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Abstract

In this work, Soave-Redlish-Kowang (SRK) and Peng-Robinson (PR) equations of state with Huran-
Vidal mixing rules was used to estimate the solubility of Tributyl phosphate (TBP) in supercritical CO2.
Since there were no available data for critical properties of TBP, A new method for evaluating of C2
(Huran-Vidal mixing rule parameter) is recommended as a function of temperature and pressure. Also
for solubility modeling by semi-empirical correlation, the new forms of Chrastil equation with variable
coefficients were used which resulted in 6% of AARD%. The amounts of AARD% were obtained 8.97%
for SRK-EOS and 17.01% for PR-EQOS. Finally, the modeling of solubility for 21 compounds (The
solubility data were obtained from literatures) by these methods has been investigated. Res ults show
that the AARD% for the models with Charstil and modified Charstil are 12.07 and 11.17 respectively.
Also the AARD% for SRK and PR-EOS are 14 and 19.85 respectively.
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1. Introduction

One of several important advantages of supercritical fluid extraction (SFE) is the enhance-
ment of extraction efficiency and the selectivity enhancement by tuning the pressure and/or
temperature. Another advantage of SFE is a higher diffusivity and lower viscosity of a liquid,
and much stronger solvent power than a gas 1. Solubility is the concentration or mole fraction
of a substancein the supercritical phase at a particular temperature and pressure when it is
in equilibrium with the pure substance. For quantitative analysis, it is important that good
solubility speeds up to initial stages of extraction and reduces the time of the process to some
extent. The solubility of extracted compounds needs to be known if an efficient SFE process is
to be designed [21. There is some different models to estimate solubility data and these models
generally fall into the following categories: i) A density-based approach, ii) A solubility
parame-ter approach where the SCF is treated as a liquid, iii) An equation of state (EOS)
approach where the SCF is treated as a high- pressure gas [°1. The simplest available models
for EOS are based on cubic equations of state, which require a minimum number of parame-
ters. The general form of EOS is:

p_ RT a(T) (1)
v-b #BO,T)+ebT)xv+0?
where ¢(b,T) and ¢(b,T) are function of temperature and the co-volume b of the molecules

of solute [31,
Critical properties (T¢, Pc) and the acentric factor (@) of the solute and solvent are required
for calculating of constant parameters, but these properties are not available for many of
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compounds (Because large number of low-volatile natural substances decompose when
heated before Tc is reached). Therefore, these parameters have been estimated by group
contribution method (GCM) 1, Forexample, application of group contribution method to ap-
proximate critical temperature leads in Tc=388.6 K for ethane, although the real value of Tc
is 305.42 K. This error leads in consecutive errors in the calculations of solubility model 51,
Otherwise semi-empirical correlations are widely used and they are useful tools for experi-
mental data correlation. These models are based on the simple error minimization and use
only density of pure supercritical carbon dioxide and operational pressure and temperature.
Thus, there is no need to calculate critical and thermo physical properties of the involved
solutes. Several equations have been presented by different authors, covering from three to
six parameters [6-7],

In this study, we investigated the modeling solubility of tributyl phosphate (TBP) in super-
critical CO, (SC-COy,). Also experimental data for solubility modeling are collected from Y.
Meguro et al. literature 1. Three models were used to estimate the solubility of TBP in SC-
CO2: Peng-Robinson equation of state (PR-EQS), Soave Redlish-Kowan equation of state (SRK-
EOS) and modified Chrastil equation. According to obtained results, the proposed models pre-
sent much more accurate estimation/prediction forin solubility. So, in orderto accelerate the
industrial processes, the proposed models can be employed and strongly recommended. TBP,
belong to organ phosphorous compounds, is a liquid at ambient temperature, and this com-
pound has widely employed in solvent extraction of metal ions because of their high extracta-
bility acid aqueous solution and high radiochemical stability.

2. Theory
2.1. Equation of state models

The solubility of a solid (2) in a SCF (1) system can be calculated using the following equation:

| sat

v, (P -P;*)
i e (2)
‘g P ;)

where yis the mole fraction of the solute in SCF phase; stat is the saturation pressure of the
pure liquid at the system temperature; ¢, is the fugacity coefficient of solute in SCF at the
system temperature and pressure, and u; is the molar volume of the pure solute.

In this work, cubic EOSs (PR-EOS and SRK-EOS) will be used to estimate ¢, . The pressure-
explicit form of SRK-EOS and PR-EOS respectively are:
RT a RT a (4)
“ob (3) P= b
v-b v(v+b) v-b v(v+b)+b(v-b)
Solvent properties (critical constants and acentric factor) are usually well known for solvent
(COy), so its parameters can be calculated in the usual way:

_aP P, _bP P (6)
AL_Rsz _7710‘1Tr12 (5) Bl_ngT_ﬂzf

ay(T,) =[L1+m, (- [T )] (7)
m, =4,+4o, +ﬂ'2w12 (8)

The critical constants and acentric factor of the solute are not known, and then B, must be
estimated. Constants of two EOSs for CO2 are shown in Table 1.

Table 1. Constants of PR-EOS and SRK-EQOS for CO2

m 7, Ao 4 A,
PR-EOS 0.45724 0.07796 0.379 1.485 -0.1644
SRK-EOS 0.42748 0.08664 0.48 1.57 -0.176
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The co-volume B, of the solute can be assumed as equal to the known molar volume of

the liquid:
_o,t P (9)
B =V oy
The mixing rules proposed by Huron and Vidal were applied:
B, :Zyi i = Y¥1B, +Y,B, (10)
Ay ANy
Bm—Zyi(Bi Inz)—zyici (11)

y; is the activity coefficient at infinite pressure. We can neglect y;° of the solvent, which is
almost pure, therefore:

A A Inyy
C. ~L . _ 1y,
) (12) and for Ca: C,= B, In2 (13)
Thus:
Q::ylgi"'yzcz (14)

As critical values and acentric factor for the TBP solute are not available, C> cannot be
calculated from Eq. (13). In contrast with most of previous works which have used group
contribution methods, this study tries to propose a new mathematical model to estimate C;
values without using critical properties. Jafari Nejad et al. investigated EOSs for correlation
solubility of TBP in supercritical CO; but they used thermodynamic properties of TBP (critical
temperature, critical pressure and Pitzer's acentric factor) that obtained fromfitting solubility
experimental data 8. Modeling results for C. values (by using Matlab 7 and Eviews 3.1 soft-
ware) in terms of temperature and pressure are shown in Figures. 1(a) and 1(b) which refer
to SRK-EOS and PR-EQOS, respectively.
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Figure 1. Variations of C2 with temperature and pressure for (a) SRK-EOS and (b) PR-EOS

According to the aboveillustration C is a function of temperature and pressure. We found
that C; has:
1. A linear relationship with temperature at constant pressure,
2. and a logarithmic relationship with pressure at constant temperature.
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Then the best model for C; is presented as:

C.(T.P) = (M) - AT () (15)

ref

In which T is temperature (K); P is pressure (bar); B, = 100bar, a(T) and B(T) are de-
fined as:
a(T):aiT +b1' (16)
BT)=a,T +b,
After modeling C. using software tools and experimental data, constants coefficients in Eq.
(16) for SRK-EOS and PR-EOS are calculated and shown in Table 2.

Table 2. Constants of Eq. (16)

Equation of state a, bl- a'z bé
PR-EOS 0.8568 66.32 1.1432 -64.319
SRK-EOS 0.16196 74.3774 0.0314 10.9083

This function for C; has never been reported before in the literature. Using the Huron-Vidal
mixing rules with the above approximation, the fugacity coefficient of the solute in gas phase
will be calculated. An iterative procedure is required to calculate the solute concentration in

the gas phase because the fugacity coefficient is a function of y.. P;‘e‘t varies strongly with T

and has a direct effect on y», so it must be determined separately at each temperature or
expressed as a function of temperature:

In(P;*) = 36.85—@ (17)

where statis vapor pressure (bar) and T is temperature (K).

2.2, Density-based model

The Charastil model ! is based on the assumption of the formation of a solvate-complex
between molecules of solvent and solute at equilibrium was used as a semi-empirical model.
Eqg. (18) leads tothe linear relationship between the solubility of the solute, S(g solute/L solvent),
and the density of the solvent,p(g/L), for a given temperature, T(k):

InS:kInp+$+b (18)

where a, b, and k are the adjustable parameters of the model. The constant kis an association
factor that represents the number of CO, molecules in the complex; a depends on the vaporiza-
tion and salvation enthalpies of the solute; b depends on the molecular weights of the solute
and solvent.

The parameters a, b, and k are obtained performing a multiple linear regression on the
experimental solubility data. The advantages of the Chrastil model, it is simple to use and
require a maximum of three fitting parameters to cover all temperature, pressure, and densi-
ties in supercritical region, thus it was successfully used to correlate systemconsidered in this
study. In contrast with the previous reports which have considered constant coefficient, we
developed a new technique what the value of k is considered as function of te mperature and
simulation shows that the dependency is linear as follow:

k=nT+n, (19)
Using Eqg. (19) in Eg. (18), modified Chrastil equation would be as:
InS =(n1T+n2)|np+$+b (20)

Constants in Eq. (20) after modeling with using software tools and experimental values are
calculated and shown in Table 3:

Table 3. Constants of TBP for Eq. (20)
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ni 0.037721
nz -2.4929

a 17 630.75
b -123.0075

The error for these models was estimated by average absolute relative deviation (AARD)
between experimental (yexp) and calculated (ycarc) solubility data according to the following
equation:

(21)

z y2,exp - yz,calv %100

AARD (%) = 1
n

y2,exp

where n is the number solubility of data used.
3. Results and discussion

After modeling C, for SRK and PR equations of state, estimate critical properties of TBP,
and calculating the coefficient of density-based equations, y:is calculated in different opera-
tion conditions and shown in Figures 2, 3. Figure 2(a) shows that underabout 333.15 K, vapor
pressure is more effective which causes the solubility to be increased as the temperature
increases. However, between temperature 333.15 Kand 363.15 K, the fluid density is more
on y> and it decreases the solubility.
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Figure 2. Solubility of TBP in SC-C0O2 at (a) P=150 bar, (b) P=200 bar and (c) P=250 bar (e) Experimental [4],
(—) Calculated by SRK-EOS, (---) Calculated by PR-EQOS
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Figure 3. Solubility of TBP in SC-CO2 at (a) P=150 bar, (b) P=200 bar and (c) P=250 bar (e) Experimental [4],
(—) Calculated by Modified Chrastil Model, (---) Calculated by Modified Semi-Empirical Model

Other figures show the same results. As other researches such as Bordet et al. 3! has
reported, equations of state have a considerable errorin comparison with experimental results
near the critical point (T=30°C) in different pressures, as may be observed clearly in Figs.
2(a), 2(b), and 2(c). This shows that considering the high sensitivity of supercritical fluid
density to temperature and pressure around the critical point, equations of state are not able
to predict the solubility in this area accurately. As the error of SRK-EOS is lower than PR-EQCS,
the SRK-EQOS predicts TBP solubility in supercritical CO> more accurately. The density based
model derived from experimental data regression (It is just mathematical model) has an ac-
ceptable correlation near the critical point and is observed clearly in Figures 3(a), 3(b), and
3(c). According to these figures, when variable coefficients formof Chrastil is used, the result
had very low errors (around 6%). This kind of model is simple because it resulted fromthe fit
of just four parameters. The error of Chrastil (constant and variable coefficients) in addition
to the errors for PR-EOS and SRK-EQS are listed in Table 4.

Table 4. The amount of AARD% for TBP solubility in SC-CO2

Chrastil model
SIRICIEOE FRAE0E Modified form Main form

AARD % 8.97 17.01 5.99 6.40
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The usages of C; instead of GCM for substances for which the critical properties and acentric
factor are not available, and temperature-dependent variable coefficients for semi-empirical
equations in this study, are compared with Coimbra et al. [*°! results. Coimbra et al. have
estimated critical temperature and pressure for photochromic dye using GCM and have used
the main form for semi-empirical equations. AARD% of the models is presented in Table 5.

Table 5. AARD% for modeling photochromic dye solubility

Chrastil model SRK-EOS PR-EOS
7.9 28.14 24.65
6.9 13.7 18.15

The results show a better solubility modeling for the usage of C, in comparison with the use
of GCM for critical properties. The accuracy of the proposed model was evaluated using 21
published solubility data (about 350 data points) sets by calculating the average of absolute
relative deviation. The error of Chrastil equation (constant and variable coefficients) in addition
to the errors for PR-EOS and SRK-EQOS are listed in Table 6.

Table 6. AARD% obtained for the prediction solubility in supercritical solvent

Chrastil Modified Number of
equation Chrastil SRK-EOS ~ PR-EOS .t points
Anthracene- CO2 18.04 17.83 17.22 15.73 23
Anthracene-Ethane 9.94 9.30 7.78 8.18 27
Fluorene- CO2 21.72 21.70 10.02 11.59 30
Fluorene-Ethylene 8.10 6.91 21.07 30.16 24
Naphthalene-Ethane 13.93 11.40 30.34 42.44 23
Pyrene- CO2 23.43 20.28 16.41 26.07 21
Pyrene-ethylene 7.98 7.93 12.93 15.92 15
Phenanthrene- C2H4 11.15 10.63 15.74 20.25 15
Phenantrene- CO2 5.86 4.28 9.87 9.30 21
Phenantrene-Ethlene 2.55 1.39 3.02 2.94 6
Triphenylmethane- CO2 9.65 8.90 34.38 43.33 19
Ascorbyl Palmitate- CO2 5.07 4.46 6.32 6.41 8
BHA- CO2 8.30 3.78 16.50 29.52 6
Dodecyl Gallate- CO2 5.58 1.50 7.12 10.59 8
Propyl Gallate- CO2 3.60 2.29 3.98 6.00 8
2,3-Dimethylnaphthalene- CO2 13.19 11.65 8.86 22.62 15
2,6-Dimethlnaphthalene- C2H4 10.03 10.39 18.01 26.66 18
2,6-Dimethylnaphthalene- CO2 9.38 8.89 10.79 22.13 15
Benzoic acid- C2Ha4 8.88 8.86 3.35 4.29 15
Benzoic acid- CO2 9.81 9.22 5.93 13.53 15
Hexachloroethane- CO2 15.30 14.53 6.58 23.41 15
AARD% 12.07 11.17 14.00 19.85 -

4. Conclusions

The critical properties of a solute are required for modeling of the solubility by the equation
of state. For many compounds, the critical properties are not available. So, group contribution
method is utilized as a common method to estimate these properties. But, it leads to the
consecutive errors in calculations of the solubility modeling. As critical values and acentric
factorforthe TBP solute are not available, in contrast with most of previous works which have
used group contribution methods, this study tries to propose a new mathematical model to
estimate C, values without using critical properties. As a result for TBP, photochromic dye and
other solvents solubility modeling, it been concluded that using C; as a function of temperature
and pressure results in good predictions of solubility in supercritical state and has the ability
to be used in modeling accurately. A new four-constant empirical equation was developed for
correlation of solute solubility in supercritical phase and validated by about 350 experimental
data point collected from literature. The comparison between proposed model and published
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models shows that the proposed model gives much more accurate results in solubility calcu-
lations than previously published models. Thus we strongly suggested using the same coeffi-
cients for the density-based models in future researches.
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