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Temperature of maximum den~itybehaviour of S02' H2S and CO2 in water
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Temperatures of maximum density (T D) of aqueous SOz, HzS and COz solutions at low concentr­
ations (0.003-0.03 mol kg-I) have been easured to study the effects of these gases on the structure of
wa~r. Due to large degree of dissociation f SO;!in water yielding H+ and HSOi ions, dissociation cor­
rections are applied to evaluate the structu al part (A~rOI)of the change in TMD exclusivelydue to undis­
sodated SOl molecules. This correction 's not found necessary for HlS and CO2 which on account of
their small degree of dissociation produce ery small number of ions. The structura!part of the change in
TMD (AO)at various concentrations for ese gases has been used to evaluate the characteristic con­
stant 'a' from the sign and magnitude of w ich the gases SOz, HzS and COl are shown to be water-struc­
ture stabilisers. This is corroborated by th positive AC; for these gases dissolved in water. These find­
ings are also supported by the formation of stable hydrates of SOz and H2S from phase diagram and
X-ray study respectively.

or L\8obs= L\8id + L\8str

is used and has been obtained by equating Ithe tem­perature derivative of molar volume of solution to

zero, remembering the fact that molar volume of
water has a parabolic dependence on temperature
nearTMD.

In Eq. (1) 8 and 8 ware the TMDs of solution and
pure water; xz, az, V*zare the molefraction, coeffi­
cient of cubic expansion and molar volume at O°Cof
pure solute and al and V*Iare the expansion coeffi­
cient and molar volume of pure water at 8w
( = 3.98°C). V~ is the excess volume of mixing. The
first term in Eq. (1 ), ~8 id represents the decrease in
TMD caused due to accommodation of the solute in
a cavity of suitable size, when the solution behaves
ideally (V~ = 0, Despretz rule). If V~ ~ 0 and
a/aT (V~) is negative then one gets positive L\8obsif
la/aT(V;vJI > xzaz Vi·

Wada and Umedal found a serniempirical equa­
tion to represent the variation of L\8strwith concen­
tration Xz as:

~8str=a'xz+b'x~ '" (2)

The constants 'a' and 'b' in Eq. (2) represent solute­
solvent and solute-solute interactions respectively
for a given solute and can be evaluated as intercept
and slope of the linear plot of ~8sulxz versus Xz'
Theyl applied Eq. (2) to methanol, ethanol, I-prop­
anol and I-butanol and obtained linear plots of
L\8st/xz versus xz' but did not elaborate as to why
Eq. (2) has to be of a quadratic form. Values I,Zof 'b'
are generally found to be negative, whereas 'a' va­
lues are both positive and negative. Positive values
of 'a' are interpreted to indicate the degree of water­
structure stabilisation caused by the dissolved solute

'" (1)
a/aT (V,;,.)

2(1-xz)uIV*1

XlUZV*l

2(1-xl)u1V*1

The influence of various dissolved solute on the
TMD of water (3.98°C) has been extensivel investi­
gatedl-9, to determine the effect of dissolve solute
on the structural properties of water. This ethod is
particularly useful since the observed eft cts are
readily attributed to a change in the exte t of hy­
drogen bonding between water molecules c used by
the dissOlved solute molecules.

Though work on TMD of electrolyte 6,10 and
nonelectrolytesl.l.3 is available, little or no ork on
gases dissolved in water is known, probabl due to
difficulties in handling gases. However, suc studies
are important from the point of view of the interac­
tions between the dissolved gases and wat r mole­
cules and certainly most useful in under tanding
problems of water pollution caused by ardous
gases like SOl and HzS. The present work n TMD
of aqueous solutions of SOz, HzS and COz i in con­
tinuation with the earlier work on TMD 0 ammo­
nia 11in water and forms a part of the studi s of gas­
water interactions using TMD method.

In order to express the structural effect'
titative way the well knownl.Z Eq. (1)

~8obs=8-8w
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while negative 'a' denote water structure disrupting
ability.

In a recent work 12,it was shown that, in very di­
lute solutions when the apparent molal volume va­
ries linearly with molefraction Xz of the solute, the
deslr does show a quadratic dependence onxz. It
further correlates the constant 'a' obtained by using
the empirical Eq. (2) of Wad a and Umeda exactly to
volumetric property of the solute obtained by dens­
ity measurements around TMD. The value of 'a' was
shown to be given by Eq. (3)

a=- dltIT(V;6)4:=_ (o.zOOE)4' •... (3)2(1- XZ)o.IV 1 2(1- XZ)o.IV 1

Sign and magnitude of the constant 'a' is governed
by the sign and magnitude of the temperature coeffi­
cient (a.; E) of the limiting excess volume at 4°C. It is
also shown IZ that the values of 'a' obtained from Eq.
(3) and those from TMD measurements for alcohols
and amines are in good agreement. The agreement

. of 'a' values obtained from TMD and density mea­
surements is also observed for ammoniall.

In the present work it was proposed to carry out
TMD measurement of aqueous solutions of SOz,
HzS and COz at low concentrations (0.003-0.03 mol
kg - I), to see if 'a' values are similar to that of ammo­
niall•

Materials and Methods
The TMD assembly used in this work was fabri­

cated in our laboratory earlier8 and consisted of (i) a
circulating type cryostat (MK70), (ii) The experi­
mental bath (capacity 60 litres), (ill) heavy duty vari­
able spend stirrer, (iv) a special mercury-in-stainless
steel precision thermoregulator fitted with a mic­
rometer screw, (v) heating device, (vi) a double-arm
type dilatometer (twisted W-type), (vii) microscope
(L.c. = 0.01 mm) and (viii) Beckman thermometer
(L.c. = O.OI°q. The procedure for evaluating true
TMD was the same as described earlier8 in which

Eq. (4) is used.

ah=2V~0.1 [Tz+TI_e] ... (4)tIT A 2

where dhJ tIT is the rate of change of meniscus
heights of both capillaries of the dilatometer taken
together with respect to temperature; V~ and 0.1

have the same meaning as that of Eq. (1); A is cross
sectional area of the capillary, and e is TMD in 0c.

At TMD, dhJ df = 0 (the h versus T curve being a
parabola having a minimum at TMD), hence from
Eq. (4) LHS = 0 therefore, RHS is also equal to zero.
And since 2V~ 0.1 / A =i' 0 it follows that intercept on

X (i.e. temperature) axis is TMD e = (T1 +Tz)/2.
Thus linear plots between ah! tIT against mean tem­
perature (Tz +T1)/2 gave TMD, 6 as an intercept on
the temperature axis.

A method of generation of SOz gas at PPM purity
level described by Hashimoto and Tanaka13 was
adopted in which aqueous sodium bisulphite solu­
tion (NaHS03) was made slightly acidic in an all­
glass assembly and the evolved sulphur dioxide
(SOz) gas was allowed to dissolve into precooled
conductivity water to obtain a stock solution.

Concentration of aqueous SOz solution was de­
termined using iodimetric method in which known
volume of SOz solution was added to excess of acid­
ified iodine and then the remaining iodine was titrat­
ed against standard sodium thiosulphate solution.

HzS gas was obtained by the action of dilute sul­
phuric acid (AR.)on iron sulphide using Kipp's ap­
paratus. The gas was then bubbled through aqueous
Ba(OH}z solution, which was previously purged by
N z gas, to remove any acidic impurity. This HzS gas
was then allowed to dissolve into precooled conduc­
tivity water to obtain the stock solution. The main
impurity14 is hydrogen resulting from the action of
acid on uncombined iron in the sticks of ferrous sul­
phide. However, at 5°C the solubility15 of hydrogen
gas in water (0.18 x 10-3 wt%) is negligible as com­
pared to that of hydrogen sulphide (0.6 wt%). Hence
for all practical purposes the HzS gas was regarded
as sufficiently pure.

The concentration of aqueous HzS solutions was
determined using iodimetric method in which
known volume of HzS solution was added to excess
of acidified iodine solution and then titrating the re­
maining iodine against standard thiosulphate solu­
tion as is done for SOz.

COz gas obtained by the action of dilute !lulphuric
acid (A.R. grade) on calcium carbonate (GR. grade)
was allowed to dissolve into a precooled conductiv­
ity water, which was previously purged by Nz gas, to
obtain a stock solution.

Concentration of aqueous COz solution was de­
termined using volumetric method in which known
volume of COz solution was added to excess of
Ba(OH}z solution and then titrating the remaining
Ba(OH)z against potassium hydrogen phthalate so­
lution.

The change in ll'olefraction of aqueous SOz, HzS
and COz before and after the TMD measurements
was less than 1% and hence negligible. This could be
achieved by

(1) filling of the solution under pressure using ni­
trogengas

(2) very small sudace exposed to the atmosphere



... (5)

... (6)

... (7)

Table I-Change of TMD of aqueous S02' H2Sand CO2
solutionsMolefraction

!:.Oobs (0C)Molefraction!:.Oobs (0C)
(x2'104)

(x2'104)

S02 solutions
I 1.509

-0.093.143-0,23

1.601

-0.103.285-0.25
1.956

- 0.123.958-0,33

2.019

-0.144.214-0.35

2.801

-0.214.406-0.38

H2S solutions
0.932

- 0.033,701-0.15

1.250
-0.044.010-0.17

1.935

-0.084,693-0.21
2.100

-0.095.101-0.24
2.601

-0.105.301-0,26

CO2 solutions
0.517

-0.050.969-0.10
0.629

-0.061.299-0.14

0.767
-0.081.472-0.16

~e~~~is calculated by applying Despretz rulez4 for
ionic solutions.

Gas TemperatureConcentration Range of a in percent
(0C)

range studiedDissociation
(.c)

1st2nd

S02

200.00874%0.3%

0.024

57%0.2%

H2S

200,0050.4%5 x 10-5%

0.029

0.2%2x 10-5%

CO2

50.0031%0.01%

0.008

0.6%0.007%

Table 2-Degree of dissociation of S02' H2S & CO2 in aq,
solution

SOz + HzO~H+ + HZS03

Thus ~estr = ~e~~l + ~e~~~

procedure similar to hydrolysis correction9, is appli­
ed to the 1MD data of aqueous SOz. To do this,
~estr is first calculated by ignoring dissociation, us­
ing Eq. (1). The value of Uzand V*zrequired to eval­
uate ~eid have been calculated from density
dataZZ,z3of SOz. Values of ~estr thus obtained are
conceived as being made up, additively of contribu­
tions by molecules and ions present in the equili­
brium.

Where xion is the molefraction of the ionic species in
the given solution which is calculated by regarding

mole­

COz,

smg a
a Sar­
alance
. The
eight­
ensity
as de-
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Results and Discussion

Data of all the TMD runs were fitted t1a least

square programme to obtain correct value f ~eobs
usingEq. (4). Variationof1MD ofwater(~e bs)due
to addition of SOz, HzS and COz at vario s con­
centrations is shown in Table 1, with devia ions of
less than 0.02°C in ~eobs'

SOz dissolved in water, which predornina tly ex­
ist in hydrated form, dissociates into H+ and HS03
ions considerably. In the concentration ran e stud­
ied, this dissociation is nearly 50-70%, and ence it
becomes necessary to account for the pres nce of
ions in order to arrive at the true value of estr ex­
clusively due to undissociated SOz molecule .

The second degree of dissociationl9,zo for ydrat­
ed SOz being very small, the contribution 0 corre­
sponding ions (0.2-0.3%) to ~estr is negligib e. Sim­
ilarly very small degree of first and second d ssocia­
tion 19-Z1of HzS and HZC03 contributes negli 'bly to
their ~estr' Hence ~estr for HzS and COz n ed not
be corrected for their dissociation (Table 2).

In order to subtract the contribution to *estr ofions formed due to dissociation of hydratedl SOz, a

owing to capillaries at both ends of ..
teT, and

(3) keeping the dilatometer having the solu~on in abath at 3-5°C, which prevents the gas ftom es­
caping out to any considerable extent.

The performance of the TMD assem~y was

checked and found satisfactory by TMD m asurc~­
ment of sucrose solution. The observed po' ts lies
well on the curve drawn through points tak n from
literaturel6 with deviation of less than O. 2°C in

~eobs'
To convert molarity to molality and the

fraction for aqueous solution of SOz, HzS
density measurements were carried out
single float method as described earlierl7 wi
torious model 2474 single-pan semimicro­
having arrangements to weigh below the p
glass float with a volume of about 166 cm3
ed with mercury was used in this work. For
measurements, all necessary cares were take
scribed previously17.

The performance of the assembly was c ecke:d
and found alright by density measurements f NaCI
(recrystallised AR grade). The value of ~:' 0 taine:d
for NaCl' (14.14 ml mol- I) is in good agreem nt wi1h
the literaturel8 value (14.17 ml mol-I). Also the co­
efficients A and B of the pol ornial,
d= do+A· m+ B' mZ(where do, d, m are de sity of
pure water, density of solution and molality f solu­
tion respectively) obtained by fitting our dat and li­
terature1B data are very much consistent.
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the solution under consideration as a ternary system
of solvent water, undissociated SOz molecules and
the ions present. Kbon is the Despretz's constant
(generally negative) characteristic of the electrolyte
(H+HSOi) formed as a result of dissociation.

Thus the desired structural effect due to undisso­

ciated SOz molecules is obtained by Eq. (8).

AsmoI- AS _Kion·x (8)U str -u str D(H+HSOi) (H+HSOi) ...

The constantKD(WHSOi)is a measure of the extent to
which the ionic species affect the TMD of water and
is calculated using the additivity property of KD val­
id in dilute solutions of strong electrolytes:

KD(WHSO;l = KD(Na+HSOi) + KD(wcn - KD(Na+Cl-)

... (9)

Values of KD(Na+HSO,) = - 588°C, KD(wa-) = - 285°C
and KD(Na+a-)= -511°C were measured by us se­
parately. On inserting these KDs in Eq. (9),

KD(H+HS03-) is found to be - 362°.To evaluate the true degree of dissociation (a) for
aqueous SOz by the iterative method employed by
Cabani25 the values of dissociation constant are tak­
en from literature19,20.

Figure la shows the variation of change in TMD
(L\Oobs)of water due to dissolved S02 at different
concentrations. By adopting the procedure for cor­
rection, it has been possible to obtain L\ O:~I and
make appropriate plot of L\ O~:I/x2 versus x2

(Fig. lc). Extrapolation of the linear plot in Fig. lc
gives, a = + 94°C with a probable uncertainty owing
to the scatter of the points being about ± 110c. Not
adopting the correction procedure, would have re­
sulted in a plot (Fig. 1b) yielding large negative 'a'
value (.....:208 ± 10°C), caused apparently due to
presence of ionic species. This justifies need for a
correction procedure.

This water structure stabilising ability of S02
molecule is further supported by positive excess
molal heat capacity, (F:;'E of SO/6,27 at infinite dilu­
tion (?;:,~ 35.01, ?;:' = 46.61 and C °p,gas= 11.6 all in
callmol.deg).

For HzS and COz the structural contribution L\ 0str
is calculated as is done for S02 by subtracting L\Oid
from L\ Oobs(L\ 00bs= L\ Oid+ L\ 0str) and ignoring the
dissociation of H2S and COz taking place in aque­
ous solutionof a given concentration. The values of
az and V*z required in the evaluation of .6.0idhave
been calculated using density data from literature15.

The variation of change in TMD (L\Oobs)of water
due to dissolved HzS and CO2 at different concentr­
ations are given in Table 1. The plot of L\ Ost/x2 ver­
sus x2 (Fig. 2) gives value of a= +94±29°C and
+ 98 ± 40°C for H2S and COz respectively. These

~
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Fig. I-(a) Plot of dOobs versus x2 molefraction for aqueous S02
solution (b) Plot of dO"/X2 including ionic contribution versus
molefraction for aqueous S02 solution and (c) Plot of d6';',:'I/X2
after subtracting ionic contribution versus molefraction for

aqueous S02 solution
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Fig. 2-(a)'Plot of dOs,/X2 versus molefraction for aqueous H2S

solution and (b) Plot of d 0s'/ x2 versus molefraction for aqueous
CO2 solution

positive values represent their water structure en­
hancing propensity.

This water structure stabilising ability of HzS and
CO2 molecule is further supportedZ6-28by their pos­
itive excess molal heat capacity, ?';pEat infinite dilu­
tion (for H2S, ?;:,E= 36.61 obtained from

?;~44.79 and .Cop,gas=8.18 ~~ for CO2,
?cg - 28.78 ob.tamed from ?cp- 58.13 and
C p,gas= 29.35 all ill cal/mol. deg).

The water structure stabilising ability of SO z,

HzS, CO2 and NH3 (a = + 129 ± 8°C for ammoniall)
is ascribed to their polarity and small sizesZ3,29,30
(r= 1.43,1.43,1.16 and 1.014 A respectively) which
are comparable to that of water. Cage radius in wa­
ter network ranges31 from 2.9 to 4.3 A. It is there-
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fore possible for the molecules of NH3, S Z, HzS
and CO2 to fit easily into the cages and f rm hy­
drates thereby strengthening water structure This is
eVIdent from the positive values of 'a' fa these
gases. X-ray study3z proved that the hyd ates of
most of the gases constitute a class of solids i which
small molecules of the gases occupy the hole in ice­
like lattices made up of hydrogen bonde water
molecules.

From the phase diagram3! of SOz - HzO s
is found that sufficiently stable SOz hydrate do ex­
ist around TMD of water. The region of inte est (i.e.
around 4°C) is bounded by those equilibriu curves
which has stable SOz hydrate as one of the phases.
Ammonia has ability to form hydrogen onding.
The X-ray structure of the monohydrate of ammo­
nia \vas found33 to show chains of water m lecules

cross-linked in a three dimensional structur byam­
monia molecules, all held together by h drogen
bonds. This also supports the structure e ancing
ability of these gases discussed herein fro the va­
lue of characteristic constant a obtained usi g TMrD
measurements in the present work.
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