBrO, with I~

- In this series of measurements, solid KBrO; was dissolved in an
aqueous solution of HCIOA and either Nal or KI, The details are given

in Table II,®

Table II

The Heat of Reduction of KBrOj with hay

Hzo, s "‘AH%’
KBro., total KI,  HC10,, Qs Qs ~ keal,/

Run  _g, 3 g - moles ca(I.ﬁ ea%e ~mole
1 0,3787 . 1060 10,07 0,139 273,48 0,9 121,01

2 « 5460 1057  17.74 (093 410,6 «69  125.8
3 04996 1066 16,96 .+093 367,40 65 123,04
4 24162 1060 11,39% . L,116  304.9% .75 122,67
5 ~ 3070 1057 17,00 093 225,82 .35 123,04
6 +5299 1070 17,74  L093 388,27 67 122,59
7 3872 1060 7,92% 116 285,11 1,15 123,47
#¥NaI used, v Av, 123,09

Qe refers to the heat evolved in the calorimeter, Qb refers to the
calculated heat for the conversion of the aqueous iodine (formed in the

calorimetric reaction) to triiodide9

L) +T =17 (2)

The sum of Qc and Q2 is then the heat of the hypothetical calorimetric
reaction where all the oxidized iodide has formed triiodide

"+ K +Br 4+ 0 ' (3)

- +
KBrOB(c) + 91 + 6H = 313

The quantity AHj refers to the heat (in keal,/mole) for reaction (3),
uncorrected to infinite dilution, We shall use our weighted average,
AHB = =122,98 keal,/mole, By assuming that the heats of dilution of HI

and KBr (in our caloriﬁetrie solutionsll) are the same as those for
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0,18 M HI and 0,18 M KBr, we calculated Aﬂg = =122,26 * 0,8 keal./mole

for the infinitely dilute ions,

5. The Heat of Reduction of KBrO3 with Br—

Sqlid KBrOB was dissolved in an aqueous solution of HGlQ4 and NaBr,

The details are given in Table III, R

Table IIT

The Heat of Reduction of KBrOs with Br™

H,0, - ‘ ~BH,
KBrOs3, tofal NeBr,  HC10;, Q'g Q Qs keaéo/
Run go go go - moles ea?o ca&, cal, mole

1 1,417 1061 15,32 0,174 280,38 15,59 0,16 43,32
20,6897 1058  14.89 o174 170,64 8,65 09  43.44

Av, 43.38

Qé refers to the heat evolved in the eélorimeter, Qs refers to
the caleculated heat for the eoﬁversién of the aqueous bromine (formed
in the calorimeter) to tribramidel3

Brz(aq) + Br” = BrBa (4)
Q5 refers to the calculated heat correction for the slight waporization
of bromine from the solution into the dead air space in the calorimeter

Brz(g) + Br ='Br3a (5)
The partial pressure of Brz(g) was calculated assuming complete
equilibrium, A caleulation showed that the hydrolysis of bromine in
6ur solutions waskentirely negligible =~ as wés also the case for our
iodine solutions, | '_

The sum of Qé, Q4 énd Q5 is then the heat of'thé hypothetical
calorimetric reaction where all the oxidized bromide has formed tri-

bromide
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KBrOB(c) + 8Br~ + 6H* = 3Brgé + K+ 3H;0 | (6)

- The quantity 0H, refers to the heat (in kcal/mole) for reaction (6),
uncorrected to infinite dilution, We shall use tﬁe average AHg =
=43.38 keal,/mole, For these runs, the average ionic strength was
aboutﬁu = 0,29, Using methods similar to those described in Segtion
545 wé correct this for dilution effects to AHg = =42,17 £ 0,3 kcalc/

mole,

6, Interpretation of Data
Subtrasting reaction (1) from reastion (3) we obtain

Br03° + 9T + 6H+v; 313m + Br™ + 30,0, 0HS = =132,02 keal,/mole
| (7)
Using Bureau of Standards heat data® we calculated ARZ = -18,70 keal./

mole for Bro;0
BrOB'n + 8Br= + 60 = BBrBQ + 3H20, AHg = =51,93 keal,/mole (8)

from which we caloulate AHZ = -17,82 keal,/mole, Combining the

average valus of AH; (~18,3 kecal,/mole) with the entropy of f’ormation,3
we caloulate AFS = 2,1 ksal,/mole, The close agreement with Sammetts®

value may be fortuitous, as may be seen from a careful examination of

Similarly from reactions (1) and (6) we obtain

the iodine and bromine heat data,

The Bureau of Stan@ardé value Por AH% of Iz(aq) (5,0 keal,/mole)
is based on the temperature coefficient of fifty-year old solubility
data, We calculate from more extensive and more recent détalS the
value 5.6 k@ale/mole {corrected for hydrolysis)P_ For the heat of iodide

complexing of iodine (reaction (2)), the following values have been

6 17

reported in the literature: 7AH§ = 54?3Q,1 _»f3°8?21?_m=§,10 kkca},/

mole, All of these are based on the temperature coefficients of the

equilibrium constant measured in different ways, From the Bureau of



) B 7 _ =106= _ I1I=7
Standards heat data? one calculates the valqe NAOOB_kcalo/m.oleo ;t is

apparent that the considerable undertainty in AHZ of,IB“ causes three

o

times this uncertainty in AH% for BrO3 (see reaction (7)).

In the case of bromine some calorimetric measurements have been
made for the. heat of solution bf Brz(l) and for A-I:IZ@’o Again, howeyer,
the data are old, rather limited, and not obtained at 25°, Calculations
from solubility datals lead to ambiguous results, so we must say that at
least as much uncertainty exists in the Bureau of Standards value for
AHZ of Bza‘*z'== as does in the ISE value, with the corresponding uncertainty

£

existing in bH2 for Bro,

) heats of formation are accurately enough known so that

o

caleulated from equation <8>°v (Presumably,
Iy Br” and Hy
they will not introduce signifieant error,)

From this discussion it_should‘thgrefpre be evident that our final
- calculations of AHZ for BrOB“ from both types of reductions may be un-
certain by as muchbas several keal,/mole, Thisruncertainty arises at
least as much from the uncertainty in the heats of formation of tri-

jodide and tribromide as from our own experimental uncertainties,

7o GConclusion
We will take as our final values for the heat and free energy of
formation of Br0,” our ealoulated averages: AHP = -18,3 & 2 keal./mole

and AFE =2,1 %2 keal,/mole, Additional evidence for these values is
providéd by M&ersls who bhas regently determined AF% to be 2,5 £ 0,3

keal,/mole from kinetic measurements,

s
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