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_ » ABSTRACT
_The he§t'ofvneutralizati§n>of HyS' solutions by NaOH was measured at 25°
for various mole ratios of NaOH to HéS;~ Theée data, with the two digsociation
, consﬁants of Hés,vallow ca1culations of the free energies and heats of formation
~and the partial molal ent?opies‘of S* and HS™. The results are for S~ and HS™
respectively: AF® = 20,6 and 3,00 keal., AH® = 7.8 and -A;io;kcal,,'and §° = -4

' and 15,0 eu, The potentials of the ST = S couple is 0.447 v
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INTRODUCTION

» The value of S§= found in the Natlonal Bureau of Standards tables is 5 eu.l

ThlS appears to be con31derab1y too positive for a monatomic, dinegative 1on.?
The value is based on the second dissociation constant of HoS," KII, measured by
Klu,bli3 and on studies of the heat of HZS neutralizatlon by several early investi-
L~6

gators.v‘ Interpretation of the early thermal data is uncertain because of the
high ionic strengths necessarily employed and a lack of reliable activity co-
efficients for S' and HS™

I has recently been determined spectrophotometrically over a range of low

jonie strengths.7 Thus it appeared desirable to utilize modern calorimetrlc
techniques for a study of the heat of neutralization over a wide range of SF to
HS mole ratios. One can then cemblne the results of such heat measurements

with the data of Konopik and Ieber17 and obtain more reliable values for the

thermodynamic funetions of S® and HS™,

) EXPERIMENTAL o ‘ 7
The calorimeter used in this investlgation has been previously described, 8,9
A1l heats were measured at 25,0 £ 0 5° and are reported in terms of the defined
| calorie (1 cal, = 4,1840 abs. joules). The uncertainty in the measured heats is
t 0,3 cal, Samples of concentrated NaOH solutions were'centained in paraffin-
coated, small glass bulbs and were introduced into the calorimetric solutions by

shattering the bulbs with a glass rod,



. X 50 stock solution of NaOH, prepared from Baker and Adamson reagent grade
pellets, was filtered through glass wool to removo Na,00 and stored in & peraffin-
coated container, Before each run the NaOH was filtered agaim through glass wool
and after appropriate_dilution-was1transferred-immediately“to a stoppered, waxed
weight buret, A weighed. portion-of“this solution was then added to the sample
bulb, The remainder was analyzed by’addlng a welghed amount of the solutlon to
a known excess of standard HGlQA and titratlng with standard NaOH to the brom-
thymol blue end point Tests on the ealorlmetrle solutions with Ba(N03)2 after
several runs revealed only traces of carbonate. _' |

An aqueous solution of Hgs wa.s prepared before each Tun frem purlfled 1o
commerclal grade HQS, and a weighed amount of thls solution was added to the MH
ealorlmeter. After the calorlmetric run the resulting NagsiNaHSANaOH solution
was analyzed for total sulfide iodlmetrieally,11 |

' The density of the ealorimetrio solntion ,; necessary for the oaleulatlon
'of the coneentratlons of all sPecies prepent - Was measured 1mmediate1y after

each run with calibrated 25 a.nd 50 ml, pipets. -
Data The experimental results are presented in Table I (A = moles of

HyS, B = moles of water in ealorimeter before breaklng sample bulb G = moles of
NaOH, D = moles of water in sample bulb, Q = heat evolved in ealories and d

density of the resulting solution at.25° in g./ml,)
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TABLE I
Run Ax10% B . . Cx10% \,_uxaﬂ2uv Q- .d.-
1 1399 60.68 - - ‘1.708 13.21 ¢ ©  117.7 997
.2 1593 60,07 - 1.909 CRB0C 21746 4997
3 1.698 60.88 2.550 5079 "2‘53;9' .997
L 1,674 €0.75 2,817 6.3 2725 .97
51716 61.2, 3,793 8,62 3212 .997
6 L818 o 6Lah o k25T - - 967 3L .99
7 14522 . 60483 - . _5.3,5 o 949 lhkel’ .998
8 1,670 1 60.17 74001 0 - 49.90 168.6  1.000
9 1060 6.5 66T 49495 108k 4999
10 © . 1.550 . 6l.12  8.128 "-~60.91' i 152.0  1.000

‘n 1,216 7 60477 84640 6he69 °  *125.97 1.000

CALCULATIONS AND DISCUSSIONS . - |
..The complete equation for the vcalonimetric-rea.»ction is assumed to be: (1)

A HyS + B OH™ + (c + D) Ha0 = (A - E) HS- + ES™ + (C + D+A+ E) HoO + (B = A = E)OH‘
Thus, to 1nt.erpret properly the heat data it is necessary to know the concentratlons

of all species present after the reaction. Since there is a dlscrepancy in the

kI values reported in the recent studies by Kubli3 and Konopik and Leberl?, the

pH measurements of both authors we}r'e critically re-examined. Both sets of data

were found to be consistent upcn eliminatinglKubii‘s;assumpticn that-activity of

OH™ equals concentration lof OH"., All the daf;a were placed on an extendedA DeBye—

Huckelkplot from which it was possible to obtain a pKII (pKII log K.:éI) value

II-,

for each calorimetric run. K, is not a true equlllbrlum constant, but a function

of ionic strength and is defined as
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a.H‘*‘ (S=)
(8S7)

where ( ) refers‘toimolee/litereandla*+ = actiyity_cf Hf9,

‘H
- Since the:measurements of Kubli and Konopik and Leberl were . made at 20°,
it.wae’necessary to cennert their results to 25°, The true equilibrium constant,

KII,‘is related to K&I by:

LTI = . '
I So_C (3)

where fs=:and,fﬁs—-refef~to the respective activity coefficients;ﬁ-Assuming

AH® of the second dissociation step to be constant over. the 5 temperature range;
we. can calculate kM at 25° from the van't Hoff equation, Then also assuming
‘that. the activity coefficient ratio is constant ovep»the,same temperature range,
we are able “to calculate KuI at 250 (Table II). This calculation was done by -

successive approximations, using first the old heat data and then correcting with

”T.thatrobtained-in this work.,

To calculate the concentrations ofiall species present after reaction, we
utilize equation: (2), total sulfide. concentratien, initial NaOH concentration,‘

and the following relationships:

(*) = (0BT (BT) +2(sT) )
e L lemxwBo
(QH“) fOHi

The activity coefficients of OHT, fOH“, were. calculated from Kielland'e
12
equation,™
: These values _were checked against the experimental mean-activity coeffi~ -

cients of NaOHl3 and gave very good agreement over. the ionic strength range of
our experiments (/L‘= 0,01 to 0.09).
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To ebteinrstapdard state values, the experimentally‘observed heats were
corrected to infinite dilution for all‘species; Utilizing the principle of
ionic strength we assume, for example, the heat of dllution of NaOH at ¢/ =

0.1 equals the heat of dilutlon for 0.1 M NaOH Then neglecting the HZS heat

of dilutlon, approximating” that of NaHS as equal to NaOH, and that of Nazs as

equal to Na230 we define'

QF heat evolved for B moles NaOH in D moles of HzO to infinite dilution (6)

Q= heat evolvéd for E moles Na5S0, in ionic strengt@/clto ’ nt" n o (7)
Q=" w  n (B-2R) moles NaOH in ionic strength sito woom (8)
Q°=Q;'Q' +Qn + Qe S - S | (9)

The above dilution heats were obtained from the National Bureau of Standards
tables for the heats of formation of NaOH and NaZSOA.l For the ﬁost concen~ |
trated NaOH solutlons, the heats of dilution were experlmentally determined and
were feund consistent with those calculated from the Bureau of Standards data,
The observed heate of ‘formation for the concéentrated solutions are:
lthmezzamdeQm?M%édml®kwL

1 mole NaOH in'2,256 moles Hze AHg = -107,397 keal,

In Table II are found the results of the above calculatlons° (E = moles of

»S‘ present after reactlon, and the Q's are glven in calorles )
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ot TEEEO
Run (250) E x 10° - Qr Q" Qr'!
1 12.69 Y /- RO o7 S N 9
2 26e M2 w2 1a
3 1266 1803 123 3 16
4 ;12.62 2,382 135.7 ek 107
5 257 4ee7 189 .8 28
% 12.54 S s250 202 L0 2.8
7 1249 652 12 L3 3.9
8 12,40 9.261 S 26,0 . 2.0 5.5
9 1243 o 6,088 20 L3 56
10 1236 eme . 45 22 68
. |

12,35 8193 . 26,0 1.9 7.8

In order to obta.in ‘the standard heats of formation of S= and HS™ (Aﬁg: and
AH}E-), we mke use of the fo]lowmg equatlon"

‘-. ; . . O . .
= (& - E)MHG._ + E OHG- + (A + E)AHHgo (& + E)AH°H_ -4 O y (10)
Rearranging gives. -

-0 + / P _,AHQ e + AR - @)
2% () e, *Hﬁ*ﬁ( o) "% A.E) W

Thus, in Figure I a plot of the left hand«mémber of (11) abbreviated as "y", vs,

_E gives a stralght line with slope equal to AHS— and intercept equal te AHHS-.
A-E

The values of AHsté.q’ A OH" and OHHZO (the stanc?js.rd ?eats of formation of
sta 9’ OH and HZO) were obtained from Iatimer.,lz‘
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The va.lues obtalned a.'bove for AHS— and AH.HS... along with KI and KII for
st allow a calcula.'bion of the rema:.ning themodynamic funetions, We have

t.akgz; KI = 1,02 x 10‘7 (Kublit g3 ‘valye_corrected to 25°) a.n_d(KII = 1,3 x 10713
(from the extrapolated value of pKu : ’A ~at ;e:bé ion;lc strength and‘ cprrected _
o 25%),° B _l o - :

A Smmnary of, the res'ult,s.'is presented in-T‘a.ble III, The limits of ei‘ror
are based on an estimated uncert.ainty of O 05 pK units in pKiI -and 0,1 pK
unrts in the extrapolated valus, ok,

Usmg our va.lues for AF° the potential of the sulflde- sulfur couple is

§5 =842 ~ E® = 0.1.47 0,004 v,
TABLE IIT
HS™ : 5~
CBFR 3000 L 2006 %2
AHO N ~4.10 + ,08 7,8 % .8
keal S B 4_ R
o |
s:,eu_ L 15,0 £ .4 -4 3
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helpful discus sions in connection with this work*
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FIGURE I
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