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*  ABSTRACT

The solubilities of the reactive gases, Jhydrogen

sulfide and sulfur dioxide were measured‘ip‘the lowing
solvents : n-hexane, acetonitfile,:dimethylforma- s N=N-
dimgfhylaéétamide and ethylacetate. In addition to the

previously mentioned solvents, sulfur dioxide 501ubiiities
were also measureé ig'acegggg, ﬁétbanoll; éhlorobenzene, and
ethylehe giycol.‘The sqlubility measurements were made at a.
total pressu?é\qi\gziggtmosphere and at tempera£ures‘6f -5%,
25°C and 60°C where possible. < The solubilities of sulfur
dibxide were much higher'than'thése for hydrogen sulfidgzin

the same solvents and at the same temperatures. The
sc‘alub'i']_.ity of sulfur ‘di'oxic_ie in.—.;i;hexane was the highest
obtainéd among Fhe zsolvents used. In contrast; sul fur
dioxide  was least soluble iﬁ ethylene glycol and
chlorobenzener Finally, the highest, - and - lowest ’

solubilities of hydrogen j;hlfide were obser#ed.. in

dimethylacetamide, and n-hexane, respectively.
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C ‘ correction factor

F solvent fiow rate, cﬁ%min.

el Gibbs-Heltz free energy, J

- ’

H heat of vapo%iizfion, J

K Henry’s constant | . ' .

L  Ostwald coefficient \ .
P pressure, atm

~_ .- :
R gias constant, J/mole
- . ] . ! R
S entropy, J
| )
\ o o :
‘T temperature, K.and C
3

A ‘volume, cm

X mole fraction in liquid phase

Y mole fréction in gas phase

2 slopé‘
“a,b,c pdrame in equation (44)

. ‘ ' *
3 fugacity, atm— * ’
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N . . o o ‘
-In the .chemical ‘engineering design of absoiption or
€ . . . . ' X

. * . ' .-
. LY . " '
. .
L » N
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separation ‘equipment for-chemical processes it is fréquently

necessary to have data for the solubilities -of gdees in

liquids -at variﬁﬁé temperéturéé and pressures. fThis makes
the equilibrium gas .solubility an imﬁorﬁant subject ‘to
study. ~ Numerous sfudies‘ have beeﬁ gonductea based on
industfial necessities. A comﬁlete}y reliable. theory for
perdicting‘éas solubility in liquids.has not been presented
so far; aitﬂoughxthree models -for predicting-gas solubility
have been‘reported:.Tyese ﬁodelé-all baﬁe séme limitations.
These_mbdels include the regulariéglution theory and the
concept of the ideal gas soluﬁility as -présented by
Hildebrand [1l}, the cévity model theoryl as suggested- by
Uhlig =[2],‘ and the statistical thérmodynamics model as
suggestéd by Guggenheim [31. Because of- limitati;ns in

r .
these theories, experimental research is still considered,

useful and ‘necessary. Many ,experiméntal data for gas-

B . . .
solubilities have been reported, but only a few of them are
for highly soluble gases. The solubilities of trans-2-butene
in carbon disulfide [4) and of n-butane in dodecane,

heptane - héx‘ane, and octane (5] corresponded to a

concentration of nearly 80 moljy at -5°C. ‘The solubilities

of * isobutylene in hexane and éthylacetate were also .

o *

approximately. 60 mol% [6] at -5 C, 'E"i'ﬁéily ,the

e

solubility of ammonia in ethylene glycol at =-10 °c waé

-
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observed 'to be 65 mol% (7]. - Solubilities of toxic gases
have been _studiéd the least. Investigations on their_

soiubilifiés are usefﬁ; for separating and purifying sulfur
dioxide énd'hydrogen sulfide from mixtures of gases (for

exampié separating hydrogen sulfide from a mixture of géses_

\\coming out of cil jwélls or for manufacturing sulfuric acid).

N

In this work the solubilities of sulfur dioxide and

-ﬁ@dro@eh,sulfide were measured in n-~hexane and the polar

- solvents chldrobenzene, fiethanol, ethylacetate,

-
—_—

'dimethy;formamide(DMF), acef&he, N-N-dimethylacetamidé(DMA),

acetonitrile, and ethylene glycol. The measurements were

;onduéted at a total pressure of one atmosphere and at

. o o o *
. temperatures ranging from -5 C +to 60°C.

————

-~



. ’ A . -
BASIC THERMODYNAMICS OF -YAPOR _O_R GAS - LIQUID EQUILIBRIA

Let 'ué consider a liquid mixture which, at a
tekgerapure , T, aﬁd pressure, P, is in equilibrium with a
v#por mixturef at tbe same ;emperature énd' pressure. ‘For.
every component i which exists in :both mixtures, = the
condition of'thermoldynamics eguilibrium is given by [8] 3

A N O

+ The fugacities are obtained as follows:

: &

RTdLn " @

46"

RTdln %: | 3

In the expressiéns above G' and G" are the partial molal °
Gibbs-Helmholtz - free energies, f is the fugacity, the
superscript . v refers to the wvapor, and superscript L

refers to the liquid. The fugacity of a. component in a
mixture depends .on the témperature, pressure, and
composition gf tﬁat mixture. The relationship df‘ f: and fE
to temperature, éfessure and mole.fraction is given beloﬁ
8]
{3, (L\)

g. = XL \éu'.. ¥° (5)



-

i . X, and YL are compositions of cbmponeht i in “the
liquid and wvapor, respectively, f; , is™~the fugacity of
compdnqn‘t i in pure licuid and Pf. , 1s the total pressure.

defined by:

The fugac.u:y coeff1c1ent of component i { ¢>‘._) in a '‘gas

mixture is a function of temperature only The activity

coefflc_:lent ( Xibat a certain temperature and presgure is
Y o= 2 (6)
L X, .

H .

N

-In the above expressions o is the activity of component

The fugacity coefficient (_qu-_) is defined as follows [8]

éTL“q)L = RTLm Pf; . _5 “: %E]P o —RT} dy
= 2V 5 N (i) -

For a mixture of ideal gases the fugacity coefficient is

normalized such that as P—0 , ¢: -—'-'1 fdr a11” components
. - L X

at low pressure. Substitution of equations (4),(5), and (7)
in equation (1) gives: \

VP =¥, %P, C; L ®

t LVPl._(«

15 V
o= =t _L_ q
G ¢ 5 RT o @)
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The term, Ci,is a correlctilon factor whose value. is near
unity when the tbtﬁl pressuﬁe is suﬁfic%entiy low. If in:
additio? to setting CE.'=1 we assume that ' YL =1 -, ‘then.
equafion - (8) reduces - to the familiar relation Known as
"Réoult’s L.aun."-l

(o)

Pie v
1]
%
g

.‘.'r

Based on equat'ion ( 10 ) an _ideal gas solubjlity can be
defined for a binary gas-liquid system. For a gas partial

.preséure ‘of one atmosphere, equation (10) reduces to an

expression for the ideal gas solubility

L . :
Xy = pe : .(”) ‘
A

It is noted that the ideal solubility is dependent on
température and the nature of the éolute, but it is
in@ependénf. of solvent. Also,‘ for..a. constant partial
preséure the solubility of a gas decreases with increasing
temperature.' One‘of'the useful characteristics of the idea}
gas solubility relationship 1is :tﬁat, when the system |
temﬁeréture is reduced to the ngrmal boiling point'of the
sclute gas, the idea%_gas solubility becomes unity . The
gas vapor préssurq-decreases with decreasing temperature to
fhe norﬁal boiliné point of the'soluFe gas: For this to

" actually occur, the sclvent must not freeze at the gas



..

-normal “boiling point. The soclubility  of- a gas varies
greatly from solvent to solvent and in some "instances it

increases with ihcreasingﬁtemperature, especiaily for gases

of low solubility [4]. o

LS



"THE - SOLUBILITY EQUATION BASED ON THE REGULAR SOLUTION THEORY

In 1929 .Hi 1debrand [1_] proposed the regula:r.f solutlon
| \" : .
theory. This theory is meant to apply to solutions which

. ) S
are characterized by the absence of specific interactions

-

-_/ * ! . " . .
between  molecules. According to 'this theory, the change in
Gibbs energy for transfer into the solution from .the pure

liquid state is as follows. [9]

1
e T

_-_.. : .v 2 2 )
AG}-L =RTlax, + va\y‘ (S.‘S,{) 12)

L

¥ X

where, | Y =('AF' )

3y 2

In the above expressiqn S is the solubility parameter and.
since it changes gradually with tempe-x-'ature, it ‘sho_uld be
',calculated at the temperature at which the soluBility is
measured. The units for solublllty parameter are (cal/crn)

-Als’ao in- the above expression wl , 1s a- volume fractlon for
component 1 and~v& 7'%3_‘tlhe. molar volume of pure liquid
component 2. Because gas solubilities are relatively small,'
it 15 consildered that the condition that LV' =1 is'

valid . By using suitable thermodynamic relationships it

can be shown that:

SET = AH'-RT

By substitution of equation (14) into equation (13), § can



l-’/’

~ , _ .
be. written as :
o v : %
.5_( AH—RT) (;5)_'
- - . — _ |
"]
. . .v .\_/
In the above expression, AH. is the heat of vaporization at
the boiling point, and V is the liquid molar volume . On
the other hand, on dissolution the Gibbs-free energy of a
solute component is expressed in terms of the fugadities
' ' AG, = RT Ln =% (I6)
5
When thé vapor pressure is low or the gases are.ideal, +the
fugacities can be replaced by the corresponding pressure
f=P
—— . £ . X
- (7%
P i .
» 2 i
-

By inserting equation (16) into equation (12), the following

is obtained:

Lnxa%LmXE - (S,- S.t) (15’).

— " This last expressioﬂ is considered very important. for the

_prediction of solubilities of gases in liquids based, on the

o ‘-// .
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regular solution theory [10},[11], and [12]. It is not
possible to estimate the_sdlubility by means of equation
(18) when the solubility ié affected by a specific

interaction between solute and sélvent. The prediction of

.gas solubility by means ©f this equation is at least

partially successful for a solution where both . solute and

solvent are non-polar or‘onIy‘Slightly polgr-substaﬁces. It

+ is evident from equation (18) and (11) that solubility of a

* gas is proportibnal‘to its vapor pressure (Henry’s law)._The‘

ratio of the fugacities, ratpér than the ratio of vapor
bressures, should be used in order to obtain the So'lubility
more precisely, because the satu;ated vapor éressuf@iof'the
gaé P; is usually large, .and the tempe.rature at which the
solubility ils sought is,. ir:. ‘many céses, higher than_the
critiéal temperatu;g%of the gas. -
] | . ' "r :

The effect of a. chariging temperature on gas solubility
was assegaed;by Pﬁldepfand'et al.'[ll]. This effect was

obtained from the entropy of solution of the gas . The

relationéhip between the Gibbs-free energy and mole fraction._.

solubility at equilibrium is as follows:

A6, = RT lm %, - (19)
86, = G,- G, (20)

Xy = F¢ - . (a1)
N |
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From thermodynamic relationships it is knowh that:

'BG') : ._S: ‘ (22)

The fo-llow"ingr'r,el'ationship €.n be written for a solute

component in solution =

=L _ & _ G
(_'?EL) _(”"C*a) =-§5, +s5, @
T P_‘,X T __F;X _ . . :

S (G, - Gy ) 7 .(’blxnxi . (a%)
D dlm x AT ),
BT (6,-6, )s°
Because the fugacity of gas , fa ,is not a function of’

composition (X 4 ) equation (24) can easily Dbe reduced to
: Ed

the following expression :

Y

< 51 - Bln %, \
SL g = R (R, @5)
- [ 2l ] T ( ol )Saf- P

In the above expression:the arbitrary standard state of the

~gas is taken as one atmosphere. When the pressure is low or
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- «the solubility is low, the _activity coefficient can be

—r—

L

R f\L . .
—-—considered independent of Xd.and-the term, %ng! can be

. : . . Blm Xy
considered approximately equal to unity then:

Olen T

SSPeh e[ na) 69
' o sat.oP '

It may be observed from equation (26) that plots of Log Xz_

versus Log T,ﬂor plots of Log xai versus ,are linear

with slopes. Agz,and AI-ia, respectively . -a_ddition it

1
T
In
may be observed from the above expression ‘that the

_ . S v
solubility of a gas is expected to increase with decreasing
temperature.

‘The effect of molecular interaction on gag-solubility in

liquiaé is a strong function of the intermolecular forces

between solute and solvent molecules. If X is a solvent and

Yy a sélute, the y molecules will dissolve in x only if

X~y interactions are energetically more favourable than the

average of * X=X interactions. The intermolecular forces
bétwgen cﬁemicélly similar species lead té a smaller
endothermic ehthaiﬁ} - of - solufion than thdée between
dissimilar species.. This interaction .is_ "chémiqal" or
"physical"_gffinity which sometimes causes‘enhahcemeﬁt in
the solubility of géSesviﬁ liquids. The solubility may be

affected by the following considerations

(a) The occurrence of a reversible chemical reaction

between the solute and solvent molecules, such




L}

~as that which takes pl'acé between sulfurous acid
and wat;.:, or. ammonia an;:l.water.' In this case
the extent. of solubility is higher ‘than the
ideal gas solﬁbi’lity.. |
(-b) The occurrence of hyd;ogen-bonding_ ['13_],'[ 14)
between solvént—solvent_ molecules or . solute-
solvent molecules. For gases wiuich tend to
combine with the _solvent by means of hydrogen-
\ bonding | or other complex formati'on; the
solubility is enhanced when compared with that
for é non-reacting gas. Colnversely,if the .
h'ydrogen-SBndir;g takes plagé between solvent
moiecules‘;' then the solute molecules aré
excluded from pen_etrat.ing into the solvent. Thus
the splubili_ty__i}'}._such a solvent, with strong
hydrogen-bohding tendencies, is less that'n. thaf_
_in a solvent with weaker hydrogén—bonds {16]. In
i solubility systems in which'solvent hydrogen-
‘ bonding is predominant, the gas solubility is
usuéll‘y' less than the ideal gas solubility.
(c) Existence of only a weak physical attractic‘:n
between sc‘;lﬁte ) and solvent molecules. In this
. case the intermolecular force is attributed to .~ _
internal pressure or solubility parameter which
is a function of the heat of vaporization. .The
resulting solubilities_- ;—ire normal  or near the -’

ideal gas solubility.

3 e o

© ke
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.The:e ‘are two sorts of solvents. One type has hydrogen

attached to ~an electronegative atom and is known as a .

"protic solvent". Another type of solvent has no hydrogen: -

‘atom ~att_é.ched ‘ﬁo the electronegative atom.. This pre .ig'

-

known as an "aprotic solvent", These two“kinds of solvents
‘ o ,

can eﬁhance the gas.solubility‘by forming hydrdgenrbonding'
between sclvent and -solute molecﬁles. An increase ‘in
electronegativity of an Electroneggtivé atom with an
attachpd hydrogen ;tom.makes‘the Hydrogen-bond strong?r and
more stable. For 'example,_-hyd;qéeg__boné strengths in
hydrogen sulfide-are weaker than thoée in Hlo or Hggf 'Tﬁe
solvents used in thié.work are : n-hgyaney chlorobenzéne,
acetonitrile, ﬁethanol} ' ethylacetaﬁe, Aacetoneh -N-N-
dimethylacetamide, dimethylforﬁééiaé, and ethylene glycal.
Among'theselsolvenyf; only methanol and ethylene glfcol-are
protié solvents .bécause in 1their molecules. there is a
hydrogen atom attéched to an oxygeh atom. In a-méthangl
meolecule ;:hez;'e is one hydrogen atom attached tq a oxXygen
atom with a tendéncy éo.form a hidrogeh bond with another
negative atom. Thus, the meﬁhanél molecules in ,the liquid
phase have hydrbgen bondé‘amond thémselves. Inrfhat case, -
thé attactive forces betwéen‘fhe solute and methanol become

’

small. This is also true for ethylene glycol which has two

suchlhydroged groups. Because the gthylene glycol_has two

hydrogen groups and methanol only one the solubilify of
gases used in ethylene glycol is expected to be ldher_}han

that in methanol . This was confirmed experimentally'by

’

i
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this'work'ahd Sahgals work[?].' The:gases used' in this work

are hydrogen sulfide and sulfur dioxide . These gases are so
reactive and polar as to be highly soluble in polar solvents’
because of the existence of chemical reaction or hydrogen~

" bonding between solute and solvent molecules.

- . - w

For predicting gas solubility in a hydrogen-bonding or

. . m
associdting solvents when some solubiliy data - are

available : Hayduk and Laudie [186] have utilized a

-

.....

‘factor is defined as the rdtio of the actqal ‘solubility to

~the ideal. gas solubility, and . is applicable - for polar and

hydrogen-bonding systems:

a("?lt . (29
et |
a." (: P . ‘ -.:
e XgEet (28)
&

It is aSSumed that hydrogen-bonding in a .polar 'solvent

causes solute gas molecules to be excluded or squeezed out"

from the llquld and hence the solublllty of " non-reactive

‘ gases is reduced The solubility of a gas may be predicted

from the’ relat¢onship betweeﬂ hydrogen bonding:factors in
L. .
d?ﬂferent solvents, provided that the solubility is

avallable in a reference solvent [16].

.

Ny, |
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 EXPERIMENTAL APPARATUS AND PROCEDURE

' Orlglnally Morrlsson and BilI“tx+26] suggested a splral

Bad ]

tube-type of solublllty apparatus for measurement of gas

solubllltles;' This’ -apparatus was modlfled. by Hayduk and

Cheng [17] and others; the resulting apparatus as used in

this work is shown in figures 1,and 2. Figure 1 shows the

"
4

solvent degassing apparatus and figure 2 the apparatus for
solubility determinations. The procedure for degassing the

solvent will now be described.

First about-30-40 cfn3 of solvent was put into the vacuum

flask and a vacuum was applied. If the boiling point of the

solvent was high, a tape heater was wrapped around the flask

to raise .the solvent temperature to its b0111ng point.

After enough boiling had taken pi\te\for complete degasszng

~of the solvent, (about 3Q'm1nutes) the stopcock was opened

and the partlally degassed solvent was allowed to flow into

1

the packed bead coélumn and degass1ng was continued for 10_

minutes longer. Then the vacuum was stopped and the degassed

solvent was temporarily stored in the packed column. The

L]

. solvent was removed by means of a syringe using the septum

rubber put at the eng of the tube attached to'the'packed ‘

column. This séIVeﬁtfuas subsequently‘slouffffﬁjeéted into

the spiral tube of the solubility apparatus by means of a
"\
syringe drlven by an infusion pump whose speed_ could be

. )
- .

varied by changing its motor. - ' - S

«

A 5-cm3 gas-fight Hamilton syringe was used in

N ~




Figure 1

Degassing apparatué
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conjunction with a eyringe pumpiequipped with a motor chesen

to give the necessary solvent f}ews . Three motor speeds,

.6.5 rpm , 0.2 rpm , and 0.1 rpm were used to give: the three’

[

., - Co . 3, .
different solvent flow rates of 0.04404 cm/min., 0.01754

+

cg/min.,‘and 0.008687 cé&min. , respectively. These solvent\ ”

flow ratés were accurately meesurea by using distilled water

at room temperature. For each combination of syringe and

syringe-pump motor, at?least threescalibrations were made

/
and the average of results was ﬁéftulated. For calibration

of the syringe pump,‘éistiLled!water was injected into a
‘closed vial with the neédle penetratlng the ceB (to_E_event
evaporatlon) during a- two to three hour perlod The water so
injected was weighed by‘means of a very aecurate balance
(idd;g). The solubility apparatus consisted of _é' gas

burette, a spiral tube, a capillary U-tube monometer and a

sclution collecting burette. ALl of the components were of

glass and were fixed inside a big tube which served as a

jacket in which a water-glycol solution wes circulated at

0 1 .
constant temperature (%£0.05 C). To obtain a temperature of #

o
-5 C, a Neslab Instruments refrlgeratlng system was used
The temperature rise through the apparetus was less than

o -
0.5 C ; to compensate for the temperature rise the inlet

temperature was malntalned at -5.25°C and outlet temperature‘

was —4.75C. ‘Thus - the average tempeFature inside the
apparatus was maintainped at -5°C. , f
The top of the spiral tube was connected to fhe upper

end of the éas burette. The tip of the long solvent supply

-
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:needle 6f'the syringe’ was located at the top 'of the spiral

tube . The lower end of the spiral tube was ﬁoinéa‘tp‘the"

U-tube manometef . The 'solvgnt 'becomes saturated while

flowing down the spiral tube to the U-tube. The pressure in

the‘absorptionfépiral tube was observed by means of this
. ~

U-tube, one side of which was open tg/fﬁé atmosphere. The
inside pressure of the gas confined between the mercury
surface and the ~surface of saturated EQ&Xent in the U~tube

was controlled at atmospheric préséure. The size of the gas

burette and spiral'tube depended upon the gas solubility’
4 . : . = . .

 being measured. Three sizes of gas burette were used: 50 cm,

3

100 .cm™ , ana 250 cmF. The biggest size gas burette was used

. . ) r
for high gas solubilities and the smaller si:zes for lower

solubilities. Several parameters were - considered _when
selecting the design of spiral ~tube. First, when the
solubility was high, -the spiral tube was  made longer

because, ' in this case, the necessary residence time for

saturating"the " solvent was.'consiqered - to be lond. The

solverit residence time was the duration of time from the

initial starting time of the syringe pump to the time when

the first drop of 1liguid was observed in the U-tube

manometer. The residence time for gases of l&ﬁ solubility
was usually in the'rénge of“ 10 -25 minutes.. Because the
flow rate bf solvent was low, the solubility took place
easily. Thus the requirea residence time for saturating the

solvent was aiso low ; therefore the necessary length of

spiral tube for getting saturated solvent was also short.



This was confirmed expenig?ngghly by changing tﬁé.solvent
flow rate. Tﬁo different flow rates were used for the same
solubility determinatiéns in which the residence times were
different. The solubility_reéuité, however, were found to be
essenﬁially identical. As the number of th; coils ‘in the
'spiral tube, the radius of the spiral éoil, énd the radius
of éie spiral tube itself were. reduced in size, the
fesidepce time became shorter. The anéle of descent of the
spiral tube.also had an effect on fhe residegce time. By
changing the slope of the spiral tube the residgnce_time
cogld be ﬁodified. In addition to the paraﬁeters mentioned,
. the solvent viscesity a;so influenced its residence time. At
low temperatures the viscosity of solvent wés highgr,
therefore the flow of liquid in the spirai tube was élowef.
If thg slope of the spifal tube was too low , the liquid
accumulated in the spiral tube and then Suqdenly moved,. -
This phenomenon caused some fluctuations in the liquid
,le&els in the U-tube. As 'a result, controiling the pressure
of gas iﬁside‘the apparatus became-difficult. Hence, a large
angle of descent for the spiral tube was ~used for high
visceosity solvents. ' -

For solubility measu:ements.at temperatures higher'than
room temperature a heat exchanger-was used to preheat the
solvent to the experimental temperature. bne heat exchanger
was used to heat the long syringe nggdle. - The syringe
itself was also equAippedr with a heating ( or cooling )

~ jacket. The_in&éé water to the heat exchangers came from the

L



?utlét of the..column. In 'l:hisi way the. heat exchanger
temperature was adjﬁsted ‘to the ‘system terﬁperature'. This
method of prehéating solvent in the syringe was not suitable
for high temperatures because ofﬁ the 'formation of. some
. bubbies inside the syringe that affected- the solvent
flowr;te. In addition,‘the calibratiop of thé syringe for
determining the 1iquidﬁflow rate was, seriouély changed for
temperatures which  were higher or lower than room
temperatufe. Hence, the s@ffhgé pump was ‘calibratéd at
essentially room temperature, -and fhe heat exchanger was
used for the syrinée needle only.. $hé inngr diameter of thé
long-needle-used.was'about 0.5 mm and the maximum sﬁlvent
flow rate Qas - 0.01754 cé&min. ;' thus the maxiﬁum liquid
Velocity-passiné through the needle was_about 6.2 cm/min.
Because the length of the heat exchanger was about 10 cm ,
the residenqe time of liguid in fhe needle of about 1.6
minutes Qas,sufficiently long for fhe solvent to essentially
reach the experimental tempépature. -

The first steps in the procedure for making a solubility
‘determinaﬁioﬁ involved ‘degassing the sclvent and purging the
'solubility apparatus‘with solute éas. Then the syringe which,
had been cleaned well gnd completely dried w as filled with
about 2-4 <x§ of "degassed solvent and connected to the
infusion pump. The needle of the syrinée was passed through
the heat exchanger and thén put into the spiral tube. The

tip of the needle was extended into the apparatus until it

touched the wall of the spiral tube for- the purpose of

2
~

o



ensuring a continuous flow of solvent in the ;p;;al tube. It
‘was found that if—the solvent flow to the spiral tube was
dropwisé, the inside pressure of gas iﬁside the éppératus
couldfnot bq_contrglléd.well. After.ciosing fhe stopcock
in the solution burette, the infusion pumﬁ:was switched on.
‘After the first droplet off{solution appearéd in the. U-tube

mariometer, an addltlonal wa;tlng tlme was requlred for a

. steady-state condition to be achleved . Then the flow of

'solute’ gas was shut off and the mercury level was raised by

means of the mercury-llft device driven, byég varlable speed -

motor. The rate of the mercury-lift device ‘could be

‘

aSjpsted as fequireg so that the internal pressure was
the U-tube manometer. The volume of mercury displaced was
‘equal to the amount o¥ solute gas dissolved in the spi}ai
tube. This wvolume éf 'mefcury was recorded every;ifiye
minutes; or instead, the elapsed tiﬁe was recorded forlevery
10 em’ of mercury that had replaced dissolving gas. Fr&m the
reducﬁion in gas ' volume " and solvent flow rate, the

solubility was calculated.

essentialy atmospherig/g}essure as observed with the help of .
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PROPERTIES OF TEST FLUIDS , . | %
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Hydrogen sulfide and sulfur dioxide were puréhased'

from 'the Matheson Company of Canada, and Air Product

: ii w7
Chemical Company, respectively. ' The minimum purltles of | /
)
these gases were specified as 99.5 % , and 99: 9 dﬁL,ﬂ~\\\ﬂ \H\?;
respectively. The molar wvolumes for sulfur d:.ox:l.de were ‘-
obtained'from the literature [ 18]j]. The molar’ volumes for .

hydrogen sulfide at a temperature of 25°C was obtained from
reference [6], for a temperature of 6006 by extrapolating'
from the literature (19], and.for a temperaturé of -5°C ffom
another litgf_ature Source [18]'. Theée gas molar volumes are
shown.in table i ‘

The n-hexane, ethylacetate, dimethylacetamide, and
acetone were. purchased from Eishe: Scientific’ Company.
These solﬁents had specifiea minimum puritiga.off 99+%.,
99+%, 99+% , and 99.5% respectively. The chlofobenzgne_gnd'
ethylene glycol, both of which had a speeified-ﬁﬁinfmum
purity of 99+% , were lsupplied by the Aldrich Cl3emical
Company .- ﬁimethylformamidé and methanol we;e -obtained from : .
“J.T. Baker wifh spécified purities of 99+% , and 100}

!

respectively. Acetonitrile was obtained from Matheson with a

k . .
specified purity of 99+% . Vapor pressures of solvents were
calculated by means of Antoine equation [8]. The densities

of the solvents' for a”temperaéure of 25°C: were obtained
directly from the literature [2],[7], and ([6]. The

. o
densities for a temperature of -5 C, for the solvents,



respectively. For a temperature of 60°C,

chlorobenzerm®; riethanol, n-hexane, and ethylene glycol were

aiso obtained fromlthe iiterature, [(20],[21).,(22], and:[234,

D

for chlorobenzene,

¥

- n-hexane, and ethylene glycol, densities were‘obtained from. -

[20)1 ,[21], and- [23] respectively. For the remaining

so;vents, densities were obtained by means of interpolating
or extrapeclating available data in the literature f6]. Yet
another source of den81t1es for a. temperature of 20 C was
[24]. At—room temperature (ranglng from 21 C to 27 C ) the
densities of the solvents were considered_to be a linear

function of temperature:

Be
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Solvent Chemi\:\%l Formula
Acetone " - CHzCOCH,
Acetonitrile , CH,CN
Chlorobénzene : Ce H5 Cl
" -
Dimethylformamide HCON(CHs)l
N-N-Dimethlacetamide CH,CON(CHy )2 o .
. . | Y
. N-Hexane ' CesHyy ‘ .
Ethylene glycol HOCH,CH ,0H
Ethyacetate -. o CH:,COOCR_HS
', Methanol " . CH,0H
A p
A
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-PROPERTIES OF TEST FLUIDS<
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gas molar volumes , m°/kmol.
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21.423

24.047

27.021

24.264

. 27.181

L2222 2222222 R 2R a2l il P R Y XTI TR LT LT T

solvent

- wn o e

" n-Hexane

Ethylacetate

Chlorobenzene

268.

298,

268.
298.

333.

268.
298.
333.

PROPERTIES OF SOLVENTS

15

15

15
15
15 .
15

15

15

kg/m>

1133
1100.9

1074.6

. mmHg

18.66
96.81

420.35 *

1.759
11.968

66.38

i



TABLE 1 (CONTINUED)

Dimethyl

acetamide

Dimethryl

formamide

Acetonitrile

Mefhanol

Ethylene

glycol

Acetone

268.
298.

333

268.
298.

333.

268,
298,

333.

268.

298.

268.
298.

333.

268

298.

15
15

.15

15
15

15

15
15

15

15
15

15

15

15

.15

15

Density
Kg/m>

981.8
- 944.3

912.1

810.2
777.3
739.1

814.7 -

787.3

*1131.1
1110.1
1085.6
827.1

785.3

Vapor Pressure
' mmHg )
0.0
0.0

15.944

0.0
0.0

25.89

17.08
86.33

370.95

21.76

126.88
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The solvent flow rate was” measured at room tem'perature

_but‘ the .-'éxperimentsj . were perfb'rfned' "not only at room

temperature but also at other temperatures.‘ Thé-difference

-bet'ween room temperature (. syringe temperature ) and the

: 3 ] _ _ .
system, temperature caused- a slight volume expansion or
+ . i .

contraction of solvent in fthe apparatus; thus the solvent N

-
‘

flow rate , E;r , had to be corrected to obtain the actual
liguid flow rate inside .the solubility apparatus . This ',
. Vo . Lt

correction , to obtain the flow rate in the equipment , F,

is as follows:

@9

(9)

In the above eguation e ,\ﬂ'.s the density of the

s_olvent' at room ‘temperature and '[-’S\is- the density of the .

_solvent at the experimental temp;erature. The linear

relation between thé absorption rate of dry gas, and the
constant solvent rate to the apparatus was confirmed by .
results of all the experimlents':- _The best. slope for this .

linear relationship (solute gas volume- time) was calculated

"by means of a least-équares method. . The Ostwald

coefficient, L , is defined as the ratio of the volume of
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the solute gas absorbed in the solvent to the volume of

solvenﬁ. The ggjwald céeffici_’ent is virtually_.independent,
of _pressﬁre. fo;- small change‘s in pressure for which Hen-ryss
law holds.‘ By - applfi’ng Henry s law thle mole .f.ractiof{
solubility of dissolved gas at ‘a_ gas partial presgure, P,

can be calculated as shown below :

|
H

Pa. _ 101,335 _ (30
K |
2’P2 X& o
. ! -
in the al?ove_uexpres'sion X 9 is the mole fraction of

. S. . "
‘s.olute gas when the solute gas partial pressure is

101.325kPa and Xa is the mole fraction solute gas when

2Pa,
the Ssolute gas partial pressure is 'Pa . The eguation for
tiue gas partial pressure is then A
P o= a0 g (33
7 = X, ! 1.51.:)

C . _
By considering that Raoult s law can be applied to the

solvent for the purpose of estimating ’tl"me- partial pressure

of solvent vapor - P, é'xi' P:. , P, , can be written as
follows ) : P,
’ | = —F ) '
- R -
P = iof.325’(-—) (33)
} Xa :
. : Po;P +8 N\ :
- Fi
Po=iorsas (L2 2y (3)
. X
! &

Hence, the expression for the partial pressure of gas is



reduced to*: - . " . o ;

:b:,szé(P—/g")'

o/.325 - Pf X

o

B =

2

.-Bydg!gnition;the Ostwald Edefficieﬁt is first written in

words and then expressed as an equation

volume af gas (saturated) dissoivea in sbolvent
N . ) :

- S W R S N RN PN G W S P A M M S S TR W g R R G am e e em

e (36)

- The volume of dry gas corresponding to wet gas dissolved in

A . p
the solvent is expressed as

Vo= —v - (3%

.
“ e 2.t (@)
- A, ’
. V.. P
solv, 2 ' _
Q*‘\.

-

. In the above egquation the volume of solvgpf is the product
L} t . . ‘ J '



of the solvent flow rate and the time .

Thus

@y

In order to- obtain the Ostwald foefficient from .equation
(39) and (35) the solubility; needs to be known beforehand.

From the definition of"mole_fraption of solute gas : N

)

2 . .
Xy m  {40)
-h—\"+mi' ) . .

On the other hand ,the equation for Ostwald 'coefficient is:

V, . .
L= V% = H:: \:12' ' (J'“)
Solv, ' I : -

In the above equation , V. ,and V2 are the molar volumes of

<

solvént and sclute gas ,respectively ;then it follows that

4".‘ Va‘ ‘ .
—_— L
Mg LV' . . ’ ( i) -

By inserting equation (42) into eguation (40) we obtain:

T T (43)

From equation (35) , (39) ,and (43) the Osfwald coefficient




n32'

» " .. .
can be expressed as shown below:

L—_ -'—b.'l'.:;h.bi_q'ac,.. . ]

: S(a4)
. Aa - :

The constants in the latter eqyation‘can be shown to be

oL = ’0’.325(&:“.]:.0) | | @s)

' o Vg. ol ' - <
b= 0335(R-P') F - Rz (w0135-FT) @)

, ) v |
C=-lelzas P.2.-% . @)
e T g |
: y A

‘
&

The glope of the absorption rate of ( dry gas - solvent

-

- -~
rate) relation , 2 , is : -

2 - . | D)
6F -

The value of 2 was calculated by " applying fhe least;
squares method using the data obtained from the ,géove‘
experiments. The mole fraction §olubilify, Xi , was finally’
obt;ined by insert%pq gquatiqn‘(44) in equation (43).. The

basic computer program and the detailed ‘results of the

calculations are given in the Appendix. i

-
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RESULTS AND DI sc{JssioN ’

Sulfur dioxide and = hydrogen sulfide soiubilitiE%
cofrespénding to a gas partial pressure of oﬁe atmosphere
(101.325 kPaj and. for ' temperatures of -5?¢_,25°c, #nd SOOC
in the solvents, 'n-hexane, . aéétone, ‘ metﬁanol,
dimethylformamide, - N-N-aimethylacétamide, aceténitrile,
ethylacetété; chlorobenzene;-and.ethyiene giycol are listed
in tabl%§r3'égd S.as.oStwald coefficiénts. in tables 2 and 4

the results are listed as mole fractions and graphically

indicated in figures 3 and 4. The solubilitiesAweré not

. o
obtained in methanol, n-hexane, aceteone at 60-C = because
L , o . . s

these solﬁents are above or near their normal boiling points

at that. temperature. ‘Also,. in tables 2 and 4 the average

solubility is‘givén;for each system. For the purpose of
confirming the accuracy of the experimenéal method , certain
solubilities répbrfed by Horiuti[25] were- available fbr
comparisqn. The .solﬁbilities' of ) sulfur didxide in
chlorobénzene at 25°C and 60°C, as reported gy Horiuti, are
0.182 and 0.0614 mole fraction,°respectively ; the wvalues
of ﬁoriuti may be compared with those from this Qork'whiéh
are listed in th;_same order and are, 0.1848 and 0.08617
mole fraction, respecfively. The deviation-between the two
results are If?% and 0.33%, respectively. The solubility of

ioo. o
hydrogen sulfide in chlorobenzene at 25 C was previously

reported (Sahgal and Hayduk [7] ) to be 0.0505 . mole

fraction ..The solubility from this work is 0.05055 , with a

¥
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.06629

TABLE 2 |
|  SULFUR DIOXIDE SOLUBILITY , MOLE FRACTION |, X,
Solvent Temp. K ' »1 "2 3 Avg. .l
Ethylacetate - 268.15 °  .8101  .8101 .8101
' " 298.15 .4351 4397 - .4374
. 333.15 .220 .2145  .2196  .2198
Acetonitrile  268.15 8096 -ls120 .8077 .8098
298.15 .3655  .3657 .3657  .3656
333.15 .1518  .1545  .1524 ..1529
Dimethyl- 268.15 .8593  .8595  .8595  .B8594
formamide 298.15 .5875 ..5916° .5927 .5306
333.15i .3879  .3880  .3878  .3879
.Dimethyl- 268,15 .8594 8590  .8608 - .8597
'acetamide -  298.15 ;5969 .5901 .5935
333.15 .4096  .4088  .4073  .4085
n-Hexane . 268.15 .8989 .900 .9011 .900
298.15 6265  .6306  .6291  .6287
Acetone 268.15 .8350 . .833 .835 .834
298.15 .4494  .4488 4491
Methanol . 268.15 .699 .695 .698 .697
23\\9 298.15 .2584  .2568 .2576
Chloroben-, 2(-38?15,J .7353  .739 .7365  .7369
zene 298,15. .1861  .1835 . 1848
333.15 .0616 .0618 0617
Ethylene -  268.15 .535 5354 .535
glycol - 298.15  .187  .1865 .1869  .1868
f 333.15 .0671  .06763 .06701

%
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Solvent Temp. K 1 2 3 Avg
E?hyiacetate 268.15 968.2 967.9 - ' 968.05
298.15 202.9 188 - 191.6 194.17

333.15  71.3 73.4 73.6 72.77
[ ) .

Acetonitrile 268.15 1779.6 1826.2 1798 1800. 3
298.15 262.3 262.6 262.45

333.15 . 87.1 88.9 87.5 87.83

.

. Dimethyl- 268.15 176l1.6 1760.7 1758 1760.1"
formamide  298.15 450 452.1 442 .4 448.2
333.15 213.6 213.67 213.8 213.7
Dimethyl~ 268.15 - 1432.5 1455.8 1460° 1449
acetamide 298.15 383 372.4 : 377.7
333.15 193 . 194 194.9 194
n-Hexane 268.15 |, 1510 1546 =~ 1510 1533

298.15 309.8 311.7 306.3 309

Acetone 268.15 1524 -1547.9 1551  1540.97
' 298.15 . 265.5 264.7 265.1
Methanol 268.15 1267  1241.7 1262.9 1257.2

298.15 205.9 204.2 _ - 205
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9 TABLE 3 (CONTINUED)
SULFUR DIOXIDE SOLUBILITY , OSTWALD COEFFICIENT , L
Solvent Temp. K 1 2 3 Avg.
Chloroben- 268.15 602.9 607.5 610.6 607 ..
zene - 298.15 53.78 52.9 53.34 ‘
‘333.15 16.93  16.99 16.9< §
- . e
Ethylene 268.15  449.9  449.2 449.6
glycol 288.15 98.9 98.6 98.8 98.8
' 333.15 ©33.99° 34.28 33.55 33.94
AN
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HYDROGEN SULFIDE SOLUBILITY ,'MOLE FRACTION , X,

.
—————————————————— P R e e . —— YR = e e G e e A D TR S S em m ew bR R

Solvent - Temp. K
n-Hexane ' 268.15 -
298.15
o ‘
Ethylacetate 268.15
298,15
© 333.15
Acetonitrile 268.15
1 298.15
333.15
Dimethyl- " 268.15
formamide 298.15
333.15
Dimethyl=- . 268.15
acetamide 298.15
333.15
" Chloroben- . 298,15

zene

~~

.1853

.08546

. 04035

.1030
.0463

+.02098

.2509
.1162

.05436

.2999
. 1457

.06617

.0506

.0943

-~ .03656

.1874
. 08603

. 04041

1026
04717

.02077

.2500
.1150

.05412

.3018
.1456

.06662

.0505

.1840

.1022

.2513

L0537,

.3009

.0946

.0368

.1855
.08574

.0404

.1026
.04673

.02088

.2507
.1156

,0541

.3009
.1456

.0664

.05055
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Solvent Temp. K 1 2 3 Avg
' Ethylacetate 268.15 $3.33 . 53 51.88 52.74
298.15 23.17 23 _ . 23.08

333.15 11.03 ‘21.05 13.23 11.-77

Dimethyl- 268.15 97.7 ' 97.2  97.9 97.6

" 'formamide 298.15 40.7 - 41.23 40.97
) S 333.15 19.5 19.4 19.24 19.38
Dimethyl- 268.15  103.8 104.7 104.3 104.3
acetamide -  298.15- -44.5 44.5 44.5
- 333.15 20  20.2 _ 20.}

Acetonitrile 268.15 49.24 - 49.05 48.84 49.04

-= 298.15  22.3 22.7 - 22.5

333.15 10.38 - 10.48 10.43

'n-Hexane © 268.15 17.9 { 179 18 17.9.

- 298.15 6.9 7.08 - 7.04
Chloroben- . 298.15 12.65 12.64 12.645

zene
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Solubilities of sulfur dioxide
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Solubilities of

hydrogen sulfide
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deviation of 0.1% Solublllty of sulfur d;oxlde ”in,

acetonitrile at 30 °c from this work as obtained by

interpolating is  0.183 mole fraCtion *while the value'

’obtained by Byerley and Rempel [27] is'0.181 mole fraction.

The deviation between the‘last two'results.is 1.1% . ~ Also,

"

the solubility of sulfur dloxlde in acetone at 25°c, as -

_reported in the work of Hor1ut1 1s 0 451 mole fractlion, and

that from this work is 0. 449 mole fraction. " the deviation is
0. 4% All these comparlsons show dev1at10ns from previ usly

;reported sﬁlubllltles of less than 2%. It is. con51dered

that the apparatus used and method followed give results?

which are of "good accuracy. Flgure 4 shows that the

solublllty of hydrogen sulfide in n- hexane at 20 C is about

0.041 mole fraction ; 'a comparable value was'reported by

Stephen and Stephen [29] as 0.0341 mole fraction. The

deviation.is‘large, with the previously reported value beinq

| 17% lower tth that obtained in  this work. Also, the

solubility of sulfur dioxide in methanol at 25°C from' this -

work is 0.2576 mole fraction, while that from [29] is 0.201
mole fraction obtained by interpolation. The difference

. again 1is high, with the- previbusly reported . value being

22% lower than that obtained 'in this work. There is no.

s

apparent reason fof these discrepancies . Common sources of
error in the measurement of gas solubilities result in
solubilities which are too low. .In the case of the large
deviations mentioned above, it is considered likely that'the

results previously reported are incorrect. In figures 3 and
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4 are shown the gas solubilities wﬁi?h’may be observed'to
increaéé with deéreasing femperature ; in other words, the
mole f:acéiohs sqlubility‘ tend to become higher as the
equilibrium temperature is reduced toward the boiling‘point
of the gas. Large differences are observed for the

“\solubilities of both gases in the various solvents. The

. results of the experiments show .that.the solubilities of

+. sulfur dioxide are sigﬁificaptly highér in all solvents than
the results fbr hydrogen sulfide. This is.consistent with
the observation that solubilities of gases increase in most
solvents in the order of increésing normal boiling point.
In figures 3 and 4 the ideal gas ééiubilities, have been
shown by a.dashed line. In figure 3.‘it is observed that ¢

- except for chlorébeﬁzeﬁe and ethylene glycol, all the
solubilities of sulfur dioxiae are higher than the ideal
solubility. This suggests that some strong associatio; or
chemical reaction occurs betweenisulfur dioxide and these
sﬁlvents. It is diffﬁcult to explaip the actual solubilities
of sulfur dioxide in cﬁlorobenzene and ethylene glycol. On
the one hand chlorobenzene is only élightly polar, while on
the'other,_ethylene glycol is highly self-associated.

The highest solubility‘ of sulfur dioxide in the -
solvents used was obtained.in n-hexane. Although n-hexane
is a non-polar solvent, the solubility of sulfur dioxide in
it is a maximum value among the solvents used. It has bggn, -

postulated that for most gas solubilities above the ideal, a

chemical association occurs between the gas and solvent.
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Thus one may'postulate that is an association between

sulfur dioxide ‘and n-hexane
solubility. On the . other hand, strong molecular self-
association in the solvent often results in a.reduced gas
solubility:-zhns the solubility of“most-geses is unusually
low.in ethylene glycol. There is a noticeable increase in
.sulfur. dioxide solubilitf as the degree of molecular
association in the solvent increases [25}. The solggility
of the polar gas seems ‘to increase as the 'polarity of

solvent increases. These statements appear to be true for

'hydrogen sulfide as may be observed in flgure 4. Also,
the nolarlty and association of. solvent increases ,iso
the 'solubility of nydrogen sulfide. " The 50
Ichlorobenzene,' methanol, aoetonitrile, ethylaqetete,
acetone, dimethylformamide,‘and N—N-oinethylaoetamioe areAin'JJ
thel order ‘of increasing ge;\\solubility corresponding to
_figure ‘3 and are at the same time, iﬁ' the order of
1ncrea51ng polarlty and degree of association.

1In figures 3. and 4 it can be‘observed that ‘the
solubilities have a <general 'tendency to change with
temperature in a way similar to that for the ideal gas
solubility. Itjwo.uld also appear th t as* the temperature
decreases toward‘ the gas normefr bolliﬁé point, the.
solubilities of most of these gases‘approach a mole.fraction‘
of unlty; With an increafje in temperature, sulfur dioxide is
" more- soluble than hydrogen ‘sulfide. This is probablf due to

‘(--‘
the fact that sulfur d10x1de is .a- more reactive and polar
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gas. In table 6 the ratios of gas solubilities for sulfur

dioxide to those - of Hydrogen_sulfide in the same solvents .

and'temperatures are shown. This cemparison of solubilities

may be used for choosing the best solvent to'separate these

-two gaees from each other. It should be noted, -however ,

that there are several other considerations for - selecting.

the Pest'solVentf As table“6ﬁshows, the largest ratio of

solubility of sulfur dioxide to that of hydrogen sulfide

occurs fer the solvent ethylene glycol. Thus it can® be.

concluded that ethylene glycol is the most effective solvent -

. when compared with the other solvents used in this work for

-

..

[

eepafating sulfur dioxide from hydrpgen sulfide in the gés.

_phase. . ' o : .

. The hydrogen-bonding factor (H.B.F) is considered to be

a measure of the effect of molecular‘ association oh gas
soluhility', The‘telation between the various.H.B.F can be
used ,to eétimate solubilities in.these and ‘other associated
“solvents {16} . In fiatres Srahd 6 is “shown the relation
between :HTB.F £er a number of ‘gases in ethylacetate,

diﬁetﬂylformamide,' N-N-dimethlacetamide, acetone, ethylene

glycol, and methanol at 25 C The solvents dimethylformamide
and c&getone which are hlghlf' pol;E and associated were

selectedras ‘reference solvenks. The new data obtained in

this research were converted into H.B.F and shown in these’

figures. From figures 5 and & it may be observed that for
the solvents'shown, except for the H B.F of ethylene glycol

‘End”methanol~for sulfur dioxide, the remalnder are greater
. < .
R
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n-Hexane

‘Ethylécetate

-Acetonitfile

Dimethylformamide

Dimethylacetamide

Chlorobenzene

Acetone

Ethylene glycol

Methanol

298.
268.
298.
333.

268.
298.
333.

. 268.
298.
333.
268.

298.

333

298.
333.
298".
298.
333.

298.

.15

15

15

15

15
15
15
15

15

15

15

15

15

.15

15
15
15
15
15

15

3.144

' 4.65

4.367

5.10

5.44

7.89

7.83 -
6.07

3.43

b

.89
.074

.15 .

S

.66

W

"15.31
9.33

' 9.33
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than one. Such high solubilitieq euggest that some chemical
'Bonding'ﬂoccurg, between these solvents. and gases. . These
..&igures also indicate that.it is possible to estimate the
gas solubility from the relatlonshlp between H.B.F in the
vents shown, prOV1ded that the SOlublllty is known in at
least one of .them. Data for the H.B.F, shown in_figutes 5
and 6 are from sources given in table 7 ; the H.B.F obtalned
' f’rom this work are shown in tables 8 and 9.
| The gases sulfur dioxide and hydrogen sulfide are
toxlc and perilous to human health. Hydrogen sulflde is both
an irritant and an asphyxiant. At concentratlons above 150
ppm the action of the gas on the nervous system'becomes more
pronoqnced . Exposure to 500.ppm results in a heaoache,
‘and at' 800-1000 ppm may be fatal in 30 minutes. Sulfur
-Lifoxide is dangerons' to * the eyes Pecauee_ it causas
o i;hifation and inflammation. It combines with water to form
sulfdkéhs acid. At a concentration of 6-<12 ppm it causes
immediete irritation of the nose and _throat and with
concentrat;oq of 400-500 ppm it is immediately dangerous to
life. Maximum \\\perm1551ble concentration for exposures of .
30-60 m1nute is 56\100 ppm [30].
| For the .aboVe ”feasons all experiments involving
hydrogen sulfide and Sulfnr dioxide_were accomplished under /.
a large fume hood er safety reasons. The gasesldischarged
" from the apparatus leq\\had a hlgh concentratlon—df/;ulfur
dioxide or hydrogen sulf1&25\33£e neutn,/yzed before comlng

-— St

out of the -apparatus. An absorber solution was used at the



source of discharge of the gases for this" purpose. The .

‘gases were diluted by means of dry air for improving the

absorption. For absorbing sulfur ‘dioxide, a solution of
potassium permanganate ( 10 N° ),' and for hydrogen sulfide a .
solution- of lead acetate(10% aqueoﬁs acetic acid solut;.ion)'

was used, both of which had a hiéh capacity for absorbing

these reactive gases.

—i



TABLE 7

Solvent . - _ Gases and Sources

Methanol : C4H;, C H, (27) , SOy (This work)
Ptcetone ‘ : NaO ’ C Hq + Na, CzHa ,09. (23)

CO , CO; (Gjaldbaek and Anderson ,°
. 1954)

Hy (19) , HyS (6) , SO, (This work)

Ethylacetate . C,H¢ (3) , C4H, (Mc Daniel ,

(C3Hy, C Hy,COy (Howard et al. ,

Dimethylformamide : CangC;

1954)

, His (This work)

2

C,H,-(3) , so
Ethylene glycol. : ciHi‘(zs) , HaS (6) ., SO, (This work)
g .

T
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333.

., Acetonitrile 268.
208,

333.
Dimethylformamide 268.

298.

333.

Dimrethyladetamide 268.

333.

* n-Hexane 268.

1]

Acetone 268.

298.

298.

298,

15

15

15

15

15

15

15

.8598
.5935

. 4085

.9000

.6287

.834

. 4491

.8036

.2584

.09187

.8036
.2584 .

.09187

©.8036
.2584
.09187
.8036
.2584

.8036

.2584

1.008
1.69 .

2.392

1.008
1.42

. 1.66

1.07
2.29 .

4.22

1.07

4.45

1.12

2.43

1.038
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TABLE 8 (CONTINUED)

S

Methanol

Chlorobenzene

Etﬁylene glycol

268.
298,

333.
268.
298,

333.

15

15

15

15,

15

15

.535
.1868

.06701

- - - -

. 52

. 867
.997

.917
.72

.67

\f\
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n~Hexane

Ethylacetate

Acetonitrile

N

Dimethylformamide

Dimethylacetamide

. e,

Chlorobenzene

 268.15
298.15

333.15

268.15

98 .15
333.15

268.15
298.15

'333.15

268.15
298.15

$333.15

298.15

.1855
.08574

. 0404

«.1026
. 0467

.02517

. 2507
.1156

.0541

. 3009
.14565

.0664

.05055

.1145

.0512

L1145

.0512

.02445 |

.1145
.0512

.02445
.1145
.ESIZ
.02445
.1145 .

.0512

.02445

.0512

1.65

.90
.91

1.03 -

1.85

2.63

.99
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CONCLUSIONS

In this work it was found that the §olub1:.li;ty of
sulfur dioxide is much higher than that of hydrogen sulfide.
In the éame solvent and temperature it is higher by a factor
which vérie§—££gm, 3 to 7.5 . This-result indicates that the_
~tendency for sulfur dioxide to combine with the solvents
used is greater than that for hydrogen sulf;de in the same
solvents and at the same temberatures. It was also'found
that the gas soiubilities_ of the two gases studied had the
maximum  difference in ethyLene glycol 'solvent. Thus this .
solventi_was the most suitable absorbing solvent for -

sepas}ting sulfur dioxide. from hydrogen sulfide. The plot

1 . . .
of hydrogen-bonding factor im-—one solvent wversus those in

—_—

the other solvents was useful as a semi-empirical—" .
‘ N

. correlation for relating solubilities of sulfur dioxide and

hydrogen sulfide in polar or éssociating'solvents._
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- 10 COMPUTER FROGRAM AND CALCULATION FRINTOUTS
20 *i********ai*********1***}**#**fﬁ***********'
30 MAJOR FARAMETERS IN THE JFROGRAM |
' 40 TR = ROOM TEMPEROTURE °C _
50 TE = EXFRIMENTAL TEMFERATURE °C
60 V1 = SOLUTE GAS MOLAR: VOLUME LM’ '
70 V2 '= SOLVENT MOLAR VOLUME cM° -
80 DR.= DENSITY OF SOLVENT - AT ROOM TEMF.  G/CM™ oy
0. DE = DENSITY OF SOLVENT AT EXPPHIHFNTAL TEME. G/CM
10O FA = NTMOSFHERIC FRESSURE KFA
110 FOZ= SOLVENT VAFOR FRESSURE - KFA
120 FR = INFUTION RATE CHMYMIN. ~
170 S = SLOFE
140 X = MOLE FRACTION SOLURILITY
150 L = OhTwALD CULFFICIPN1 - .
200 CLS . . ]
210 8T=0 - ‘ ) ' .
220 SV=0
2500 §TT=0
240 SYV=0
250 . STV=0 .
© 260 INFUTYENTER 3 NUMRBERS : ",6,T,V
270 IF G=0 GOTO 430 ' : - :
200 N=G ‘ : g S
290 IF G»9 GOTQ 3§ ' -
300 TBY=T =z e
L3100 V(G =V * ‘
7207 BRTOU 260 B ’
330 M=G-9 o - -
340 F(M =T - : : .
S350 @ =v .
“ 360 IF 354 GOTO 210G : :
<% 370 ST=ST+T ~
IBO . STT=STT4+T#T
390 SV=EYY
400 - GUVHGUVHURY
41¢ STV=SBTRVET .
A0 GOTO 2ep
430 NaN--3
440 =M ’
A4S0 S (NASTV-ST*SV) / (INASTT-GT*ST) ,
440 'vo—(GVxQTw QIhﬁTV)/(N*QII— T*JTJ ;///‘ ' ' o
470 INFUT"ENTER 10 NUMBERS : ",TE TR,Fr,Vl DD, DE, D25, FOw, FR, M
480° INFUTYWHAT TS [THE SYSTEN :v,av .
490 FA=FAX101,325/760 -
HOO __eM/DE
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S10 DR=D2 S—TRY*DD .
520" PO:-FOE*IOI I2H/THO
" 530 F=FR*DR/DE
540 A=101.325% {FA-FO)
550 R=101.325% (FA- PU‘)»VI/V“*P\ka(inL IR0 /F
s 560 C——lul.&?ﬁkrn*S*VI/(F*v“)‘
~ 570 L=(-B+ (BTR—4%A%RC) LS Z{2RD)
s80- xn1/(1+v1/<Vﬁ*L>)
590 LFRINT. "
C&DO LFRINT  SYSE - : .
610 LFRINT - o» _ , -
620 LFRINT TARCD) "TR = " TARCIO) TR TH(I0Y "TE = " TARCLDY 0 '
630 LPRINT - TAR(S) V1 = " TARILID) VL GALCIO) "VE o= " ey L
HAD LFRINT TAR(S) DR = " TARCIO) DIV TARLIOY DI = " 1AM I
- G0 LFFINT TAB (S "FOD: " TARCLGY FO2Z TAVGIO) "FA " TAROSDY 1
c - BE60 LPRINT TARS) “FR = " TAROLGY FROTATICEDY "Ig = % I ) 46
H70 LFRINT TNRCEY "G = " TARGIO O TARCIO) "0 " AT L
680 LFFINT Tak(yy "L =" THEBCIM L TORCE) "X o " cLAl(ahy )
&FO LEIENT ‘
700 LPRINT, " TIMFE LN MLN. VOL. 1IN o . DEV. i warm
710 LERIMT Y T 0 . S0 o
720 FOR G=1 T 9 - ‘
7E0 VLsSRT (E) +0 :
740 . DIZV. = Q) =V /WL 31 00 .
7SO LERINT TATGA) TG TRE(REY Vi) TAC4L) .
THO O NEXT 6 ) . : -
F700 FOR =1 00K ‘N
FERO S V=GR ) WD . . *
790 DEV.= (0 (M) -V AVLELOD et
00 LFRINT TAk ) BN TAB(RDY GO VALY DEV,
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B2 LFRINTY O o '
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TR = 22,

V1 = 21423.7

DR = .8974801
FO2= 2.4B7795

FR = ' 1.444333E-04
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P67.9289 .,

TIME IN SEC, . VOL. IN
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R = 0
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. t)
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- =2, USIZLIE~QOL
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TR = 23.5 T UTE = 23 '
V1 o= 24047.26 V2 = 102.2827 -~ -
DR = 1,10237 - -~ DE = 1.1009 :
POR2= ' 1.595402  PA = 100.1518
FR = 2.923334E-04 R = 0 : S
S = 1.933971E-02 V0. =  2.149876E-02 ' L
. . L = 53.79862 X = .1861285 e
- TIME [N SEC. VOL.. IN € DEV. TN (%) -
T . o . 0{ ) O 'y L
. 664 10 - ' -3:288203 . . ~
T 1Y B 20 -, i -1.40762 ,
) ' CL 1939 30 -. 5086957
5 ) 40 . 208049
- ‘ 50 3.538239E-02
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TIME TN SEC.. VOL. IN CC DEV. IN (%)
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. TR = 24 TE = &0
g Vi = 27021.1 V2= 104,745 D
. NR = 1,10188 DE = 1.0744
‘ PO2= B8.B849938 FA = 101.045 -
. FR = .01754 R = 0 ‘ )
8 =  .2793636 . VO = -3.2264846E-02 N
; L = 14.93237 Xo= 8.159405E-02.
TIME IN MIN. VOL. IN CC DEV. IN (%) _
0o 0 0 -
S 1.42 4.06F3IRG - - ; 9.
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s 4.2 — 1.005487
20 5.59 . 6299221
: 25 &.97 . 26142505, -
0 8.36 LIEH0LA .
- ' =5 . .74 —5. 605 L2 EE-02
40 11,12 ' — 19YVHES
oo 45 : 12.5 -.3118114
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&0 : 1b6.66 - L A15758
, oS " 18.4 l.uHVUu?-.
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TIME IN MING VOL. IN CC ~ DEV. LM ()
- ‘ o 0O ' O .
* . 4 1.4 v ~2.542999
. 1o - 2.83 -.2814%7/8
$ 15 © 4.24 ~ 1.2114741:-02
o 20 .. . 9.64 -3 e -1.59681LE-02
; 25 & 7.04 - f'“~3.3475775~02-. .
o 30 . - B. 439999 C A 516610602 i
- TED T - R.850001 4.8045646E-02
: 40 o 11:24 ~%. 9YB149115-02
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b0 ' © 14.85. ‘ ~. 0154433 N
L&Y “18.25 -2, 196368E~02- :
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FR = L. 4647
8= 3,691
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. = 20 ~. 6113304
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R .
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. TR = 23.9 .- TE = 25 v,
: V1 = 24047.26 - . V2 = 77.41164
D= .945268 . DE = 9443
. FO2= 0 : .FA = 99.41847
FR = 1.464333E-0 R = 0 -
. S = 4.596L86E-0T VO = 2.0776b7 .
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o2 -0 . FA =  100.05848
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TR = 23 - TE

A = 25 :
Vi = 248264.5 V2 = 131.6901
DR = . 6564 . DE = .6544
S FOR= 20,16901 O PA = 100,805
FR o= .01754 "R =0 S
, 8 = .100428%5 VO = 2.642857E-02 .

S L= 7.08348 X o= Z.702076E-02
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41,2379 . X

25
77.411134
-9443
101.9116
0 :
-, 2109091
< 115626463

{12 1S VR | I
i

nmy %

inn
il

TIME IN MIN. VOL. IN CC
%) Ks!
5

3
10 7
15 i
20 1
25 i
S0 2
35 ‘ 25.2
a0 28.3 ’
45 - 32.5
S50 . ' 36.1
o5 39.7
&0 ) , "43.3
65 : 456.9 '

st AL T LS T E LSS S LIRS LR EEET NS PER YRR

DEV. IN (%)
0
1.7042=4
4711741 ¢
5. 500241 E-02
. 1940558
L27R55T9
CETAAETO0N
L374412
-1.51T039
LAT9TTEY
C1LASS0EH
L G300 359
L LOPEER

S5.0B 190 -02
T S LD A Er R

DEV. IN (%)
Q L4

2.5572277°

L90aEG1LT

LITS2342

. 1145653

LS178217F

W S2VEPEY

L 1807066
~1.4661613

-30T0148 Y

2069282

£ 1284028
Hb7E~02 - .

7.760136E-03 ¥
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. . . : : ~
2 — DIMETHYLFORMAMEDE /// .
— = TR = 26.4 . TE = -5
Vi = 21723.19 V2 = 74,45508
DR = .9430679 . DE = .9818
PO2= 0O PA = 100.7117 )
TFR = L Q00734 R = 0
S = 4.B70005E--02 Vo = 1.010825
. = 97.724546 X = .2509059
IHE IN SEC. “VYOL. IN CC S DEV. IN (%)
O : 0 : S O
137 10 C —4,307424
780 20 o ~1.491601
422 Lot 0 _ : -. 2879917
STy A 30 .. - 1925093
714 S0 . = AOYDIT 6
359 &0 - ERES511
1145 : 80 . 1274241
1455 - 100 . 1177454
1735 : 120 ' . 1179539
2014 130 . L60&056
2a06 . 160 ' ’ L QHHOEDEA
TEIG 160 ' o &GP T ALE-0OR
2085 ' 200 . 103829
184 . 220 _ : -, 1763091

616 . - ' 250 ' —6. 132102E-02
. ’ L4
o RK KW RN A X R R IS LSS R LSRR ETEETIE LD ED TR I L LI E L L L LT L LTS E

SHZ - DIME THYLFORFNMLDE

TR = 25 TE = -5
V1 o= 21723019 - V2 =. 74.45508
DR = .94474 DE = .9818 '
PO2= 0 . ; : PA = 100,765 ‘
FR = 000734 R = © -
L8 = A4.869208E-02 : vo = 1.273845

L = 97.2568% X = L2800053

I IME IN SEC. voL. IN CcC DEV. IN (%)
(W] A ~ O 0
139 10 -7.596018
277 200, -1.485%63
417 30 S L R725955
G40 40 . 6506833
705 50 - . 6000528
1004 70 -, 3426677
1293 20 ~. 1028993
1587 110 . —-. 25612881
1876 ' 130 -.1077283
21465 150 ©5.198431E-03
2455 170 5. 125989E-02
2749 . 190 - —S.701126E~02
3039 . : 210 -1.3B84725E~02
3329 , 230 2.183811E-02

3618 . 250 7.934146E-02

©



SH2 - DIMETHYILFURMAMIDE ~

TR .
Vi
DR
PO2
FR
8
L.

| I}

oy

TIME It
)
140
282
424
570
716
talq
1295
1595
1874

SleS

26.8
2172%.19
942716

o

L OO0O734

6. F0RF42E-02
?7.93861

SEC. voL.

A

EXERAEEEEATNEEEA LR XA RN

SHL - D]HETHYLHﬁFTﬁMIDE:

TR
Vi ==
DI ==
[SIRYAE
(JEEY

S

L

li

TIME 1IN
O
1320
264
398
332
&&67
30
1211
148z
1755
2028
200
2579

25 '
2172319
68

Y

L QOQ7EA

. Q734484

103, 7831

SEC. VOL..

2847

3118
3389

IN
8]
10
20
S0
40
S0
70
0
110
130
180
170
190
210

CAE0

2590

TE
V2
DE
FA
R

VO
X

ce

»

Hitnn

)

-5

74. 4355008

. 7818

200.3917

O

4011233
-2513173 -

DEV. IN (%)
0
-, b426HED
L &7304449
1.119291
L 6AVOET S
. 3546084
. ~1.52378%
L 2349512
17629946
L 180021
» 106008
LLOTOARTE O

.

DLHYSUOTE O

N L7755l
=2 L VAT L
PO - T D BTN

o

N

0Ll

(]

f

}%ﬁ¥*%**%%ﬁ&i*ﬁlhkkt#ﬁk**ﬁhlﬁ(hdﬁﬁl.

1=
2
DE
FPA
iR
Vi
X
IN CC

(8]

10

20

IO

40

S0

70

G0

110

130

150

170

190

210

230

200

nonon oo

- ~

-5 .
B3Y. 66859
P71
1000451
O
1.005927

29991514

DEV.. IN (%)}
0
~5.28113545

-1.%43015
—-. 7883617
- L ROTANE
7.2809841-03
—& . 7HQA0E 02
0533343
&H.ETELAFE-02
7.OQT320E -02
2.71578%E-02
J.6FI9FIE-0L
-.071288
-5, A02324E-02
-7.83444TE-03
T.099715E-02
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SH2 - DIMETHYLACETAMIDE

TR
Vi
DR
<P02=
FR=
g .

L

W

P1IME TN
139
D7
416
&51

Sas
957

1225

L4925
1764
L03Z4
2505
Ho74
2344
R B It
2EB3

24.5 . TE

21723.19 - vz
L9373 : DE
0. ! PA
.O0N734 \ R
- 7.415845E~02 vo
L 104.7272 X
SEC. VOL.. 1IN CC
: o O
10
20
40
50
70
90"
110.
X 130
150
170
190
210
230
250

now o on o

.0 .
—-.B773879

_5'

89. 66839

.9716
101.3517

.3018178

L

DEV. IN (%)

o)
b. OI7IT
3. 263826
9. 166847E-02
4. 02T H6IE-O2
9. 392667E-03
-, 131608
.70077BE-02
9. 5EE464E-03
L 0A76T0O1
2. 6UE916E-02
3. 4005HD6E-02
3. 3AB8YAZE~-03
-1.391989E-072
9. 6IEBEUE-03
-2 .56747E~04
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SHZ — DIMETHYLACETAMIDE

TR
V1
N
o2
Iy
5

H O T I {

i

TIFE TN
l )
1352
.r: |:J {3
A0
Y
a/3
744
1214
14895
1757
2027
2299
2570
2842
3114
384

***i*****************************************

5.5 TE
2172519 V2
L PEGRT DE
0 A
L0074 R
7 RTAIT6E-02 . Vo
104, DGT72 X
SEC. VOL. IN €C
: "0
10
20
X0
40
S50
70
90
110
130
150
170
g 190
210
230
250

[ I

(|

89. 66859
JF71A

101.4717

W .
-2878813
« 3Q09FL3

DEV. IN (%)

0

C=1.231107

~4 . 846501 6E-02
-, 1356571

2. 98S09E-03
-6.1211296-02
~2.9264651E-02
-9, 3IB974E-02
G. 689208E-02

7. 60649HE-03 .

b.25594HE~02
1.773924E-02
2. 120618E-02
-1.11231SE-02
~-3.780759E-02
~1.238998E-03
—t
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SHZ — DIMETHYLACETAMIDE

TR = 23 TE = 25
Vil = 24264.5 V2 = 92.99958
DR = .93892 DE = .9368
FO2= O PA = 101.4317
FR = .01754 R = 0
S = .7821673 Vo = —.1089259
L = 44.49258 X = .1456851
TIME IN MIN. vOL. IN CC
0 ' o -
S 3.9
10 7.8 °
15 11.6
20 15.5
25 . 19.45
30 23.35
35 27.3
40 31.2
45 35.1
50— - 39
55 42.9
60 46.8

DEV. IN (%)

o
2.580011
1.13129

-.202884646

—-. 2215645
2.440433E-02

-2.5607527E-02
.121288
7.132576E-02
3.248438E-02
1./44765E-03
-2.393172E-02

-. 0450795
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nnounuuo

{
S§H2 — DIMETHYLACETAMIDE
TR = 22.8 TE
V1l = 24264.5 vz
‘DR = .939132 DE
FOZ=. 0 - Fa
FR.= .01754 R
g = .783 (V5!
L = A44.572996 X
TIME IN MIN, voL.. IN CC
(9] . o .
5. o
10 - .8
15 1t.7-
20 15.6
25 19.5
30 23.4
35 27.35"
40 31.25
45 35.15
S0 RP.1
55 4%
46.9

&0

— e

-

25

92.99958

. 7368
100.3651
0O
-.07

-,

. 1457897

DEV. IN (%)
o
1.430437
. 5154696
.2141377
| 6.414515£-02
~2.563993E-02
-8.539904E-02
5. 487946E-02
0
-4.265432E-02
5. 114848E~02
1.163174E-02

-2.131384E-02
' =
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SH2 - DIMETHYLACETAMIDE e ~
TR = 24 o TE = &0
Vi = 27180.7 | . V2 = 96,17177 T
DK = .93786 DE'= .9059 -
FO2= 2.125692 . PA = 100.9517 < . ,
L/ ' FR = .01754 R = 0o . -
5 = 3565435 . VD = -.2081818 )
L = 20.02931 X = 6.56178B49E-02
. : TIME IN MIN. voL. IN CC DEV. IN (%)
O : . 0 0 ,
5 1.7 7.967675
10 3.35 —. 21466259
15 5.1 -.7782095
20 6.9 -.328B2957
25 8.7 —6.265111E-02
IO . 10.5 . 1126786
35 ‘ 12.3 ﬂ T L2370797
40 : 14,05 ~2.587487E-02
45 : 15.85 B8.611537E~02
50 - 17.6 ' +210B3I521 .
550 . 19.4 e U3 7BE56E-03
L0 . ?1.2 7.295529E-02
65 - 22,95 . 7. H519849E-02
¢ 70 - 24,75 Ve D .
. . - -

- . " . .
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SHZ2 = DIMETHYLACETAMIDE

A ) - ) .."""/—‘\ -
. S S -
. -~ TR =. 23.8 TE =. 60 .7
b V1 = 27180.7 V2 = 96,17177
" DR = .938072 DE = .%059
FORs  2.125692 FA = 100.56451
. ) FR = 01754 R = © -
‘g .= L 3591818 VO = —-.,254082
"= . 220.17398 X = 6&,652465E-02
TIME 1IN MIN. VoL, IN CC DEV. "IN (%)
oL 0 ‘ 0 i
7 1.7, 10.25884
10 i 3.4 1.86547
15 L 5.15 . 3185946
20 5.95 . 2950525
. 25 8.75 . 2812124
Lo 30 10.5 : - -, 2031279
35 12.3 ' -. 1402954
- 30 14.1 -9, 3456058E-02
45 15.9 & -5.719373E-02
50 17.7 -2.828972E-02
. 55 : 19.5 ‘ «4,.714352E-03
' . &0 : 21.3 1.450282E-02
65 . 23.1 3.1456051E-02

70 _ , 24.9 . 4.562099E-02
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