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Measurement and Prediction of Oxygen Solubility in Toluene at Temperatures
from 298.45 K to 393.15 K and Pressures up to 1.0 MPa

Airong Li, Shengwei Tang, Pinghua Tan, Changjun Liu, and Bin Liang*

Multi-phase Mass Transfer and Reaction Engineering Laboratory, College of Chemical Engineering, Sichuan University,
Chengdu 610065, People’s Republic of China

Oxygen solubility in toluene at temperatures from 298.45 K to 393.15 K and pressures up to 1.0 MPa was measured
in an autoclave type phase equilibrium apparatus using the total pressure method. Henry coefficients were derived
from the mole fractions at experimental pressures and temperatures. A model based on predictivR &diivie—

Kwong (PSRK) equation and modified-Huron Vidal (MHV1) mixing rule combined with the UNIQUAC model

was used to predict oxygen solubility in toluene. Both experimental and predicted data are in good agreement,
which shows that the oxygen solubility increases with increasing temperature and pressure. The results indicate
that the solubilization of oxygen in toluene is an endothermic process. An empirical equation of the Henry coefficient
was obtained in this work.

Introduction strated in the literature; 10 the predicted values of the PSRK
guation are in good agreement with experimental data.
Modified-Huron Vidal (MHV1) mixing rule based on the
zero-pressure reference state is one of the few mixing rules
working quite successfully in phase equilibrium calculations for
a large number of systeni§.Because the empirical mixing
parameterd; in MHVL1 is calculated at atmospheric pressure,
it is not very accurate for the calculations at higher pressures.
To improve the precision of MHV1-mixing rule at higher
pressures, the previous researémecommended changing the
value of parametety from —0.593 to—0.64663. It has yielded
better results at higher pressures. Hence, in this work it is
reasonable to choose the MHV1-mixing rule to calculate the

Because it has many advantages, such as, moderate reactio%
conditions, higher yield and selectivity, pollution prevention,
and energy saving, the liquid-phase oxidation of toluene is an
environmental benign technique to produce benzoic acid and
benzaldehyde; both of them are important intermediates for
organic synthesis.For the concern of safety, oxygen partial
pressure in the industrial reactors must be controlled under a
very low concentration (volume fraction is lessitha% in off
gas)? For this reason, local shortage of oxygen and oxygen
transfer limiting often occur inside the oxidation reactors, which
usually leads to the low conversion of toluene (mass fraction is
less than 15 %). To solve this problem, using pure oxygen or e
- O . . - - phase equilibria at low and moderate pressures.
rich oxygen air instead of air as the oxidant is an efficient

method to enhance the oxidation reaction, which was occasion-, The aim of this investigation is to measure oxygen solubility
ally reported in publicatio? Hence, the solubility of oxygen in toluene at reaction pressures and higher temperatures. The

is essential information for the design and optimization of this result§ m.easured were compared W't.h those pred_|cted by the
gas-liquid oxidation reacto?, especially the solubility data combmayon of the PSRK. group i;{”fz”b”“"” equation of state
under reaction pressure and temperature. Unfortunately, the(EOS? with the MHVL mixing rule=2 On the basis of bOth.
solubility of oxygen in toluene at high temperatures is rarely experl_mental and calculating re_s_ult;, we developed an empirical
reported in literature$® So, it is necessary to study the solubility equation for the oxygen solubility in toluene.

of oxygen in toluene.

A good way to predict the oxygen solubility in toluene is by . . o

using a thermodynamic method when experimental data are not_ Materials. Oxygen (purity 99.99 %, Chengdu Tianyi Co. Ltd,

available. It is well known that a group contribution equation China) was used without further purification. Toluene (an.alytlcal

of state called the predictive SoavRedilich—Kwong (PSRK), ~ 9grade, Chengdu Kelong Chemical Reagent Co. Ltd, China) was

which is based on the SRK (SoavBedlich-Kwong) equation degassed by vacuum degasification at a vacuum degree-of

and the UNIFAC method, has yielded good results for predicting 0-092 MPa and room temperature.

vapor-liquid-equilibria and gasliquid-equilibria of nonpolar Experimental Method.The solubility of oxygen in toluene

or slightly polar mixtures from binary information onff The was measured with a method of pressure measurement, as

fundamental rule of the PSRK has been utilized to predict phasedescribed by Cukor et a?,Olson; Graaf et al > d'Angelo et

equilibrium data when experimental data are not available. The al-!® and Breman et & In the saturation technique, a known

PSRK equation is especially used for the prediction of phase duantity of gaseous solute (e.g., oxygen) was introduced into a

equilibria and their thermophysical mixture properties required Vessel in which a precisely weighed solvent (e.g., toluene) was

for the development, design, and optimization of chemical filled. Before introducing the gaseous solute, the vessel with

processes, such as thermal separation prdcésss demon- solvent was degassed and heated to given temperatures. Because
the volume of the vessel is constant, the pressure inside the

* To whom correspondence should be addressed. F&6-28-85460556.  Vessel dropped with the solution of oxygen, and it decreased to
Fax: +86-28-85460557. E-mail: binliang@cth.cn. a constant value when the phase equilibrium was reached. By
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Figure 1. Scheme of experimental equilibrium apparatus: A, vacuum manometer; B, buffer flask; C, vacuum pump; D, mechanical agitator; E, electric
oven; F, equilibrium vessel; G, oxygen cylinder; H, temperature controller; I, thermocouple; J, pressure manometer; V, valve.

Table 1. Uncertainties of the Measurement for Experimental Wheren'é is the moles of oxygen dissolved in tolueln\é;is the
Parameters moles of toluene in the liquid phase. The quantity of oxygen
variable uncertainty dissolved in toluene was calculated from the pressure difference
pressure + 0.01 MPa between the initial oxygen partial pressure when oxygen was
temperature +0.1K first introduced and the final oxygen partial pressure after the
volume +0.5mL phase equilibrium reached. It is expressed as
mass +0.1g¢g
recording the pressure drop, we can measure the solubility of Vo, = Vieactor Ve (2)
oxygen. . PiVo, PV,
Apparatus and ProcedureThe experimental schematic is No, = ZRT,  ZRT, )

shown in Figure 1. A 2185 mL cylindrical stainless steal

autoclave was used as the equilibrium vessel, which was stirred
with a mechanical agitator and heated with an electric oven. _. . o -
Inside the autoclave, a K-type thermocouple was installed to final temperatureT,. P; is the initial oxygen partial pressure

measure the temperature. The thermocouple was connected WitP{Vhen oxygen was first !r_ltr(_)duceaé IS th_e final oxygen p_ar_t_|al
an intelligent temperature controller. A precise manometer pressure when the equilibrium reachigis the compressibility

ranging from 0 MPa to 2.4 MPa was connected with the factor of pure oxygen at initial temperatufe and the initial

autoclave to measure the pressure of the equilibrium cell. The oxygen p?tr;t]lalfprelstsur‘él; Zzt ';_ the(icct)lznpf(eSIS|b|I|ty factort'ofl
measurement uncertainties of temperature, pressure, etc. ar@*y9en at the final temperatufie and the Tinal oxygen partia

listed in Table 1. pressureP,. .
. . . ) ) The partial pressure of oxygéh andP, can be given as the
First, a precisely weighed amount of toluene was filled into following:

the vessel. Then, the vessel was vacuumed by a vacuum pump

to clean up all gases in the equilibrium apparatus. During the P.=p — PandP. =P _ psat
vacuum-pumping process, little solvent (only mass fraction 0.42 17 Tl T 27 w2 T
%) was lost. After that, the toluene was heated to given
temperatures with the electric oven. Oxygen was introduced into

the vessel in a few seconds, and the.'n't'al pressure andlization processP;is the saturated vapor pressure of toluene
temperature were recorded. When the agitator (1225 rpm) was -
at experimental temperature.

turned on, the pressure dropped immediately as the toluene was . L ,

stirred. After about 30 min to 50 min, the pressure became According to the definition of Henry's law, the Henry
constant. When the pressure and temperature were stable withi
the experimental uncertainty for at least 10 min, the equilibrium
in the system was considered established. The equilibrium
pressure and temperature of the system were recorded.

Experimental Data Processinglhe solubility of oxygen in H = P,/x, 4)
toluene was expressed in the mole fractiof? as the following: :

whereVieactoris the vessel voluméy; is the toluene volume at

wherePyoia1 and Piotar 2, respectively, are the total pressures in
the equilibrium vessel at the beginning and end of the solubi-

constant was considered as being independent of pressure in
Tthe present case and calculated from the solubility given by eq
01 above. Therefore, the Henry coefficient is presented by eq
04

) Thermodynamic Model

n02
=—— 1
Xo, T, (1)

Pure Compound PropertiesThe critical temperatureS¢),
critical pressuresHg), critical volumes Y¢), and acentric factors
() for both oxygen and toluene are listed in Table 2.



Journal of Chemical and Engineering Data, Vol. 52, No. 6, 200341

Table 2. Critical Properties and Acentric Factors?3-25

compound Pc/MPa To/K Vo/m3-kmol~1 o
oxygen 5.04 154.58 0.0734 0.021
toluene 4.05 591.85 0.316 0.257

Description of the ModelBriefly, a general phase equilib-
rium model based on the uniformity of the fugacity of each

The PSRK state equation combined with MHV1 mixing rules
can determine the mixture volumes of both gas and liquid
phases. Then, the fugacity of compongintboth gas and liquid
phases are calculated from eq 16

component throughout all phases is used to calculate gasynere

solubility. In this model, the PSRK equation and the MHV1
mixing rules are employed in calculating fugacity in both

b,
gas and liquid phases. This combination is an efficient tool N ¢ :BI(%/‘: - 1) —In
for systems with both polar and nonpolar compounds. In
the PSRK model, the EOS combines the advantages of both b,
local composition concept and group contribution approach In ¢; :E(ﬁ

UNIQUAC.26-29

The PSRK equation is a modified model of the SRK equation
of state, which gives good prediction for the gas solubility of

nonpolar or slight polar mixtures only based on binary data.
The PSRK equation is given by

RT a

P=V=b Vv+p ®)

P =ygiP  f=x¢P (16)
P(V® - b) Ve+b
T - 0 In( \/G ) (17)
P(V" — D
Pvﬁ—g—wwiTﬁ—l—am(vaﬁ (18)
The o; parameter is expressed by
b, )
mziﬁn%+m§ B—Q+E%f (19)

According to phase equilibrium rule, the phase equilibrium of

whereP, T, V are the system pressure, temperature, and molar componenti is expressed by fugacity in eq 20:

volume, respectivelyRR is the universal gas constant; and both

a andb are the parameters used in the PSRK equation of state.

According to MHV1 mixing rules

E
—pl% &, RT b
a_bA1+inbi+Alzx"lnbi (6)

b:zbixi ()

The coefficientsAy, &, andb; of componeni are given by

A, = — 0.64663
E=RTY % 1ny, ®)
ROTZ,
8 = 0.427485—(T) (9)
c,i
RT.
b, = 0.08664=—" (10)
Pc,i
fM=L+c@a-T7 T,>1 (11)
The paramete€; is given by eq 12 as
C, = 0.48+ 1.574p— 0.1760;" (12)
(M=M1+c1—T)+edl—To)+
GL-TH T <1(13)
-
Ti=7 (14)

ci

The pure component parameters of toluene recommended by

Dortmund and Data Bank (Gmehling, 199&ye given by eq
15

c; = 0.9469, ¢, = — 0.5896, c; =1.213 (15)
wherePc, Tc are the critical pressure and temperaturejs
the acentric factongg is the excess Gibbs energyis the mole

fraction; y is the activity coefficient; ands, ¢4, and cs are

fr=f (20)
Therefore, Henry coefficient is obtained by eq 21:
L
H="p 21)
b;

wherecpiL and goiG are the fugacity coefficients of component
in liquid and gas phases, respectively apds the system
pressure.

Additionally, in a multicomponent mixture, the UNIQUAC
equation for the activity coefficient of componentcan be
described by eq 22 as

Iny,=Iny"+InyR (22)
whereyC is the combinational activity coefficient and is the
residual activity coefficient, then

¢L VA ei d)i
Inyt=In—+-gIn—+L—-—% x|, (23)
X 2 9 &Z&
and
li = g(ri —q)—(r—1); z=10 (24)
Oi%; rX
0 (25)

i = ¢i =
]quxj ]erxj

In these equationsy is the mole fraction of componemt
and the summation in eq 23 is over all components, including
component; 6; is the area fraction, angl is the segment fraction
that is similar to the volume fraction.

The subscripts andj denote both component oxygen and
toluene.

Pure component parametersand g; are sizes of molecu-
lar Van der Waals volumes and molecular surface areas,

parameters of pure toluene used in the PSRK state eqfation. respectively. Only pure component properties are involved
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Table 3. All Group Parameters R¢ and Qx

Table 6. Comparison of Solubility Data of Oxygen in Toluene

group R« Q« literature dat&® experimental data
ACH 05313 0.4 TK  PMPa X TK  PMPa X
gCCH3 83223 8'323 28371 0101 0000922 28345 0250  0.00197
> ' : 31320 0101 000096 31315 0379  0.00358
32330 08908 0000916 32315  0.828  0.00842

Table 4. Molecular Volumes and Surface Areas of Oxygen and
Toluene®®

component r q
oxygen 0.733 0.849
toluene 3.9228 2.968

Table 5. Group Interaction Parameters in Equation PSRK11

m n ann anm Brmn Brm
ACH ACCHs 167.0 —146.8
ACH O, 285.26 —0.6989
ACCHs; O, 130.37 384.98 63.323 —2.1163

in this equation. Parameters and g; are calculated as the
sum of the group volume and area parametsand Q, are
given in Table 3 as

= ZVE)Rk

and qi=ZvE>Qk (26)

Wherev(ki), always an integer, is the number of groups of type

k in moleculei.

The molecular Van der Waals volumes and molecular surface
areas of oxygen and toluene are listed in Table 4. They were
employed to calculate the activity coefficients of oxygen and

toluene in the group contribution approach UNIQUAC.
The residual activity coefficient is calculated by eq 27 as

In yR= ZVE)[In I,—Inr"] (27)

In Iﬂk = Qk[l - ln(Z@mlpmk) - Z(lepknlz(ananm)] (28)

QX
0,= (29)
QX
W.on= exp{ - M-] (30)

whereT'y is the group residual activity coefficient afiglis the
residual activity coefficient of groufin the moleculé. ®n, is
the area fraction of groum, and the sums are over all different
groups.Xm is the mole fraction of groum in the mixture. W,

Table 7. Experimental Isothermal P, x data for the System Oxygen
(1) +Toluene (2)

T=283.45K T=313.15K T=2333.15K

X P/IMPa X P/IMPa X P/IMPa
0.00197 0.250 0.00358 0.379 0.00380 0.358
0.00254 0.320 0.00419 0.455 0.00429 0.410
0.00278 0.357 0.00460 0.514 0.00492 0.488
0.00353 0.457 0.00528 0.601 0.00542 0.529
0.00392 0.524 0.00539 0.621 0.00606 0.603
0.00457 0.630 0.00680 0.738 0.00676 0.669
0.00525 0.691 0.00751 0.821 0.00790 0.795
0.00586 0.769 0.00764 0.848 0.00866 0.847
0.00689 0.941 0.00771 0.852 0.00901 0.908

Table 8. Experimental Isothermal P, x data for the System Oxygen
(1) +Toluene (2)

T=353.15K T=373.15K T=393.15K

X PIMPa X PIMPa X PIMPa
0.00358 0.296 0.00303 0.181 0.00321 0.221
0.00421 0.357 0.00375 0.290 0.00359 0.309
0.00509 0.448 0.00456 0.331 0.00541 0.407
0.00548 0.478 0.00503 0.379 0.00655 0.512
0.00630 0.558 0.00593 0.463 0.00793 0.601
0.00675 0.578 0.00671 0.533 0.00846 0.641
0.00727 0.678 0.00819 0.670 0.0101 0.783
0.00875 0.829 0.0105 0.857 0.0103 0.823

6) Calculate fugacity coefficienp.
7) Calculate Henry coefficiert.

Results and Discussion

Table 6 gives the comparison of experimental solubility data
obtained in this work with those reported previousfyCon-
sidering the difference of experimental method as well as data
processing, the observed deviations between the experimental
and literature data are acceptable.

The solubility measurements were performed at temperatures
range from 283.45 K to 393.15 K and pressures up to 1.0 MPa.
The isothermaP, x data are presented in Tables 7 and 8 and
plotted in Figures 2 and 3, respectively. From Figures 2 and 3,
the pressureR) linearly increased with the mole fraction of
oxygen §).

For each temperature, the Henry coefficient was derived from
the experimental isotherm&l, x data. The Henry coefficient
decreases with temperature. The results suggest that the solubil-

is the group interaction parameter given by eq 30, and the groupity of oxygen in toluene increases with temperature. Fischer et

interaction parametegn, anm, bmn, @ndb,yn are the parameters

per binary mixture of groups given in Table 5. In conclusion,
the calculation of Henry coefficient for given temperature and

pressure is performed as the following procedures:

(1) Calculate the pure component parameters.

(2) Calculate the mixture parametefrom the linear mixing
rule.

(3) Determine the activity coefficientand the excess Gibbs
energygg from the UNIQUAC model.

(4) Calculate the mixture parametarfrom MHV1 mixing
rule.

al> previously reported the Henry coefficients of oxygen in
toluene at low temperatures. A comparison with some data
published by Fischéiis shown in Figure 4. Even though some
perceptible deviation exists between the two sets of data, we
also can see the same tendency of the Henry coefficients.
Both calculating and experimental data of the Henry coef-
ficients are compared and their relative deviations are also
presented in Table 9. The fractional relative deviations (100-
(AH/H(expr)) within the 0 % to 16 %range demonstrate a good
consistency. Thus, the predicted values based on the above gas
solubility model are acceptable when the experimental data are

(5) Determine the mixture volumes of gas and liquid phases not available (such as, at high temperatures and high pressures).

by solving the PSRK equation.

Because the MHV1 mixing rule employs the parameters of
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Figure 2. Experimental pressuré®) against mole fraction of oxygenx)(at (a) T = 283.45 K; (b)T = 313.15 K; (c)T = 333.15 K.H, experimental data;
0O, linear fit of experimental data.
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Figure 3. Experimental pressuré®) against mole fraction of oxygenx)(at (a) T = 353.15 K; (b)T = 373.15 K; (c)T = 393.15 K.H, experimental data;

O, linear fit of experimental data.
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Figure 4. Comparison of Henry coefficients between this work and
literature work.M, experimental data in this worl®, literature data in
reference 5

Figure 5. Experimental Henry coefficients versus the reciprocals of
experimental temperatull, experimental datd, linear fit of experimental
data.

Table 9. Henry Coefficients for the Solubility of Oxygen in Toluene
Derived from Experimental Isothermal P, x Data and
Thermodynamic Model

temperatures appears a linear relationship and thecreases
with decreasing temperature. The increase of solubility with
temperature indicates that the solubilization is an endothermic

H/MPa H/MPa
TIK (expt data) (calc data) 100§H/H (expr)/% process. o
283.45 1321 1527 0.45 Hypothesizing the He_nry constant being independent of
313.15 1106 1275 15.3 pressure, the relationship between temperature and Henry
333.15 103.2 117.1 13.5 coefficient can be expressed as eq 31
353.15 95.4 109.2 14.5
373.15 88.4 1015 14.8
393.15 83.8 92.4 10.3 InH= % +C (31)

GE model at low temperature, the predicted data are not identical where AH/J denotes the absorption heat of the solubilization;

with the experimental data at high temperatures. R/(¥mol~LK 1) is the universal gas constaf¥K is the system
Figure 5 demonstrates that plotting the natural logarithm of temperature; an@ is an equation parameter. Thus, absorption

experimental Henry coefficients versus the reciprocal of the heatAH is obtained from the slope of the straight line in Figure
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5. Similarly, parameteC is the intercept of the straight line.

Hence, an empirical equation of Henry coefficient as a function

of temperature is described by eq 32 as

_ 3816
InH =27+ 3256 (32)

Conclusions
In this paper, the solubility data for oxygetoluene systems

at temperatures from 289.45 K to 393.15 K and pressures up t
1.0 MPa were measured. Henry coefficients were derived from

(11) Fredenslund, A.; Jones, R. L.; Prausnitz, J. M. Group-contribution

estimation of activity coefficients in nonideal liquid mixturédd ChE
J. 1975 21 6, 1086-1099.

(12) Abrams, D. S.; Prausnitz, J. M. Statistical thermodynamics of liquid

mixture: a new expression for the excess Gibbs energy of partly or
completely miscible systemaIChE J.1975 211, 116-128.

(13) Cukor, P. M.; Prausnitz, J. M. Solubilities in liquids at elevated

temperatures. Henry’s constant for hydrogen, methane, and ethane in
hexadecane, bicyclohexyl, and diphenylmethdnhys. Chenl972
76, 598-601.

(14) Olson, J. D. Solubility of nitrogen, argon, methane, and ethane in

ethylene oxideJ. Chem. Eng. Datal977, 22, 326-329.

0(15) Graaf, G. H.; Smit, H. J.; Stamhuis, E. J.; Beenackers, A. A. C. M.

Gas-Liquid solubilities of the methanol synthesis components in
various solventsJ. Chem. Eng. Datal992 37, 146-158.

the experimental pressures and mole fractions of oxygen in (16) d'Angelo, J. V. H.; Francescon, A. Z. Gas-liquid solubility of hydrogen

toluene. A resulting thermodynamic model was used to calculate

the Henry coefficient of oxygen in toluene. Both calculation

in n-Alcohols (1 <n <4) at pressure from 3.6 MPa to 10 MPa and
temperatures from 298.15 K to 525.15 K.Chem. Eng. Data2001,
46, 671-674.

and experimental data show that Henry coefficient of oxygen (17) Breman, B. B.; Beenackers, A. A. C. M.; Rietjens, E. W. J.; Stege, J.

in toluene decreases with increasing temperature and suggest
the oxygen-dissolving process in toluene is endothermic. Finally,

an empirical equation of Henry coefficient as a function of
temperature was obtained as the following:

_ 3816
InH =27+ 3256
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