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The heat of oxtdation of agueows sulfor dloxida with gaseous ehlprine haa bern deter-
minzd by salorimeteio methods,  The resulis correspond to the reaction:

Clyg) + 802500 H 04 2502 Hy0=H,30,-2600 H,0-+ 2(HCI- 1250 H.09,
AHES “y = — 7726+ 0.14 keal/mole.

The heat of formation of agoeous zulfurie acld (i 2600 imoles of water) has boen cploelated

to be —213.92 kealimole.

1. Introduction

An investipation of the heats of solution aud
oxidation of syliur dioxide to sylfuric acid osing
bromine rs the oxidizing substance was rrcentl
made at the University of Lund, Swaden [1].7 Al-
though the data on the heats of solution of sulfur
dhowvide were in =ubstantial apreemenl with the pre-
wigus data (2] the ealeulated leat of formation of
sulfuric acid differed by approximately 0.3 keal/mole
from: the resultz obtained in several recent deter-
minations [3, 4, 5, 3]. Because the heat of formution
of sulfuric acid seems to be well substantiated it
seemad probable that the diserepancy must be af-
tribuled to the dufa on the heat of formation af
hydrobromic acid. It seemed desirable, therelore, Lo
maks & new determination of the heat of oxidation
of sullur dioxide using chlorine as the oxidizing avent.
The combined dats would be indicutive of the con-
sistency botween the data on hydroehloric and hydro-

- bromic acid ss well as that between the data on sulfur

diccade and sulfyric acid.  An error of 0.15 keal/mole
in the hest of formation of hydrobremic aeid could
account for tha apparently high value obtained for
the heat of formation of sulfuric acid obtained [rom

. the heat of oxidation af sulfur diexide with bromine.

2. Materials
2.1. lIodine Sclution

The ¢.1 N jodine solution was prepared by di=-
solving 12.7 g of resublimed iodine 1n o concentrated

© solution eontaining &0 g of ilodate-[rea potassium

e

-

indide and diluting to 2 liters. The solution was
protected from light by rovering the hottle with
aluminum feil. Remowval of the solutien from the
bottle waz by means of a aiphon. The aolulion
was standardized agninst wreenious oxide, NBS
atandard semple %3h. Weight burets werp used
for all tatrations,

! Prepent addrees: 211 Tith 8L, Virglnle Beech, Va,
1 Flgures [ brackets Indleste the Hierature references nt the end of Lhia paper.

2.2. Thiosulate Solutian

The 0.05 N sodium thicsulfate solution was
prepared by adding 25 ol reapent-rrade sedium
thiosullate pentahydrate and 002 o of sodinm
curhonate to 2 liters of water., The concentration
of the solution waa deterinined by comparizon
willl the 0.1 & iodine solphHon.

2,3, Sulfur Dioxide Solution

A massgpeclrometric analysis of the gaseous
sullur dioxide was performed by E. E. Hurhes of
the Applied Anelytical BResearch Section of tha
Analytical and Inorgenie Chemdstry Division. The
analyzin gave ithe following results in mole percent:
08 B0, 1.3 €0, 04 Ny, and 0.2 08, The 015 M
sulfur dioxide solution was praparved by passing
the gae through 4 liters of distiﬁe water [rom which
air and (W} had been removed Ly hoilmg. A
sliwht excess of M); was added. This excess was
Inter removed by pessing a sirean of nitrogen
through the solution whale stirring which also
removed most of the OO and CS; impurities. The
golution was protected from lifht by eovering the
bottle with aluminum [eil slight pressure of
nilrogen was mointained over the =olution; removal
from the bottle was by means of a siphon. The
concentration of the solution was detertoined hy
adding & 50 ml portion 1o an excess of stundard
idine =olution apd titrating the exeess iodine
with sodium thiosulfate solution.

2.4, Chlorine

The cldetine was taken Irom a cylinder of gas
certified by the manufacturer to heve n purity of
net less t{mn #5 percent. Noncondensible zases
ware removed by pumping with the eyhoder in-
mersed in liquid nitropen. Before each calori-
metric experiment about a liter of gas was removed
which tended to reduce the smount of any volatile
impurities,
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2.5. Sulturic and Hydrochloric Acid Solutions

The solutions of sulfuric snd hydrocblorie acid
wera prepared from resgent-grade materiale and
sealed into weighed sample bulbs. The concen-
trations were determined breaking some of the
bullba into water and titeating with stendard alkali
solution,

3. Apparatus

The glass calorimeter was, except for minor
changes, the same as that previously described [71.
The Teflon besrings were removed and the stirrer
shaft was supported by ball bearings placed ahove
the ealorimeter head. An O-ring eeal was fitted
on the head to prevent leakage of zas around the
stirrer shaft. A capillary inlet tube replaced the
uveual hulb-erushing spperatus. This tube passed
through the calorimeter head and terminated at a
point about 1 om above the screw-type propeller.
A capillary exit tube projected shrough the calorim-
eter head inte the vapor space above the solution.
Although the meinl parls were not m contact with
the sulgutiun, they were coated with paraffin to
prevent corrosion by the moist vapors,

Calorimeter temperstures were messured to
£0.00005 °C by means of a glags-sheathed plati-
pum resistance thermometer, & (-2 Mugller bridge
and & high-sensitivity galvanometer. Timing of
the experiments was by relerence to the NBS
standerd second signalz, )

The calorimeter syatem was calibrated by means
of alectrical energy using a method which has bean
described {8] except thot & more preciss method was
used to determine the time of the hesting interval
ond the source of the alactrival energy was s constant
voliage electronic power supply which was fed hy a
gatyration transformer. Dhring the beating period
a small current passed through a 60,000-0ohm resist-
ance to ground. Tpon closing the heater cireuit,
the posiive pulse, resulting from the inerease in
petential across & 10, (00-chin portion of the 80,000-
ohm resistor, served to trigger the stari~channel of an
elactronie pating counter which was connected fo a
10 ke atandard Irequency. When the heater eireuit
was opened the resulting nogative pulse served to
trigger the stop-channel of the counter. It was
poszible with tloz apparstus to determnine the dura-
tion of the heating period to £ 0.0001 eee, although
o precision of 40,01 sec would have been adequate,

The calorimeter was modified s]i%:‘ht] for deter-
nination of the heats of mixing of the gdmchlorie-
mnd sulfuric acids in the final epllur dioxide solytion.
This involved the substitution of a bulb-crushin
a}ppmms for the gas-inlet tube and fhe cloging o
the exit tube,

4, Tnit of Energy and Atemic Weights

The unit of energy used in these caleulations is
the absolute joule obtained ns the product of absclute
volta, absoluta am and mean solar seconds.
The convantional mochemical calorie iz taken

a3 equal to 4£.1840 ahsoluta joules. All alomie
weights have been taken from the 1981 table of
international atomic weightz hased on carbon-12 [91,

5. Procedure

(One hundred cuble centuneters of .15 Af sullyr
dioxida were ‘added to 400 cm? of air-free water
{nt 22 °C) in the celorinteter vessel which war then
covered and weiched. The calorimeter was then
assetnibled, placed in o thermostat, the glass ther-
mometer was insertod and the stirrer attached.
The thermoestat was adjusted to 250 °C and rep-
ulsled within 4 0.001 *(); ihe stirring rete wes
approximnotely 500 rpin by & reducing pulley from o
synchroncus motor.  Nitrogen was passed through
the inlet tube at ghout 100 cm¥ymin Jor about 5 min
to remove the bulk of the oxygen in the air space
in the enlorimeter, The calorimeter was then pre-
heaied to about 23.5 °C and spproached a ateady
thermal atate after a drift-period of about 15 min.
Calorimeter temperatyres were then determined at
Z-min intervajs during the initial rating peripd.

Chlorine was then introdueed through the inlat tube .

at about 30 cmdmin ymtil the desired calorimeter
temperature {25 °C) waz reached; the fow of chlorine
was then interrapted and the connecting tube was
fluched with nitrogen. Dwring the experiment tha
exit lube was connected to a bubbling vessel which
conlained a measured quantity of standard iodine
aolution; & slight positive pressure {1 mm) was thus
maintained in the calorimeter vessel. Calorimeter

temperatiyres were ohserved at 1-min intervals during

the reaction pericd and wera continued at 2-min
intervals during a final 20-min rating period with the
calorimeter in & steady thermial state,

Abguot portions of the resulting cslonmetric
golution were faken to defermine the final! concen-
tration of sulfur dioxide by titration with jodine and
the quantity of chloride by precipitation as silver
chloride, e quantity o :
bubbling vessel was determined by titration of the
excess lodine with standard thiosuifate solution.
The imitial eoncentration of sullue dicxide was
calculated from these data.

Two seriea of experiments were performed to
determine the heats of mixing of the componenta in
the final solubion resuliing from the reaction of
¢hlorine with agueous sulinr dioxide. Tha first
series was to determine the heat of mixing of
aqueous hydrochloric acid with the aqueous zulfur
dioxide. he second series involved the heat of
mixing of agueous sulfuric acid with the sulfur
dioxide-hydrochlorie acid solution. The procedure
differed somewhat in the hest-of-mixing experiments -
from that w=ed in the sulfur dioxide-cklorine experi-
ments in that each experiment wos preceded by a -
calibration. This was possible since the temperature
rae in each case was only about 0.08 °CC. The cali-
bration consisted of an initial reting period, a heating
period, ond & final rating period. The final ratin
peficd of the calibration ther became the initia
rating period of the heat-f-mixing experiment. A
the end of this perjod the sample bulb was broken;
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gince the tempernture efect was complete within 30
36¢, 10 separate reaction period was required and the
subsequent temperature observations comprised the
final rating period. The corrected temperatiure rise
was determined by extrapolation of tha initinl and
final time-temperature curves secording to the math-
od of Dickinson [10). The conceniration of sulfur
dioxide in the final solution was determined in sach
case by titration with iodine solution.

6. Reaults and Discussion

The results of the electrical ealibration experiments
on the calorimetric system used for the beat of reae-
tion of chlorine with aqueous sulfur diexide are given
in tahle 1. ARe iz the corrected temparature rise of
the calorimetric syst¢m [11] as measured on the
platinum thermometer; K, 18 the quantity of elecirical
£ introduced into the system; AF, is the devia-
tion in the heat capecily of the sctual system from
that of the “standard” Eystam a8 ¢aleyiated from the
mass of solution; and E; is tha enerey equivalent of
the ‘“standard” calorimeter wystemn. The uneer-
tainty interval has heen taken as twice the standard
daviation of the mean.

individyal components in the netual final solution
correspond to the concentrations given in reaction
fi}. It includee corrections for the tz of veporina-
tion of the sulfur dioxtde and water earried cut of the
solution by flushing with nitrogen. The quantity of
reacticn was determined by the amount of chlorine

determined analytically as chloride, in the fins

ealorimetric solution.  ‘The heat of reaction given in
table 2 corresponds to the process:

Cly(g) + (1.560 80,2964 HLO)
=[2 HCl+H.80,+ 0.560 50,4 2962 H;Q]

AF (25 (N =—T78.31 +£0.13 kealfmele. (1)
The aesigned uncertainty has been taken as tha

uare root of the sum of the squares of tha uncer-
tainty intervels for the calibration experimenis, the
reaction experiments, and satimated values for ali
other known sources of error.

The resulits of the experitnents on the heat of
mixing of aquecuz hydrochlorie acid with agueoos
sulfur dioxide are given in tabla 3. The energzy
due to ths crushing of the sample bulb was shown
through separate experiments to be completely neg-
ligible. The heat of sclution piven in table 3 cor-
responds to the process:

TawLs 1. Reaulls of the slectrical calibration erporimenls
Erpariment ANe E, AR B HOL.708 HO+ (0-201 S+ 1577 Hgﬂ'}
e |t s =[HCl+aﬂ.2{]l SO0+ 15827 HyD]
e = B 4 - B w1 AHI2S (N =—1.6825 £0.02 kealfmale, {2}
comr | ML | o 2052 2
:% ﬁ% _E'E %.} TamLe 3. Reseefiz of the experimeaniz on the hear of miving of
BT F-r M AT +I1.%3 EHRT. 5 dgierxs hypdrockiorse scad with sgueaua walfur oferide
e miEsEmmsEEEmsrErreeTTr—TTE. LHNT. I Fy i e - b
yﬁﬂlﬁuddaﬂmm OE MR DM wvasmsnnnr - mrwrr s amamam mrrn s :l:l.g'& Expeciment e # il l e AHEETCH
o I}
hos |+ | Ty ol
Tasie 2. Rerults of the experiments on the reaction of chlorens e B b
with gpucens sulfur dieride UE# | oop| (ren o T
Ta0E | 115 M | -0l | 1T B 77
— = T g I T T4
AR, | BOAD (B0 [ gdild | Cly | =&H{ 00
_ — —]  am
________________________________ =1L
Aivhm. | mmaies | mmod mrmsley e
=0 | 30 | 000 1L (i 164
o | Ly | DME [ —giT| ate| Em
AR AR A B A TABLE 4. Retwlte of the srperiments &n the heat of méizing af
~01| BRpl | TQoad | fast] 4133 L afmﬁua sudfuric actd with the qgueous eulfur dioeile-Rydro-
09| E064| [00EE| 4% 18| oA | @Al eflaric wed anlulion
Beumaved BevGation VLT v @2 | et | sk | B | o | |Raowa -smmseo
J sk Rl
) . HM. 47 .85 .371 10, 84
The results of the experiments on the reaction of il bt I S o 10,58
gaseous chlorine with the agueous sulfur dioxide 03| | L io. 58
zolution are givenin tabla2. The heat evolved in the ' ' '
calorimetric process, g, is obtained as the product of | = o
ARe and (B,+AE,), The eolumo designated SOu(f) | Mot reiicisiin v ibvricas TN sl

gives the analytically determived quentity of 50,
remsaining in the final calorimetric selution. The
column designatad S0;(g) gives the quantity of S0,
carried from the calorimeter by flushing with nitrogen
during the reaction period. The quantity g(dil) 13 a
worrection applied to make the concentrations of the

The resulta of the experiments on the heat of
nixing of aqueous sulfurie acid with the bydrochloric
acid-sulfur dioxide aclution are given ic table 4. The
resulting heat of solution corresponds to the process:
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H50,11.37 H O+ [0.38650,4-1.423 HOIH-3033.2 O
=[H:30,+1.423 HC14+0.386 30.4 3044.6 H,]

AH{25 °C)=—2.57 1 0.04 keal/mole. {3}

The consistanc{ of the data in tablea 3 and 4 indi-
cate thut small differences in eoncentration do noet
affect the results beyond the Limits of experimantal
error. The results given for egs (1), (2), and (3)
were therefore corrected to the stoichiometry speci-
fied in egs {4), (5), and (6) by assuming that m
ench case only the reference component was present
in water. Equations {1}, {2}, and {3) were combined
with the heats of dilution of sullur diexide 1], sulfuric
acid 12, 12], and hydrochlorie acid [2], to obtain the
processer:

Claigh + 2(30-2500 Ha00+ 2502 HO
=TH S0, - 2500 H 0 + 2{HCL 1250 H (¥ +530,-2500H0]

AFI25 *0) = —75.82 1 0.15 keal/mole Cl.. (4}
Z(HOL-1250 O} -+ (80,-2500 HX)
=[2{HCI-1250 H;0) + %0,-2500 H;0]
AH{25 °0 =0.25 £0.02 kealfmole HCL {5

H 30,2500 H O+ [B0-2500 HyO+ 2 (H(1-1250 H 0]
=TH.50, 2500 H,O0450.2500 H.O
+2({HCl1250 H,0)|

AHF(ES W =0.568+0.04 kealfmole H;30, (6

The appropriste combination of eqs (4}, (5}, and
{6) yields the process:

Clo(g) +50.2500 H04 2502 HO(lig)
=H;%0,-2500 H0+ 2(HC1-1250 H,0)

AH{Z5 "C) = —=77.28 £0.14 keal/mole. (7}

The heat of formation of aqueous sulfuric acid
msy he obtained from eq {7} tegether with data on
the heats of formetion of water and of aqueous
hydrochloric aecid [ZA, and the heat of formation of
agueous sulfur dioxide [1):

Suncante+20p(2) + Ha(g) + 2500 H,O
=H,S50,- 2500 HO

AHZE *C)=—213.92 £+0.17 keal/mole. ()

The hent of formation of aqueous sylfuric aeid
was determined in a similar manner by the reaction
of liquid hromme with aqueous =sulfur dioxide [1] and
—214.20 10,11 kealfmole was obtaioad for the proe-
ess corresponding to aq (8).  The heat of formation
of Hy=0,-115 HyO has heen deterinined by several
independent calorimetric determinations using ro-
tating-bomh techniques [3, 4, 5, 6]; the mean of
thess determinations givea the hent of formation as
—212.20 £0.10 kcslmole and it appears that this
value is well establizshed. By taking 1.81 keal/mols

for the heat of dilution |2] the value obtained for tha
heat of formation of HS50,2500 H.O is —214.01
keal/mole.  Tha excallent agreement of the present
investigation with this value would seem to indicate
1 high dEﬁree of consistency in the data on HUI,
30., and H.80, Tha discrepancy of 0.33 keal ob-
tained in the results with bromine [1] may possibly
be due to an error in the heat of formation of aqueous
hydrobromic acid.

The combination of egl (7] with the data of
Johnson and Senner [1] yields:

% Cly(g) + HBr 1250 HO=% Br.(liq} + HC1-1250 H.O
AH(25 °C) = —10.90 kealfmola. 1))

By taking —0858.3149 keal/mole for the heat of
formation of water [2), —79.90 for the heat of
formation of 50,2500 HO [1}, and —214.01 for
the heat of formation of H50,2500 HA» we cul-
culate —38.90 keal/mole for the heat of formation
aof HC1-1250 HA according to eq (7). This is in
excellent agreamant with the selected ‘“‘best" velue
of —30.92 keal/tuole [2]. 'The substitution of this
valee in eq (9} pives —20.00 keslfmole for the heat
of formetion of HBr-1250 H.O whereas the selected
“hest” value is given as —2%.31 keal/mole [2] and
indicates a diserepancy of 0.19 keal.

Sunner [13] is conducting an investigation of the
heat of reaction of chlorine with aqueous arsenicus
oxide. The results of that investigation topether
with a similar determination us=ing bromine [14]
should give additional avidence regarding the con-
sistency batwesn the dats on hydrogen brommide
and hydrogen chloride.
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