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Reverse micellar systems are nano-fluids with unique properties that make them attractive in high selectivity separation processes,
especially for biological compounds. Understanding the phase behavior and thermodynamic properties of these nano-systems is the first
step in process design. Separation of components by these nano-systems is performed upon contact of aqueous and reverse micellar phases.
Due to the complexities of the molecular interactions of components, phase behavior studies of these solutions are different from regular
liquid-liquid systems, and few thermodynamic models have been developed to describe distribution of extract between phases. In this
study, a thermodynamic model with ¢-¢ approach and use of equations of states is developed for the first time to describe the protein phase
equilibria in reverse micellar systems. The developed model assumes that some reverse micelles act as active surfaces which can adsorb
protein molecules. In addition, the non-ideal behavior of micellar solution was modeled by three equation of states, i.e. van der Waals,
Peng-Robinson, and Soave-Redlich-Kwong. Results showed that Soave-Redlich-Kwong equation of state shows the best match with
experimental data of bovine serum albumin extraction from aqueous solution using reverse micellar solution of cetyltrimethylammonium
bromide, a cationic surfactant. In addition, results indicate that the proposed thermodynamic model can describe the changes in electrostatic
forces and increase in active surfaces on equilibrium protein extraction. Moreover, the standard deviation shows an excellent match

between experimental data and model predictions.
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INTRODUCTION

In addition, the hydrophilic medium is known as "nano-
scale reactor” for aqueous chemical reactions [10]. One of
Reverse micelles are nano-systems formed by dissolving the key factors in determining the size of reverse micelles is

certain amounts of surfactants in organic solvents [1]. water to surfactant molar ratio, w,. Previous studies have

Viscosity of micellar solutions are in the range of organic
solvent viscosity and these solutions are thermodynamically
stable [2,3]. Although the bulk of micellar solutions are
hydrophobic, the aqueous core in the center of such nano-
systems make them suitable sites for nano-scale dissolution
of hydrophilic materials. This unique property has led to
extensive use of reverse micellar systems in special
separation processes with high purity and selectivity [4-9].

*Corresponding author. E-mail: osfouri@pgu.ac.ir

focused on producing nano-particles with controlled size in
the aqueous core by controlling w, [11-14], which has wide
application in drug delivery [15,16], industrial catalysts [17-
20] and enhanced oil recovery [21,22]. Diverse applications
and high value of products have led more attention towards
upscaling the processes from bench scale to industrial. The
difference between chemical potential of a component in
two phases provides the driving force for mass transfer from
aqueous phase to the core of reverse micelles [23,24]. The
electrostatic forces in these systems are one of the main
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mechanisms for mass transfer between phases [25]. Proper
understanding the phase behavior of these nano-systems is
essential for the process design. Thermodynamic models
that describe the phase equilibrium in reverse micellar nano-
systems provide the backbone of process development and
scale up for downstream processes.

So far, three categories of thermodynamic models have
been proposed in this area [26]. The first category is based
on Gibbs free energy minimization of equilibrium extraction
from aqueous phase to reverse micellar phase. In 1988,
Bratko ef al. modeled the protein extraction from aqueous
phase using core-shell model [27]. Bruno et al. extended
their model by including the interaction between internal
charged surface of reverse micelles and host molecule [28].
The second category, also known as “mass action” models,
considers a pseudo equilibrium reaction that forms protein-
reverse micelle complex. Woll and Hatton proposed the first
mass action model in 1989 by -correlating forward
distribution coefficient with pH of aqueous phase and
surfactant concentration [29]. In 2004, Haghtalab and
Osfouri developed the previous mass action model by
including ionic strength of aqueous phase [30]. Other
models of this category are proposed by assuming equality
of equilibrium concentration in two phases [31] or
application of Pitzer model to account for non-ideal
behavior of extract in reverse micellar phase [32]. The third
category of models involves simulation of molecular
extraction in reverse micellar solutions using adsorption
phenomenon. Brandani et al. applied this concept to model
the protein extraction from aqueous phase using Langmuir
adsorption isotherm [33]. In this category, the vacancy
solution theory has successfully modeled the non-ideal
behavior of reverse micellar solution and extraction process
modeling [26].

Contrary systems,
thermodynamic models are available to describe phase

to classic liquid-liquid few
equilibria of reverse micellar systems. Complexity of phase

equilibria in nano-fluid reverse micellar systems is
attributed to unknown interactions between components in
these systems. In this work, a ¢-@ approach is developed for
the first time to study the non-ideal behavior of extract in
reverse micellar solutions using equations of state (EOS).
The van der Waals (vdW) [34], Peng-Robinson (PR) [35]

and Soave-Redlich-Kwong (SRK) [36] EOSs are used to
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model protein distribution of Bovine Serum Albumin (BSA)
between aqueous and reverse micellar systems. Moreover,
effects of changes in pH and surfactant concentration are
studied.

THERMODYNAMIC MODELING

Based on vacancy solution theory, we assume that the
active surface of reverse micelle, 4, acts as a void space and
can adsorb protein from aqueous phase. This imaginary void
space does not react with adsorbent molecule and is
chemically inert. The fraction of covered area, Op, by
adsorbed component, np, in reverse micellar phase, rm, is
calculated as:

o

The superscript max denotes the maximum moles of

ni™

)

(rm)y
np

adsorbed proteins on the active surface of reverse micelles.
The chemical potential of protein in aqueous (ag) and
reverse micellar (#m) phases will be equal at equilibrium
conditions:

(rm)
Hp

(aq)

=Hp @)
The non-ideality of equilibrium phases may be written for
each component as Eq. (3) [37]:

AEGP@;"W‘) = kapRZ?}Saq) (3)
where m and k,, are spreading pressure and protein
adsorption isotherm constant, respectively. Besides, the
fugacity of protein in aqueous phase, f{*", is related to the
system pressure, P, protein fugacity coefficient, 4, and

equilibrium composition of adsorbed component in aqueous
phase, x:

J?Fgaq) :X;aq)(ﬁ;aq)p )]

At low protein concentrations, the fugacity coefficient of
p g

protein in aqueous phase is assumed unit. Therefore,

combining Egs.(3) and (4) gives the equilibrium
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composition of protein in aqueous phase:

[ J.e

Fugacity coefficient of protein in reverse micellar solution is

Ar

)
k,,RTP

(aq) _

(rm)  —~(rm)
P .

P P

calculated from cubic equations of state. Based on Zhou et
al. [37], the generic form of EOS for adsorption on active
surfaces is written as:

. 2
a. (nfu'm)"‘“ )

Ar +
1+ UBn™m 4 W(

(M) VP :l [1 - (ﬁ"gm)"‘“ ) ]: ;/ll(u"'”).mX RT
g )

(©)
where a, B are EOS parameters and are calculated by using
mixing rules:

a :ZZQH/% Q)

B=2.2.0.0,p ®

where oy, Pj are binary interaction parameters and are
calculated from adjustable binary interaction parameters of
pure components, o;, o, Bii and Bj;:

1

a, = €))
T 2ay +ay) (k)

ﬂg,‘ = (ﬂn‘ ﬂjj )OVS I+ C‘”) (10)
The adjustable parameters k;; and c;; are generally taken as
zero [38]. This situation is termed the "predictive mode",
thus:

Ajj = Qi

an

Bij=Bii (12)

Equation (6) is a general EOS form from which well known
vdW, PR, and SRK EOSs may be derived. Table 1
summarizes m, U and W respective to each EOS. Moreover,
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other forms of EOSs, such as Eyring and ZGR EOSs, can be
obtained by setting constant "m"” in Eq. (6) to 1/2 and 1/3,
respectively, while U and W are equal to zero [37]. The
applications of five special forms of two-dimensional EOS
were evaluated for several gas adsorption systems. The
results showed that the two-dimensional EOS models can be
used to fit pure adsorption isotherms more accurately than
the Langmuir model, and were applicable to predict gas
mixture adsorption, using mixing rules. Besides, all forms
of the two-dimensional EOS were capable to represent
azeotropic behavior and predictive results for binary
mixtures based on pure component data.

Fugacity coefficient of protein in reverse micellar
solution can be calculated from Eqs. (13) and using EOS:

(rm) ()
) Zz/ﬁf’i”P’m e

~(rm 1 .
In (p}, ) - ﬁn(P"m)"““ - Zln(l - ﬁn‘P s )7 InZ, +T, +T,
(13)
T; and T, are defined by Eqs. (14) and (15):
_ 20y jByny™ —apny"™ (14)

1

~RIB [1 +UPnp™™ + W (Bni"™ )ZJ

(15)

Z., is compressibility factor which can be calculated from
Eq. (16):

_ Ar
- (7)) g
RTn,"™™

(16)

m

Combining Egs. (16), (5), and using the definition of 6p, Eq.
(17) is obtained:

nym

k,, - P

— (rm)

b

Generally, distribution coefficient, K, defined as the ratio of
protein concentrations in reverse micellar solution [P]™

X;,aq) :Zm( (17)
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Table 1. Numerical Values of Different EOS Parameters

Equation of State m U W
vdW 1 0 0
PR 1 2 -1
SRK 1 1 0

Table 2. Comparison of Global Optimization Results with VST Model

Model VST [1] vdW EOS PR EOS SRK EOS
c 0.134 0.129 0.127 0.122
AAD (%) 10.56 10.66 8.35 7.85
0.25 -
0.2 4
0.15 4 B Vdw EOS
] @ PR EOS
0.1 + B SRKEQS
avsT
0.05 +
0 -

pH=6.1 pH=7.1

pH=8.1 pH=9.1

Fig. 1. Standard deviation comparison of different EOSs and VST model at four aqueous pH levels.

and aqueous phase [P]®?, is used to evaluate extraction
efficiency:

_ [P]("m) _ ng‘m) V(uq) (1 8)
[p](uq) n;uq) ym

where V(,q/V(m) is volumetric ratio of aqueous phase to
reverse micellar phase. In addition, the protein mole fraction
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in aqueous phase is related to protein concentration (mM) in

this phase, [P]?, based on the mass balance equation:

(aq)

nP B [P](Wl)
nl 4+ ple?  [P]“9 4555555

(19)

X;Wi) —

where {*? is the total moles of solvent in aqueous phase.
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Equation (17) accompanied with Eqgs. (18) and (19) can be
used with any EOS to determine respective terms of
fugacity coefficient and compressibility factor and perform
The  proposed
thermodynamic model contains adjustable parameters as

phase  equilibrium  calculations.
binary interaction parameters, coefficient of adsorption
isotherm, and maximum moles of protein on the surface of
The global

predictions, defined by Eq. (20), was used as the objective

reverse micelles. standard deviation of

function to obtain the optimized adjustable parameters for
each EOS:
( jz

0.5
exp __ cal
K™ K,

Ke®
N

N

Zz

(20)

where N is all experimental data including all protein
partition coefficients at two surfactant concentration levels
and four aqueous pH levels.

RESULTS AND DISCUSSION

The capability of the model was examined using
experimental data of BSA (Mw = 67000 Da, pl = 4.7)
partitioning between aqueous phase and reverse micellar
phase [26]. The reverse micellar phase is composed of
isooctane-1-hexanol (4/1 volumetric ratio) and cationic
cetyltrimethylammonium bromide (CTAB) surfactant. As
the surface of reverse micelle is composed of cationic
surfactant, the maximum mole of protein is a function of
surfactant concentration and pH of aqueous phase. Thus, the
effects of surfactant concentration and pH of aqueous phase
on protein partitioning was studied at two levels (20 and 30
mM concentration) and four levels (6.1, 7.1, 8.1 and 9.1),
respectively. Besides, KCI with concentration of 0.1 molar
was used to fix the ionic strength of protein-containing
aqueous phase. Moreover, the volumetric ratio of aqueous
phase to reverse micellar phase was fixed at one. Model
global optimization was performed using Levenberg-
Marquardt [39] algorithm, and results together with absolute
average deviation (AAD
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1 N
AAD (%) = —
(o) NZ

i=1

100 x ‘K“X" — K
chp

|

for three EOSs. The global optimization applied on all
protein partition coefficients at two surfactant concentration

] ) are shown in Table 2

levels, and four pH levels for each EOS separately. The
calculated results of vacancy solution theory (VST) as a
successful model for phase equilibria of protein distribution
between reverse micellar and in aqueous phases [26] are
also given for comparison. In addition, standard deviation of
results for each pH of aqueous solution and two surfactant
concentration levels is shown in Fig. 1.

Both VST model and the new model have the same
number of adjustable parameters. Results showed that the
developed model by SRK has the least standard deviation
compared to other EOSs and VST model for all pH ranges.
In addition, the results showed that by increasing the non-
ideality of solutions, due to increasing pH of aqueous
solution from 8.1 to 9.1 and consequently increasing
attractions between cationic reverse micelles and negative
charged proteins, the VST model and the developed model
by SRK are more successful for predictions of protein
partition coefficients. Figure 2 shows variations in BSA
distribution coefficient with respect to equilibrium protein
concentration in aqueous phase at four pH levels of aqueous
phase. The solid line represents the calculated results by
model based on SRK EOS. By increasing pH of aqueous
phase and deviation from protein pl, accumulation of
negative charges increases on protein surface. This increases
the electrostatic forces between protein and active surfaces
of cationic reverse micellar solution, which results in the
increase in protein distribution coefficient. As shown in Fig.
2, the developed thermodynamic model can predict effect of
surfactant concentration for both levels. Table 3 gives
maximum absorbable moles of protein on the active
surfaces of reverse micellar solutions. The main driving
force for protein transfer from aqueous phase to reverse
micellar solution is electrostatic interactions; therefore, it is
expected that by increasing pH of aqueous phase, while
keeping the surfactant concentration, the number of protein-
adsorbing active sites increases, as can be seen in Table 3.
In addition, at fixed electrostatic forces and by increasing
the number of reverse micelles that results from increase in
surfactant concentration, the adsorption active surface
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1000
100 A

) \\\i‘w—-‘_‘_‘_

10
.{."‘.—r—.
1
0 0.05 0.1 0.
[P]*¢ mM

(a): [CTAB] =20 mM

15

1000

10

0.05 0.1
[P]**mM

0.15

(b): [CTAB]= 30 mM

Fig. 2. BSA partition coefficient at four pH levels (solid line: Model, Label: Exp. data[1]: m: pH=06.1,¢:pH="7.1,

A:pH=28.1,e:pH=9.1) using SRK EOS.

Table 3. The Maximum Number of Moles of Protein Adsorbed on the Active Surface
of Reverse Mmicelles at Different Aqueous pH Solutions and Surfactant

Concentrations

[CTAB]
6.1

20 mM 0.398

30 mM 0399

pH
7.1 8.1 9.1
3.261 12.140 19.890
3.947 18.200 20.880

increases, resulting in the increase in the maximum
extracted moles. This is also shown in Table 3 for two
Details
parameters are given in the appendix.

concentration levels. of binary interaction

CONCLUSIONS

In this study, a thermodynamic model was developed by
combining theory of protein molecule adsorption on
hypothetical active surfaces with classic ¢-¢ approach of
EOS to describe the extraction process by the reverse
micellar systems. Results showed that the proposed model
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can predict the equilibrium behavior of such special liquid-
liquid systems. The lower standard deviation of proposed
model predictions compared to VST model indicates better
agreement between model and experimental data.
Sensitivity analysis showed that the SRK EOS is superior
over vdW and PR EOSs for predicting the equilibrium
conditions micellar phases. The
proposed model is flexible upon changes in electrostatic

in aqueous-reverse
forces caused by increase in pH of aqueous phase and
increase in negative charges on protein surfaces. Results
showed that the model is applicable for a wide range of pH.
Moreover, the proposed model can predict the increase in



distribution coefficient due to increase in the active sites

that form at higher surfactant concentrations. In addition,

the model matches well with changes in electrostatic forces.

NOMENCLATURE

A

o

R ~)

“NFQoHaRET Z ZK TR

Greek Letter

Q3T o™ Q

)

Superscript
aq

cal

exp

Surface area per mass of adsorbent,
(em)’ kg
Parameter in Eq. (10)

Fugacity of component in a mixture, bar
cm

Partition coefficient

Parameter in Eq. (9)

Slope of isotherm of component

Coefficient of generic equation of state
Number of experimental data

Number of adsorbed moles per gram of
adsorbent, (m mol g™)

Pressure (bar)

Protein concentration (mM)

Universal gas constant, bar cm’ (mol” K™)
Temperature (K)

Coefficient of generic equation of state
Coefficient of generic equation of state
Mole fraction of component

EOS model constant, (bar cm’ g)/mol
mmol)

EOS model constant (g mmol™)

Fractional coverage of active surface
Chemical potential (J mol™)

Spreading pressure (bar cm)

Standard deviation
Fugacity coefficient of component in

mixture

Aqueous phase
Calculated
Experimental

max

rm
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Maximum
Reverse micellar phase

Subscript

1
J
P

Component
Component
Protein
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