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The emulsion liquid membrane is a promising technique for separating pollutants such as metals,
weak acids and bases, mineral species, hydrocarbons, and biological substances. The popularity of
the membrane process is due to its high mass transfer efficiency, process simplicity, and low energy
consumption. Despite significant advancements in the field of emulsion liquid membranes, the effect
of the interfacial curvature on component distribution remains largely uninvestigated. In the present
study, considering the emulsion liquid membrane where no reaction takes place, the thermodynamic
equilibrium relationships are calculated while considering the effect of interfacial curvature between
the phases. The Gibbsian surface thermodynamic method is employed to derive the equations at
equilibrium for the composite system of emulsion liquid membrane. With the obtained equations,
the mole fraction and percentage extraction of the desired substance can be calculated under various
conditions, such as different surfactant concentration, and droplet size, as well as assuming ideal or
non-ideal condition for the solution. The results indicate that by reducing the size of internal droplets
to the nanoscale, the effect of interfacial curvature becomes significant, and the extraction percentage
gets higher.

Keywords Emulsion liquid membrane, Double emulsion, Gibbsian composite-system thermodynamics,
Interfacial curvature, Multiphase multicomponent system

Around half a century ago, Li made a significant discovery regarding emulsion liquid membranes (ELMs),
revealing their substantial potential as efficient tools for a diverse range of separation processes'. ELMs are
typically created by combining two immiscible phases to form an emulsion, which is then dispersed in a third
continuous phase through agitation, for extraction. The liquid phase that separates the internal droplets
from the external continuous phase is known as the membrane phase?. The membrane phase allows specific
components to pass through it selectively, moving from the external phase to the internal droplets and vice
versa. The emulsion may have one of the two following forms: oil/water/oil (O/W/O), as shown in Fig. 1, or
water/oil/ water (W/O/W), with the water or oil as the membrane phase, respectively>. The combination of
internal phase droplets inside a droplet of a membrane phase is called a globule.

There are two types of separation mechanisms: simple and facilitated’. A simple permeation mechanism
happens due to difference in chemical potential of the specific component between the internal and external
phases, and reasonable solubility and diffusivity of that component in the membrane?. On the other hand, there
are two types of facilitated mechanisms: In type I, the mass transfer is increased by using a stripping agent in the
receiving phase (internal phase when the feed is the external phase, and vice versa). Then the target diffusing
species reacts with the chemical stripping agent in the receiving phase, which creates a product that cannot
diffuse back through the membrane, and the separation happens?. The second type is called carrier-facilitated
transport, where a carrier compound transports the diffusing species, and reactions occur at the two interfaces
of external-membrane and internal-membrane.

In general, the process of ELM, preparation, and extraction, consists of four steps3, as presented in Fig. 2:

The membrane and internal phases are emulsified.

The emulsion gets dispersed in the continuous phase.

The emulsion and external phases settle after extraction.
De-emulsification is carried out to recover the membrane phase.
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Fig. 1. Schematic of the ELM, oil-in water—in oil (O/W/O) type, the internal and external phases are oil and
the membrane phase is water.
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Fig. 2. Flow diagram of the batch mixer-settler operation for emulsion liquid membrane (ELM).

Recetving phase Recovered Feed Phase

Since the discovery of ELMs, there have been many studies and experiments exploring emulsion liquid
membrane, its general functioning?, and ways to enhance stability’~!? by adjusting factors like impeller speed,
carrier, surfactants, pH, and temperature as the instability of the emulsion globules against fluid shear and
osmotic swelling has been a challenge for many scientists. Emulsion liquid membranes have been applied
in various areas, including removing metals like gold and copper®”!!12, treating wastewater!>~'°, extracting
phenol and other organic pollutants®!31416-18 and separating hydrocarbons!%!° for which the small differences
in boiling points have made other separation methods to be challenging. Emulsion liquid membranes have
also proven useful in recovering biomolecules and other biological products?®~23. There are also recent works
incorporating ionic liquids into ELMs (called EILM) in removal of components from aqueous solutions such as
removal of lead?, cationic dye®, or lactic acid®. Despite the significant progress made in the field of emulsion
liquid membranes, there remain opportunities for further research and development. There is limited existing
research on the thermodynamic stability of emulsion liquid membranes*’-2°. However, the effect of fluid
interface curvature on the component distribution after reaching the (pseudo) equilibrium remains unexplored.
To address this gap, here we investigate the distribution of components between the internal and the external
phases in O/W/O ELM with no reaction, using Gibbsian composite-system thermodynamics. It should be
noted that while emulsions are inherently non-equilibrium systems, the system in this study is kinetically at
equilibrium, as with the use of surfactant and low surface tension, the process of droplets merging toward stable
equilibrium occurs slowly. Therefore, the ELM can be considered to be in pseudo-equilibrium. This treatment
has been successfully applied in previous studies, considering several bubbles and a local supersaturation, by
Ward and Levart®, and Zargarzadeh and Elliott*!. Our investigation of a non-reactive ELM system reveals the
component distribution between the phases, influenced by the pressure difference of the phases.
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System definition and governing equations

The chosen system is from an experimental study with the purpose of separating toluene from n-heptane',
which are not easily separated by conventional distillation as their boiling points are close. The initial feed is
therefore a mixture of toluene and n-heptane that makes the internal droplets. The membrane phase is mainly
water with dissolved sodium lauryl sulfate as an emulsifying agent, and the external phase is initially made of
n-dodecane!’. The separation of toluene from n-heptane is based on the selectivity which arises from distinct
permeation rates of each component through the membrane phase!. Also, there is a selective solubility of
toluene in the water, compared to negligible solubility of n-heptane and n-dodecane, only toluene can transfer
through the membrane phase, from the higher chemical potential to the lower one until the system evolves to
the equilibrium. The solubility of toluene, n-heptane and n-dodecane in water at 298.15 k and 1 atm are 0.52,
0.003, and in the range of 3.7 x 1077 to 8.42 x 1077 gr component/gr water, respectively>>->, In the absence
of a membrane, n-dodecane and n-heptane are also miscible, and the system is in a single-phase state. However,
due to the presence of a selective permeable membrane, only toluene permeates from the internal phase towards
the membrane phase!. Eventually, toluene diffuses from the membrane phase into the external phase containing
n-dodecane, and it dissolves. However, n-heptane remains in the internal phase, and n-dodecane remains in the
external phase.

The initial mass fractions of toluene and n-heptane in the feed are 0.5'°. According to the chosen experimental
study'?, 1 ml of the internal phase in membrane emulsion is dispersed in 3 ml of the external phase at 298.15
Kelvin!?. The concentration of sodium lauryl sulfate (SLS) in the aqueous (membrane) phase of the experimental
study!® is lower than 1% (w/v). Consequently, in our modeling, we considered the concentration of SLS in
the membrane phase to be negligible to avoid the complexities associated with activity coefficient interaction
parameters. It is important to note that we accounted for the effect of adding surfactant by considering a range
of values for interfacial tension (presented in section "The effect of the interfacial tension, due to the surfactant").
Further improvement can be made by using a model that express surface tension as a function of surfactant
concentration, provided that parameters for such models are available. The size of internal droplets is considered
to be constant, representing the average diameter of the internal droplets. The breakage and swelling of the
emulsion are neglected. Summary of all the assumed and experimental variable values are presented in Table 1.

The thermodynamic analysis involves considering a composite system of ELMs in terms of its constituent
simple subsystems. A simple system is one in which the intensive properties of the system remain constant at
equilibrium™. The subsystems within the emulsion liquid membrane system consist of three different phases:
internal, membrane, and external, along with two interfaces between the membrane-internal and membrane-
external phases. One globule (a number of internal droplets inside one membrane droplet), and the encompassing
external phase is considered as the system of interest, as shown in Fig. 3.

When reaching equilibrium condition, the external phase has n-dodecane and the transferred toluene, the
membrane phase has water and some toluene, and the internal droplets consist of n-heptane and the remaining
toluene. A significant amount of toluene has migrated from the internal phase to the external phase.

According to the Gibbsian thermodynamics for multiphase systems, equilibrium conditions are obtained
from the fact that the entropy of an isolated composite system (system and its reservoir) at equilibrium reaches

an extremum amount, or in other words, the derivative of the entropy of the system and its reservoir is zero*.

ds™® +dSY + dSTM +dSM 4+ dsMP +dsP =0 1)

d and S are the differential term and entropy. Superscripts res, L, M, D, LM, MD are used for the reservoir,
external phase, membrane phase, internal droplet phase, interface of external-membrane and interface of
internal-membrane, respectively.

Category

Variable Value/Description

Initial Conditions

Assigned variables from the experiments'® | f: ratio of the external phase to the emulsion phase

Internal: Toluene, n-heptane
Phases and components before equilibrium Membrane: Water, surfactant(negligible)
External: n-dodecane

Initial mass fractions of

toluene + n-heptane mixture Toluene: 0.5, n-heptane: 0.5

1 mL of emulsion dispersed in 3 mL of external phase

Temperature 298.15K
Pressure 1 atm
Surfactant (SLS) in the membrane phase Negligible compared to water

Assumptions

Set the values,

Internal droplet radius, membrane radius . .
representing the average diameter

B : packing fraction of the membrane globule by the droplets

(equivalent to setting number of droplets in the membrane) 0.83
Emulsion breakage and swelling Neglected
Liquid membrane permeability Selective, allowing only toluene to pass through

Table 1. Summary of the assigned variables and assumptions for the emulsion liquid membrane system.
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Fig. 3. Schematic of the O/W/O ELM system and the considered system., which is one globule (several
internal droplets inside one membrane droplet), and the encompassing external phase. rp and ras are radius
of internal droplet and globule, respectively. The size of internal droplets is considered constant, equal to the
average diameter.

For the reservoir and each of the three bulk phases, the differential form of the fundamental equation of
thermodynamics is:

ds® 7—dU +—dV Z”’d @ @)

where §%, T, U* , P,V are the entropy, temperature, internal energy, pressure, and volume, respectively,
for phase a (such as res, L, M, or D). Also, uf and nj are the chemical potential and number of moles of
component  in phase ¢, and m is the number of components in the bulk phase.

The Gibbsian surface of tension approximation is used for the curved interfaces, placing the dividing interface in
such a way that the interfacial tension becomes independent of the curvature. In this case, all components will be
present at the common interface. For the entropy of curved interfaces therefore, the following relationship holds:

k

af af af
Ta ~dU dA Ta - dn 3)

=1

ds*? =

where S8, TP B 5P A%B, uf‘ﬁ and nf‘B represent entropy, temperature, internal energy, interfacial
tension, area, chemical potential of component ¢, and number of moles of component 4 at the a /3 interface, and k
stands for the number of components present at that interface. Using the Gibbs surface of tension approximation
approach™®, the interfacial tension is not explicitly dependent on the curvature or the size of the droplet. Rather,
its dependence is implicit, manifesting through variations in the intensive state parameters®®-’.

Using Eqgs. (2) and (3) to replace the corresponding entropies in Eq. (1), we have:

AU J; av -y ;] dnfe | + _%dUL + I;—ide - Z ;{i dnf}
J L
+ TLlM AUt — TLM Mgk ’ ;iz dniLM:|
+ -TiMdUM + %’de - Z éﬁi M} 4)
+ -T;ID auMP — ;MD aAMP ‘ ;xz dnlMD}
+-T%dUD+£dV Z“’d =0

Next, the constraints of the system must be specified. It is considered that n-heptane is component (1), toluene
is (2), water is (3) and n-dodecane is (4). The constraints of the system are the followings:
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(i) There is no mass transfer between the system and the reservoir. For components in the ELM system,
n-heptane does not dissolve in water, therefore exist only in the internal droplets and the droplet-mem-
brane interface. Toluene dissolves in water and transfer to the external phase, hence it exists in all of the
phases and interfaces. Water does not dissolve in the internal or external phases, and it can only exist in the
membrane and the two interfaces. For n-dodecane cannot dissolve in water, it only exists in the external
phase and the external-membrane interface. Therefore, the constraints regarding numbers of moles are:

dnte — (5)
dn{ +dn'? =0 (6)

dn? + dndP + dnd + dndM +dnk =0 (7)
dnd’ + dnfM + dnd'P =0 (8)

dnf +dniM =0 9)

(ii) The system together with the reservoir are isolated, and their energy is conserved, therefore we have:

AU +dU* +dutM +du™ +duMP +dU” =0 (10)
(iii) There system exchange volume with the reservoir:
AV +dvt +dvM +dvP =0 (11)

The geometric relations for the volumes and the interfacial areas can all be expressed in terms of the radius of the
droplets (rp), the radius of the globule (rs), and the number of droplets (Ngrops):

VD = (;L’]TTD) Ndrops (12)

4 4
VIW = gﬂ-r?\{ - (37TTD> Ndrops (13)
AMP — (42r5) Nuops (14)
AMM = 47y, (15)

Then the differentials of the volumes and areas can both be expressed in terms of the differentials of the
corresponding radii 7p and ras.

By incorporating the governing constraints of the system (Egs. (5) to (11)) into Eq. (4), with some algebraic
manipulation, Eq. (4) yields to:

1 1 M 1 1 1 LM
<TL Tn,b)dU +(TI\/I Tn,&)dU + (TD T7L.s>dU +(TL]\/I T7(.s)dU

+ _ dUuMP 4 /t71 _ M P dnMP 4 Mi _ /téWD dnMP
TMD TTes TD TMD 1 TD TMD 2
LM D L
H2 H2 LM H2 H2 L
+ (7_ﬁ>d ny + (TD TLM)dn2 + (ﬁ‘ﬁ) dn;
D M LM L LM
MD H3 H3 LM Ha Ha LM
+ (ﬁ - TMD) dng™™ + (ﬁ - TLM) dng™ + (ﬁ - TLM) dny (16)
P’I"PQ L
+ ( T'“) dv
res P[M LM
+ { — 47rrM) + T (47”’12»1) — % (8mrar) | dras
pD ) oM
+ |:T1w ( 47TTD (Ndrops)) + T7D (47er (Ndrops)) - m (87TTD (Ndrops)):| dTD =0

For Eq. (16) to be valid, each coefficient of every independent variation must be zero. This yields to the conditions
for equilibrium, including thermal, mechanical and chemical equilibria:

Tres TL _ TLM _ TM — TMD _ TD (17)
PL _ P'rcs (18)
LM
pM _ pL _ 20 (19)
™M
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pP _ pM _ ﬂ (20)
D
p = m'’ (1)
pe = py = pet =™ = ' (22)
st = ps = ' (23)
s = pg™ (24)

Equations (19) and (20) are called Young-Laplace equation. Due to the curvature of the interfaces, the pressures
of the phases at each side of the interface are not the same at the equilibrium condition?”. This pressure difference
is especially considerable between the membrane and internal phases, due to the nanometric curvature of the
membrane-internal phase interface.

The equation that expresses the chemical potential of each component 7 in a nonideal, incompressible liquid
phase is*:

i (T, Pyai) = i (T, Poo) + vi (P — Poo) + RTIn(ziy:) (25)

R,T are the gas constant and temperature, and p;, V4, 5, and ~y; are the chemical potential, molar volume, mole
fraction and activity coeflicient of component ¢, respectively. Equation (25) is used to express chemical potential
of toluene in internal, membrane and external phases:

2 (T, Pas) = py™ (T, Poo) + v2 (P = Po) + RTIn(23"72") (26)
pz (T, P,w2) = i (T, Poo) + v2 (PP = Pao) + RTIn(x2'73) (27)
p5 (T, P,xs) = ps™ (T, Poc) + va (P* — Pao) + RTIn(2575) (28)

It should be noted that the terms for the pressure of external, membrane, and internal pashes in Egs. (26) to
(28) are related to each other through the interfacial effects (interfacial tensions and the size of the droplet
and membrane globules) as obtained by conditions for equilibrium in Eqgs. (19) and (20). When Egs. (26) to
(28) are substituted in equilibrium condition of Eq. (22), and combined with other equilibrium conditions in
Egs. (19) and (20), we have the final equations for calculating the molar fractions of components in each phase
at equilibrium:

2 MD M _ M
227 _ RTmIE (29)
D x5 s
LM MD L_L
20, (” +2 ) — RTIn 22712 (30)
™ TD T3 V2

By using Eq. (29) and (30), the equilibrium mole fraction of toluene in each phase can be determined. The
activity coeflicients are needed to be calculated if the nonideality of the solution is taken into account. The model
used here for the activity coeflicients in the liquid phases is NRTL (nonrandom two-liquid) model, which is
suitable for a wide range of solutions®.

Inys = 2 Tiis G Z et TmiTmGimg 31)
¢ Ek 1$ka1 Z a:ka] & Zzzll‘kaj

Gij = exp (—Tijouj) (32)
Qg
Tij = R’} (33)

where, ; and x; are the activity coefficient and the mole fraction of component i, respectively. a;; is interaction
parameter between ¢j (cal/mol), T stands for temperature (K) and o;; is the nonrandomness for the ¢ j pair (where
aij = o). Gy is the energy parameter of the 75 interaction. The parameter is related to the nonrandomness
of the mixture®.

The values of the interaction parameter (a;;) and nonrandomness (a; ;) in the NRTL model fitted to experimental
data were obtained from the DWSIM software’. With a;; and «;; obtained from DWSIM software, 7;;’s were
calculated from Eq. (33), as reported in Table 2.

Any problem can only be solved when the number of unknowns is equal to the number of independent
governing equations, that is when the degree of freedom is zero. Therefore to be able to calculate of the molar
fractions after reaching equilibrium and to test the consistency of assumptions, it is necessary to determine the
values of radii of the droplets and the globule, and the initial moles of each component. The radii of droplets and
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Table 2. The coefficients of the NRTL model for liquid mixture in different phases. a;; and o;; were obtained
from DWSIM software?, and 7;;’s were calculated from a;; for each pair at the temperature of 298.15 K.

C t N-hept: Tol ‘Water N-dodecane

4 14

Molar volume,v;
[m:‘/mole} 1.465 x 107* | 1.063 x 10~* [ 1.8 x 107°% | 2.271 x 10~ *

Table 3. Molar volume of each of the components at 298 K.

globules are specified based on the sizes on the images of the emulsion in the experimental study'®. Moreover,
assuming the mentioned values for the volumes of the total emulsion and the external phase in the experimental
study!® (1 ml of emulsion dispersed as globules in 3 ml of the external phase), along with the available data of the
molar volume of each component, the number of the internal droplets and globules, as well as the initial moles
of the components are determined. The data of the molar volume of each component is reported in Table 3 ..

The internal phase consists of toluene and normal heptane, and its average molar volume (Vgug,drop)s
assuming ideal mixing, is given by:

D D
Vavg,drop = T2 V2 + Ty V1 (34)

where JJQD and xlD are the mole fractions of toluene and n-heptane in the internal droplet, and v; is the molar
volume of component 4.

For the membrane phase volume, V*/, the volume of all the internal droplets must be subtracted from the
globule volume, according to Eq. (13).

An estimation for the number of droplets (Ngrops) can be obtained based on the images of the samples in
the experimental study'®. The total volume of all internal droplets inside the globule is a fraction of the volume
of the globule:

Ndrops (%WTD?’) =B (%71’7"}1 ) (35)

where B is the packing fraction of globule by the droplets, and is approximately taken to be 0.83, based on
the images of the experimental study!'®. Combining Egs. (35) and (13), the volume of the aqueous membrane
solution can be obtained based on radius of globule and the packing fraction.

From the experimental study', 1 ml of emulsion, which is a collection of globules, is dispersed in 3 ml of the
external phase (hence the volume ratio of the external phase to the emulsion phase, f, is 3). However, our system
is defined based on one globule inside the associated external phase. Therefore, the numbers of the globules and
the volume of the external phase associated to one globule must be determined, so that reasonable numbers
for the initial number of moles can be assigned. Considering 1 ml of emulsion as a collection of globules, the
number of globules can be calculated:

_ 4
10 6[m3] = Nglobules (gﬂ"f"}%\/[) (36)

Once the number of globules (Ngiobules) is estimated from Eq. (36), taking into account the distribution of these
globules in 3 ml of the external phase, the volume of the external phase per one globule can be calculated with
a simple proportion. This volume of the external phase is then used for assigning the initial number of moles of
n-dodecane:

L 4.3
ninitial _ |4 — M (37)

V4 V4

where f is the volume ratio of the external phase to the emulsion phase, as explained before and is taken to be
equal to 3, based on the experimental study!”.
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Also, the initial number of moles of water can be assigned based on the volume of the membrane phase, vM
(that can be obtained based on radius of globule and the packing fraction by combining Egs. (35) and (13)), and
the packing fraction B (approximately 0.83 based on the experimental study'?):
o M 1—B) (4mrs
nénztzal — L — ( ) (3 M) (38)
V3 1453

Sum of the initial numbers of moles of toluene and n-heptane in the defined system can be assigned based on
their amount in the initial droplets:

L3

initial initial __ 3 D

ny + ng = Narops | —orir— (39)
avg,drop

The initial number of moles of toluene can therefore be calculated from the initial mole fraction of toluene in

the droplet phase:
4_.3
initial D,initial 377D
n'énztza. — 132 sinitia |:Nd7'ops (l/’j”]nal):l (40)

avg,drop

It should be noted that as the system does not exchange mass with the surrounding, the total number of moles
of each component remains the same during the separation.

The procedure to solve Egs. (29) and (30) to find the equilibrium mole fractions, considering the nonideality
of the liquid in each phase, are the following steps:

Step 1) The initial moles of each component should be calculated from Egs. (37) to (40).

Step 2) Guess a number for the mole fraction of toluene in the droplet phase (x59““**), below the initial
mole fraction of toluene (which was 0.521 in our case). Also, as an initial guess, assume the activity coefficients
of toluene in the membrane and external phases to be 1.

Step 3) Calculate the activity coeflicient of toluene in the internal droplet phase using Eq. (31) using the guess
value for the mole fraction of toluene in the droplet phase.

Step 4) Calculate the mole fractions of toluene in the membrane and external phase using Egs. (29) and (30),
respectively.

Step 5) Correct the activity coefficients of toluene in the membrane and external phases using Eq. (31), based
on the mole fractions obtained from step 4. This correction procedure should continue until the values of the
mole fractions of toluene in the membrane and external phases becomes close enough in the two consecutives
repeat.

Step 6) Number of moles of toluene in each phase can be calculated, from the calculated mole fractions in
step 5, and the total number of moles in each phase. It should be noted that as the solubility of n-heptane and
dodecane is almost zero in the water (membrane), these components remain in the phase they initially existed.
Therefore, the final number of moles of the n-heptane in the droplet phase, and dodecane in the external phase,
is the same as the initial number of moles of each of these components.

Therefore, number of moles of toluene in each of the phases (nf,nd!, and n¥) can be calculated from:

W8 = (nf 4 ay
né\f — mgl(né\/l + né’nitial) (42)
TL% _ .CL‘% (HQD + ninitial) (43)

Step 7) If the sum of the number of moles of toluene in all the phases is close enough to the initial number of
moles of toluene, then the guess in step 2 was a good guess, otherwise the procedure must be repeated from step
2.

With the assigned values for the radii of the droplets and the globule, and the total numbers of moles of the
components, and with the governing equations, the equilibrium mole fraction of toluene can be calculated. The
percentage of extraction of toluene can then be obtained:

xD,initial IIJD

) — X3

Y%extraction = =2 — x 100 44
D
T ,initial
2

The flowchart of solving procedure is provided for better understanding these steps in Fig. 4.
If the liquid solution of each phase is assumed to be ideal solution, the steps for calculating and correcting
activity coefficients should be ignored as the activity coeflicients of each component in each phase is 1.

Results and discussion

The effects of the size and number of internal droplets, ideal or non-ideal assumption for the liquid solutions,
and value of the interfacial tension (changes as the result of surfactant) on the percentage of extraction are
investigated. Different scenarios have been investigated at a temperature of 298.15 Kelvin and pressure of 1 atm.
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Fig. 4. Flowchart of the steps to calculate mole fraction of toluene (target of the separation) in the internal
phase for a system representing emulsion liquid membrane with a simple mechanism (no reaction). Initially
the internal phase contained toluene and n-heptane, the membrane phase was assumed to be only water, and
the external phase was n-dodecane. After separation, only toluene distributes between phases, as only toluene
can transfer through the membrane phase.

Effect of internal droplet size and assumption of ideal or non-ideal solution

In this section, by specifying the radius of the globule, the initial moles of components in the system (based on
the experimental data!®), and the values of interfacial tensions between the internal-membrane and membrane-
external phases constant, the effect of the radius size of the internal droplets, and consequently the number of
internal droplets, on the percentage of toluene extraction has been studied in two cases: once assuming ideal
mixtures (activity coeflicients of 1), and another time under non-ideal conditions, with activity coefficients
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calculated from NRTL model (Eq. (31) and the coefficients presented in Table 2). It should be noted that the
interfacial tensions are set to a fixed number and the impact of the surfactant on the interfacial tension has not
been considered in this section.

The initial number of moles of components have been assigned using Egs. (37) to (40), according to the
experimental conditions mentioned in the reference article!® and considering the globule radius of 30 um. Using
Eq. (35), the number of droplets can be calculated. The interfacial tension of the membrane-internal interface is
assumed to be the average of the interfacial tension between n-heptane and water? and toluene and water*?, and
the interfacial tension of the membrane-external interface is assumed to be the interfacial tension of n-dodecane
and water** in pure conditions, without the effect of any surfactants, at a temperature of 298.15 Kelvin and
pressure of 1 atmosphere.

In this section, calculations have been performed for internal droplet radii of 15 um, and 80, 50, 20, 12, and
6 nm. The initial numbers of moles are 3.89 x 10~ °mol for toluene and 3.57 x 10~ *°mol for n-heptane,
1.07 x 10~ ?mol for water and for 1.5 x 10~ mol for n-dodecane. The interfacial tension for membrane-
internal interface is 39 mN/m and for membrane-external interface is 53.7 mN/m. As the droplet radius
becomes smaller, the number of internal droplets increases, and the number of moles of toluene and n-heptane
in each droplet decrease. Figure 5 illustrates the effect of droplet radius, in orders of nm, on the percentage of
toluene for two cases of assuming the liquid solutions to be ideal or nonideal.

The results show that as the radius of the internal droplet decreases to the nanoscale, due to the noticeable
effect of curvature, the percentage of toluene extraction increases. More toluene is transferred from the internal
phase to the external phase. According to previous research®>”#12, smaller particles lead to a larger interfacial
area between the membrane and internal phases, enhancing mass transfer, reducing the weight force’s impact
on droplets’ stability, and delaying coalescence®. It should be noted that generating smaller particles requires
higher agitator rotation speed, which can lead to the emulsion globule’s rupture®. In most processes, ultrasonic
homogenizers are used for producing nanoscale droplets®.

Regarding the assumption of ideal or non-ideal behavior of the mixture, assuming ideality means neglecting
the difference in the interaction energy of components with each other. In an ideal solution, the interactions
between unlike molecules ij are assumed to be identical to those between like molecules #i or jj, which simplifies
the modeling and leads to activity coefficients equal to 1. Conversely, in a non-ideal solution, differences in
molecular shape, size, and polarity cause the ¢j interactions to differ from 47 /5 interactions. These deviations
alter the activity coefficients, chemical potentials, and therefore the component distribution. Non-ideal behavior
typically results in lower extraction efficiency compared to ideal solution assumption. In the system investigated
in this paper, the activity coefficient of toluene is the smallest in the external phase because of the more attractive
interaction between toluene-dodecane. The activity coeflicient of toluene gets slightly higher in the droplet
solution, and is the largest in the aqueous membrane phase, as toluene-water interaction is the least attractive
of all. Therefore, with the real (non-ideal) solution assumption, extraction efficiency decreases compared to
assuming ideal solution, due to the limitation of the aqueous phase.

The mole fraction of toluene after extraction in the internal droplet versus size of droplet is presented in
Fig. 6.
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Fig. 5. The effect of internal droplet radius in orders of nanometer on the percentage of toluene extraction,

for a system with globule radius of 30 pm, considering the liquid solutions to be either ideal or non-ideal
mixtures. The initial numbers of moles are 3.89 x 10~ 1% mol of toluene and 3.57 x 10~'° mol of n-heptane,
1.07 x 10~° mol of water, and 1.5 x 10~ mol of n-dodecane. The reservoir temperature and pressures

are 298.15 K and 1 atm. The values used for the interfacial tension between the membrane-internal phases is
39mN/m and for external-membrane phase is 53.7 mN /m.
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When the droplet radius gets larger to 15 pm, there is only one internal droplet. This configuration yields
the lowest extraction percentage compared to droplets with smaller sizes, and due to the micrometer scale, the
interfacial curvature effect is not significant.

In another scenario, investigations were performed for a globule radlus 0f 2000 um and internal droplet sizes
of 300, 150, 30, and 3 pm. The initial numbers of moles are 1. 36 x 10™*mol for toluene and 1.25 x 10~*mol
for n-heptane, 3.16 x 10~*mol for water and for 4.43 x 10~ *mol for n-dodecane. Results are presented in
Fig. 7, with the calculation procedure same as the previous case.

When the droplet radius is in the order of pum, the effect of size of the droplet (curvature effect between the
two phases) is less noticeable. The percentage of toluene extraction varies from 64.45% for the internal droplet
radius of 300 pm to 66.6% for the internal droplet radius of 30 um. It’s evident that this change is relatively subtle
compared to the nanoscale internal droplet radius. In the nanoscale range, the percentage of toluene extraction
changes from 75.4% for the internal droplet radius of 80 nm to 81.6% for the internal droplet radius of 6 nm, and
the curvature effect is quite noticeable.

The effect of the interfacial tension, due to the surfactant

Surfactants are used to enhance emulsion stability by reducing the interfacial tension when their concentration
increases’. Therefore, type and amount of the surfactant concentration have a significant impact on the extraction
percentage, as well as the stability. Surfactants prevent swelling or rupturing of the emulsion’. However, high
surfactant concentration and excessive stability can hinder the demulsification process in the final stage. Thus an
optimal surfactant concentration must be used?. In the experimental study'’, the optimal surfactant concentration
chosen for toluene separation from n-heptane is 3% w/v of surfactant/solution. If the concentration is lower than
the optimal value, the number of internal droplets become very low, and their sizes get larger, potentially leading
to the instability of the globule and separation of internal droplets from the membrane phase. Similarly, if the
surfactant concentration exceeds 3%, due to the creaming effect and the increased viscosity of the emulsion, the
internal droplets coalesce and become unstable, leading to their dissolution in the external phase!®

In this section, the effect of the values of the interfacial tensions of the membrane-internal and membrane-
external interfaces on the separation are investigated. The system parameters are similar to those fora system with
the globule radius of 30 jim considering non-ideal mlxture The initial number of moles are 3.89 x 107! mol
for toluene, 3.57 x 10~ '? mol for n-heptane, 1.07 x 10~° mol for water,and 1.5 x 10~° mol for n-dodecane.
The temperature and pressure are 298.15 K and 1 atm. Figure 8 illustrates the effect of surface tensions on the
percentage of toluene extraction as a function of the internal droplet radius.

As the interfacial tension decreases with increased amount of surfactant, the nominator (2¢) in the Young-
Laplace relation (Egs. (19) and (20)) decreases. Therefore, the effect of droplet curvature on the mole fraction
and extraction percentage of toluene is reduced, because of the smaller surface tension. For example, assuming
the interfacial tension of 3.8 mN/m for the membrane-droplet interface, and 5.4 mN/m for the membrane-
external interface, the toluene extraction percentage is 74.5 when the internal droplet radius is 100 nm, and 75.2
when the internal droplet radius is 6 nm. That is only 0.93% increase in the percentage of the toluene extraction,
as the internal droplet radius decreases by 94%. The use of surfactant with the appropriate concentration, can
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Fig. 6. The effect of internal droplet radius in orders of nanometer on the mole fraction of toluene in each
internal droplet, for a system with globule radius of 30 um, considering the liquid solutions to be either ideal
or non-ideal mixtures. The initial numbers of moles is 3.89 x 10™° mol of toluene and 3.57 x 10~*° mol
of n-heptane, 1.07 x 10~2 mol of water, and 1.5 x 10~° mol of n-dodecane. The reservoir temperature and
pressures are 298.15 K and 1 atm. The values used for the interfacial tension between the membrane-internal
phases is 39 mN/m and for external-membrane phase is 53.7 mN/m.
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Fig. 7. The effect of internal droplet radius, in order of micrometer scale, on the percentage of toluene
extraction, for a system with a globule of radius of 2000 um, considering phases to be non-ideal mixture. The
initial number of moles are 1.36 x 10~% mol of toluene and 1.25 x 10~% mol n-heptane, 3.16 x 104 mol
of water and 4.43 x 10™* mol of n-dodecane. The reservoir temperature and pressures are 298.15 K and

1 atm. The values used for the interfacial tension between the membrane-internal phases is 39 mN/m and for
external-membrane phase is 53.7 mN/m.
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Fig. 8. The effect of surface tension on the percentage of extraction of toluene as a function of the
internal droplet radius, for separation of toluene from n-heptane, using emulsion liquid membrane with
simple mechanism. The system has a globule with the radius of 30 um, The initial numbers of moles

are 3.89 x 107'° mol for toluene, 3.57 x 10~ °mol for n-heptane, 1.07 X 10~° mol for water and
1.5 x 10™? mol for n-dodecane. The reservoir temperature and pressure are 298.15 K and 1 atm.

reduce the need for fine particles and lower the energy consumption in the process as we can reach to a certain
amount of extraction even with bigger droplets.
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Conclusions

Emulsion liquid membranes (ELMs) are a type of double emulsion with three phases in the form of internal/
membrane/external emulsion, they offer a promising method for separation. The membrane phase allows
selective passage of the target substance from the internal phase to the external phase or vice versa. The separation
mechanism in emulsion liquid membranes is either a simple (without reaction) or a facilitated mechanism. In
this study, we have investigated the effect of parameters such as the interfacial curvature and the droplet size, as
well as the value of the interfacial tension, on the separation of toluene from n-heptane, according to a previous
experimental study. The results suggest that the smaller nano-sized internal droplets, the better mass transfer,
and the higher toluene extraction percentages, due to the increased interfacial area between the membrane
and internal phase, and also higher pressure in the inner phase. For the accurate (pseudo-)equilibrium mole
fractions of the toluene after the separation, it is important to consider the effect of nanoscale internal droplet
size. This nanoscale internal droplet size results in pressure difference between the internal and the membrane
phases according the Young-Laplace equation.

Additionally, the influence of the surfactants on the percentage of extraction was examined. Higher surfactant
concentration and reduced interfacial tension can impact extraction percentages due to the reduced droplet size,
according to the Young-Laplace equation. On the other hand, because of the smaller interfacial tension, the
effects of the interface curvature (even at nanoscale) on the extraction percentage, becomes inconspicuous. This
suggests that by employing an adequate quantity of surfactant, and creating low interfacial tension, achieving the
desired extraction percentage is feasible even with larger internal droplet sizes. This, in turn, could mitigate the
necessity for high rotational speeds and energy consumption.

Furthermore, the project considered the effect of the non-ideal behavior of the solution. The obtained
extraction percentages might deviate from reality if ideal assumptions are made, due to not accounting for the
differences in interactions between like and unlike components.

The chosen system for this study was ELMs with a simple mechanism without chemical reactions between
phases, allowing for some initial mathematical modeling. Considering that the facilitated (with reactions)
emulsion liquid membranes are more widely used, the next step involves investigating systems with chemical
reactions. The effect of other parameters, such as the type and concentration of inhibiting and carrier agents on
the extraction percentage can be investigated, with a similar approach.
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