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Abstract: In this work, the emulsified liquid membrane (ELM) extraction process was studied as
a technique for separating different pollutants from an aqueous solution. The emulsified liquid
membrane used consisted of Sorbitan mono-oleate (Span 80) as a surfactant with n-hexane (C6H14) as
a diluent; the internal phase used was nitric acid (HNO3). The major constraint in the implementation
of the extraction process by an emulsified liquid membrane (ELM) is the stability of the emulsion.
However, this study focused first on controlling the stability of the emulsion by optimizing many
operational factors, which have a direct impact on the stability of the membrane. Among the
important parameters that cause membrane breakage, the surfactant concentration, the emulsification
time, and the stirring speed were demonstrated. The optimization results obtained showed that
the rupture rate (Tr) decreased until reaching a minimum value of 0.07% at 2% of weight/weight
of Span 80 concentration with an emulsification time of 3 min and a stirring speed of 250 rpm. On
the other hand, the volume of the inner phase leaking into the outer phase was predicted using an
artificial neural network (ANN). The evaluation criteria of the ANN model in terms of statistical
coefficient and RMSE error revealed very interesting results and the performance of the model since
the statistical coefficients were very high and close to 1 in the four phases (R_training = 0.99724;
R_validation = 0.99802; R_test = 0.99852; R_all data = 0.99772), and also, statistical errors of RMSE
were minimal (RMSE_training= 0.0378; RMSE_validation = 0.0420; RMSE_test = 0.0509; RMSE_all
data = 0.0406).

Keywords: emulsified liquid membrane (ELM); stability; Span 80; stirring speed; emulsification time;
artificial neural network

1. Introduction

Solvent extraction (SE) has been widely used for heavy metal recovery [1–3] from
aqueous solutions, particularly the extraction of noble and rare metals by using different ex-
tracting solvents. There are several applications of metal solvent extraction in the literature,
such as extraction of Ti, Fe, Zn, Cu, Mn, Co, Ni, Li, Sc, Al, Ca, Ta, Nb, and U [4–10].

Solvent extraction is not the only process used to eliminate heavy metals from wastew-
ater. Several techniques have also been used: chemical precipitation, ion exchange, coag-
ulation, flocculation, cementation, adsorption, chelation, electrochemical processes, and
photocatalytic precipitation [11–15]. These techniques, however, have certain limits. The
ion exchange process is easy to use, but the weakness of the process is related to the en-
crustation of the resin, and its regeneration generates secondary pollution [14,16]. The
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drawback of the electrochemical approach is the deposition rate and the solution com-
position [17]. Furthermore, this procedure requires substantial capital expenditure and a
costly power supply. Chemical precipitation and adsorption generate sludge that presents
a nuisance of waste [14]. In addition, these processes have slow mass transfer rates and
lower efficiency with a high investment cost [14].

Solvent extraction is carried out by combining a solution containing the pollutants to
be extracted with an organic solvent that often consists of an extractant and diluent and
preferentially extracts one or more pollutants. This approach is dependent on the use of
large quantities of organic solvent, which reflects process limitations, particularly when
dealing with diluted solutions [1,18,19]. Moreover, organic solvents are often expensive,
which explains the high cost of solvent extraction [1,19].

Various beneficial organic and inorganic components have been extracted and re-
covered from aqueous solutions via the application of various extraction techniques in
recent years [20], which are solid phase extraction (SPE), liquid-liquid extraction (LLE) and
membrane extraction (ME) [3,21].

The principle of the liquid membrane extraction process is based on the use of a liquid
barrier in substitution of the solid one as membrane material between the two phases,
the external phase containing the pollutant to be extracted and the internal phase [22]. In
addition, The ELM technique integrates the extraction and stripping processes into a single
step, therefore simultaneously purifying and concentrating the solute [23].

Emulsified liquid membrane (ELM) technology has been introduced through the
further development of the liquid membrane method [22]. Li developed the ELM method
in 1988; it is a promising technique for water treatment owing to its simplicity, selectivity
separation, and high efficiency [2,20,24]. Since then, many papers have been published on
the removal, recovery, and purification of numerous organic and inorganic chemicals from
aqueous solutions, in addition to biological and medicinal uses. [25,26].

ELM was promising in the extraction of various metal ions such as Ni+2, Cr+3, Mn+2,
Co+2, Cu+2, Cr+6, Cd+2, and Zn+2 [27–31]. In addition to the recovery of rare earth (RE)
and precious metals [26,32–37]. Other pollutants, which are hazardous to the environment,
have been successfully extracted by ELM, such as phenols and chlorophenols [38–40],
dyes [41–46], and pharmaceutical compounds [21,47–50]

ELMs are double emulsions; they are either water/oil/water (W/O/W) or oil/water/oil
(O/W/O) systems [51]. First, an ELM for the W1/O/W2 system is produced by combining
two immiscible phases and then dispersing the resultant emulsion (W1/O) in a batch
reactor comprising an external phase [22]. The external phase is called the feed phase,
while the internal phase is known as the stripping phase.

The ELM separation procedure may be carried out in four stages, the first of which
is emulsion preparation. The emulsion is made by combining the membrane and in-
ternal phases as water in oil (W1/O) [52]. The emulsion is composed of tiny aqueous
droplets (W1) scattered throughout the organic membrane phase (O), resulting in globules
of (W1-O) [22,52]. The second step consists in mixing the emulsion obtained before with
the external aqueous phase to form a water-in-oil-in-water emulsion (W1/O/W2) [52]. The
third step consists of the permutation of the solute from the feed phase to the internal
phase through the membrane. At the end of the extraction process, the W1/O emulsion is
separated from the purified feed phase by decantation. The last step is de-emulsification,
which consists in separating the stripping (internal) phase form the membrane phase [52].
The recover membrane phase can be used for a further extraction process.

An emulsion requires the use of reagents such as an emulsifier, a carrier, and a diluent,
but the surfactant is needed to stabilize W/O emulsions [23].

Due to the instability of the emulsion over a prolonged contact period, the implemen-
tation of ELM on an industrial scale has been restricted despite the advantages it provides
in an extraction separation process. Emulsion stability is, therefore, the most crucial and
limiting factor influencing the extraction procedure [53]. Therefore, it is important to study
the parameters influencing the stability of the membrane before its use.
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The main parameters influencing the stability of ELM are often the concentration
of the surfactant, the type and the concentration of the internal phase reagent, type of
diluent, ratio of internal phase volume to the membrane, emulsification time, and ratio of
the emulsified liquid membrane volume to the feed phase.

Thus, the purpose of this study was to evaluate the effect of some parameters on the
stability of the ELM constituted by HNO3 as the internal phase, Span 80 as a surfactant
with n-hexane as a diluent, and the external phase as distilled water.

The parameters considered were surfactant concentration, emulsification time, con-
centration of internal phase, ratio of internal phase volume to the membrane, ratio of the
emulsified liquid membrane volume to the feed phase, and stirring speed. Subsequently,
the artificial neural network was used to predict the volume of the inner phase escaping
into the outer phase. To our knowledge, such work has never been performed before.

2. Materials and Methods
2.1. Reagents

The Sorbitan mono-oleate (Span 80) (C24H44O6) and nitric acid (HNO3) 65% were
obtained from Sigma-Aldrich. The n-hexane (C6H14) (99%) was supplied from Biochem
Chemopharma.

2.2. Emulsion Preparation

The emulsion was prepared in two emulsification steps:
The organic phase (membrane phase) was prepared by mixing 2% of weight/weight

of Span 80 as a surfactant with 20 mL of n-hexane as diluent under moderate stirring
(200 rpm) using a stirring plate (DLAB OS40-Pro, Ontario, City of industry, CA, USA). A
volume of 20 mL of nitric acid solution (HNO3) at a concentration of 0.5M was used as
an internal aqueous solution. In a 600 mL beaker, the emulsion was prepared by quickly
mixing the two prior phases with a known volume ratio of 1/1 (Figure 1). To achieve such
a high speed, a Bosch arm mixer (Gerlingen, Germany) was used, and stirring lasted three
minutes. The volume ratio between the internal aqueous phase and the organic phase was
adjusted from 1/2 to 3/2.
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Figure 1. Emulsion preparation.

2.3. Study of Emulsion Stability

To study the membrane stability, the emulsion prepared previously was combined
with 200 mL of distilled water, considered as the external phase (Figure 2). Then, the pH of
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the distilled water was monitored for 20 min using a pH meter (HANNA HI 8424, HANNA
Instruments, Smithfield, RI, USA). Since the internal phase is acidic, the breakage of the
emulsion is detected by decreasing the pH of the external solution [23,54].
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The membrane rupture rate is defined as follows:

Tr =
Vr

Vi
∗ 100 (1)

with:
Vr : Volume of internal phase leaked into the external phase;
Vi: Initial volume of internal aqueous phase;
The rupture volume (Vr) is calculated by mass-balance as follows:

Vr = V0ext

(
10−pH0 − 10−pH

10−PH−[H+ ]i

)
(2)

where:
V0ext: is the initial external phase volume
pH0: initial pH of the external phase
pH: the pH of the external phase after contact with the emulsion as a function of the

time of agitation
[H+]i: the proton’s initial concentration in the stripping phase.
The parameters considered for the study of the membrane stability were the concen-

tration of the internal phase solution (nitric acid) [0.2–0.5] M, the percentage of Span 80
[0.5–3]%wt./wt., the emulsification time [1–7] min, the volume ratio of the internal phase to
the organic phase (membrane) [1/1–2/1], the volume ratio of the emulsion to the external
phase [0.05/1–0.5/1], and the stirring speed [100–600] rpm.



Processes 2023, 11, 364 5 of 15

2.4. Artificial Neural Network

Artificial neural network (ANN) is a nonlinear empirical model [41]. In general, it is
made up of many units (neurons) that work in conjunction. This network’s operation is
mostly governed by the connections between these elements [42]. Neurons are divided
into three different layers: input layer, output layer, and hidden layer [43]. The number of
neurons in the input layer corresponds to the number of variables in the input layer, while
the number of neurons in the output layer is equal to the number of variables in the output
layer [44]. Between these two layers is at least one hidden layer whose number of neurons
depends on the network algorithm’s application [44].

In this work, ANN was used to predict the volume of the internal phase leaked into
the external phase (Y), where parameters: time (X1), acid concentration (X2), surfactant
percentage (X3), emulsion time (X4), internal phase to organic phase ratio (X5), emulsion
phase to external phase ratio (X6), and stirring speed (X7) were used as inputs.

In order to obtain an optimal result, the architecture of ANN has been optimized [45].
Early on, the back-propagation neural network and the Levenberg Marquardt (LM) learning
algorithm were fixed. Then, the database was divided into three: 70% for learning, 15% for
testing, and 15% for validation. The number of hidden layer neurons was then optimized
with activation functions; they were optimized from 3 to 30. On the other hand, three
activation functions were optimized: tansig, logsig, and purelin.

On the other hand, the correlation coefficient (R) and the root mean square error
(RMSE) were used to evaluate the efficiency of the model. These two statistical parameters
are calculated using the following [46,47]:

R =
∑N

i=1

(
yexp − yexp

)(
ypred − ypred

)
√

∑N
i=1

(
yexp − yexp

)2
∑N

i=1

(
ypred − ypred

)2
(3)

RMSE =

√√√√( 1
N

)( N

∑
i=1

[(
yexp − yexp

)]2
)

(4)

where N represents the number of data; yexp and ypred are, respectively, the experimen-
tal and the predicted values; yexp and ypred are, respectively, the average values of the
experimental and the predicted values.

3. Results and Discussion
3.1. Effect of the Internal Phase Concentration

The concentration and composition of the internal phase have a significant effect on
the stability of the membrane and the release of the internal solution to the outside of the
emulsion globules. Thus, the effects of the nitric acid solution (HNO3) used as the internal
phase reagent was studied for concentrations ranging from 0.2 to 2 M; while the percent
Span (SP) was 2% wt./wt., the emulsification time was 3 min, hexane was used as a diluent,
the ratio of the internal phase volume to the membrane was 1:1, the ratio of the emulsion
phase volume to the external phase (distilled water) was 0.15:1, and the stirring speed of
the external phase with the emulsion was 250 rpm. The results related to the impact of the
internal phase concentration effect are illustrated in Figure 3.

These findings indicate that increasing the concentration of nitric acid in the internal
phase from 0.2M to 0.5M increased the stability of the emulsion W/O, hence decreasing the
rupture rate from 0.38% to 0.07%. Beyond an HNO3 concentration of 0.5M, the membrane
stability decreased gradually with the increase in nitric acid.

The increase in emulsion breakage is indicative of the gradual release of H+ cations
from the internal phase to the external feed phase (distilled water) with increasing acid
concentrations from 1M to 2.5M. This could be attributed to the reaction of the Span 80 with
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HNO3, leading to the reduction of the surfactant properties and hence the destabilization
of the emulsion [53].
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Figure 3. Influence of the internal phase concentration on the emulsion stability ([Span 80]: 2% wt./wt.,
w: 250 rpm, int/org (v/v): 1/1, emu/ext (v/v): 0.15/1, temuls = 3 min, internal phase: HNO3).

Thus, the nitric acid concentration for which the lowest breaking rate (0.07%) was
obtained was 0.5 M; this acid concentration provided very high emulsion stability.

3.2. Effect of the Surfactant Concentration

The effect of the surfactant (Span 80) concentration on the emulsion stability was
studied by varying the surfactant concentration in the range of 0.5 to 3%wt./wt. The
results obtained (Figure 4) show that the increase in surfactant concentration caused a
decrease in the rupture rate (Tr%) up to 2% wt./wt., where we observed a destabilization
of the membrane.
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Figure 4. Effect of the Span 80 concentration on the emulsion stability ([Span 80]: [0.5–2] % wt./wt.,
w: 250 rpm, int/org (v/v): 1/1, emu/ext (v/v): 0.15/1, temuls= 3 min, [HNO3Internal phase]: 0.5M).
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The surfactant acts as a protective barrier between the external and aqueous internal
phases in the ELM process by producing a thin layer at the interface of the two phases,
which prevents water leakage, the swelling of emulsion globules, and the breaking of the
emulsion [55,56].

For low surfactant concentrations (<2% wt./wt.), the barrier formed at the water-oil
interface is too weak, which makes the emulsion brittle and breaks easily, as the amount of
surfactant present in the organic phase is insufficient to surround the entire internal water
phase [55,56]. With a low amount of tension active, the interfacial tension is important [3].
Hence, the emulsion droplets tend to collide and coalesce with each other during emul-
sification to form larger emulsion globules providing a weaker interfacial area for mass
transfer and leading to the melting of the inner phase droplets into the membrane phase
and the inability to protect the emulsion breakage [56,57].

Above the optimal Span 80 concentration of 2% wt./wt., a decrease in emulsion
stability is produced; the addition of a high surfactant quantity promotes the aggregation
of the surfactant in the bulk solution. The defensive barrier becomes useless with the
addition of more surfactant; the aggregates produced favor the transfer of water from the
internal phase to the external phase, which leads to the rupture, and the swelling of the
membrane [3,58]. Therefore, 2% wt./wt. of Span 80 was selected as the optimum surfactant
concentration with low breakage of 0.07%.

3.3. Effect of the Emulsification Time

One of the most important parameters for the ELM process is the emulsification time.
To study its effect, the membrane stability test was conducted for a surfactant concentration
of 2% (wt./wt.), an internal phase concentration (HNO3) of 0.5 M, distilled water as the
external phase, volume ratios of internal phase to organic phase of 1:1 and emulsion to the
external phase of 0.15:1 (Figure 5).
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Figure 5. Effect of the emulsification time on emulsion stability (CSpan 80: 2% wt./wt., w: 250 rpm,
int/org (v/v): 1/1, emu/ext (v/v): 0.15/1, temuls= [1–7] min, [HNO3Internal phase]: 0.5M).

Due to a lack of homogeneity between the membrane and the internal phase, the
production of large-sized droplets led to the coalescence and loss of stability of the organic
phase for an inadequate emulsification duration of 1 min (0.54%) [17,56].

For a very long emulsification time (5, 6, and 7 min), the breakage of the organic
phase was also high since the breakage of the internal phase led to a large number of small
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droplets per unit volume. The distance between them decreases significantly, facilitating
their coalescence and subsequent expulsion from the internal to the external aqueous phase.
On the other hand, a long duration of agitation increases the internal shearing rate, also
causing the formation of a high number of small emulsion globules per unit of volume and
leading to a decrease in the viscoelastic characteristics of the emulsion and, thus, a thinner
organic membrane layer [17,57,59].

The breakage rate started to decrease with increasing emulsification time from 2 to
3 min, but the lowest breakage rate was recorded at 3 min; this emulsification time offers
excellent emulsion stability, which implies that the steady state has been reached, thus an
emulsification time of 3 min was chosen as optimal for further work.

3.4. Effect of the Volume Ratio of Internal to Organic Phase

To investigate the impact of the Volume ratio internal phase to organic phase (VInternal
phase/Vorganic phase) on emulsion stability and membrane rupture, the volume ratio of
internal phase to organic phase was varied as follows 1:2, 1:4, 3:2, 2:1.

As shown in Figure 6, at a low phase ratio, the rupture rate registered was 0.25%;
by increasing the phase ratio to 3/4, the rupture rate reached the lowest value of 0.07%.
However, increasing the phase ratio beyond the optimum value of 3/4 led to an increase in
the membrane rupture rate from 0.07% to 1.65% for a phase ratio of 2/1.
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Figure 6. Effect of the volume ratio of internal phase to organic phase (CSpan 80: 2% wt./wt.,
w: 250 rpm, int/org (v/v): [1/1–2/1], emu/ext (v/v): 0.15/1, temuls= 3 min, [HNO3Internal phase]:0.5M).

For the volume ratio (1/2), the additional organic content raises the membrane’s
viscosity and thickness due to high organic content, thus leading to an increase in the size
of the globules of the emulsion and consequently reducing the interfacial area between
the external phase and the emulsion. In other terms, the surfactant amount in this film
probably becomes insufficient to hold longer [3,60].

For volumetric ratios of 2/1 and 3/2, when the volume of the internal phase is greater
than that of the membrane phase, the breakup is significant. This leads to a shift of internal
droplet size distribution to larger sizes and increases the viscosity of the emulsion. In
addition, the volume of the organic phase for both ratios becomes insufficient to contain the
entire internal aqueous phase, making it difficult to disperse the W/O emulsion [3,56,61,62].

In this study, a volume ratio of 3/4 between the internal aqueous phase and the
membrane phase was therefore deemed appropriate.
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3.5. Effect of the Volume Ratio of the Emulsion Phase to the External Phase

The emulsion-to-external-solution volume ratio governs the interfacial mass transfer
across ELMs. It is the same as the ratio of solvent to feed in conventional liquid extrac-
tion [53,56]. To examine this effect, the volume ratio of the emulsion phase to the external
phase varied from 0.05/1 to 0.5/1) (Figure 7).
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Figure 7. Effect of the ratio of emulsion phase to external phase on emulsion stability (CSpan
80: 2% wt./wt., w: 250 rpm, int/org (v/v): (3/4), emu/ext (v/v): [0.05/1–0.5/1], temuls = 3 min,
[HNO3Internal phase]: 0.5M).

The influence of the volume ratio of the external phase to the membrane phase W/O
was not significant for volume ratio values of 0.05 to 0.15%, owing to the slight increase in
the rupture with the increase in this volume ratio.

By increasing the volume ratio beyond 0.15, the rupture rate increased gradually
until reaching 9.22% for a volume ratio of 0.5%; this is a consequence of the increase in the
coalescence of the internal droplets giving embrittlement and rupture of the membrane [53].

These results led to deduce that it is necessary to respect a certain proportionality
between the volume of the emulsion and the external phase [63]; thus, the volume ratio of
0.15/1 was chosen as the optimal volume ratio.

3.6. Effect of the Stirring Speed

The effect of stirring speed (100–600) rpm on the stability of the emulsion W/O is
shown in Figure 8.

The obtained results (Figure 8) show that the breakage rate was not greatly affected by
increasing the stirring speed from 100 to 250 rpm; suitable stability with a very low rupture
rate (0.07%) of the W/O emulsions was obtained for the agitation speed of 250 rpm. This is
due to the decrease in emulsion globule size and the increase in interfacial area for mass
transfer when the agitation level is increased to 250 rpm [17,53].

By raising the stirring speed over a threshold value of 250 rpm, the emulsion’s stability
was compromised. This is because the fast stirring speed increases the dispersion of
emulsion globules in the treated phase, where a large interfacial area of material transfer is
achieved by the production of tiny globules, favoring ejection from the internal phase to
the external phase. When the agitation speed is lower than 250 rpm, the emulsion globule
size increases, and the interfacial area accessible for mass transfer diminishes. In other
words, emulsion dissolution is more intense, and internal phase leakage occurs. This may
be explained by the membrane’s enhanced osmotic swelling [8].
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Figure 8. Effect of the stirring speed on the emulsion stability (CSpan 80: 2% wt./wt., w: (100–600)
rpm, int/org (v/v): (3/4), emu/ext (v/v): 0.15/1, temuls = 3 min, [HNO3Internal phase]:0.5M).

Therefore, a stirring speed of 250 rpm should be performed to ensure suitable stability
of W/O emulsions and to improve the interfacial area available for mass transfer.

3.7. Artificial Neural Network

As discussed earlier, the development of ANN was based on optimizing the number
of hidden layer neurons and activation functions.

The optimization results show that the best result was obtained at the architecture
[7–9–1] with the function tansig at the hidden layer and purelin at the output (Figure 9);
the optimal results depending on R and RMSE of each phase are presented in Table 1.
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Table 1. Performances of the ANN architecture.

Activation Function Coefficients of Determination RMSE
Network

architecture
Hidden

layer
Output

layer Training Validation Test ALL Training Validation Test ALL

[7–9–1] tansig purelin 0.99724 0.99802 0.99852 0.99772 0.0378 0.0420 0.0509 0.0406

Table 1 displays the best architectures observed. It presents the correlation coef-
ficients and errors for each training, test, and validation based on the number of neu-
rons in the hidden layer and the topology of the network. In addition, the activation
functions for the hidden layer and output layer are shown. From Table 1, the corre-
lation coefficients of the training, validation, test, and all data phase were almost 1
(R_training = 0.99724; R_validation = 0.99802; R_test = 0.99852; R_all data = 0.99772), and
also the statistical errors of RMSE in the four phases were almost 0 RMSE_training = 0.0378;
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RMSE_validation = 0.0420; RMSE_test = 0.0509; RMSE_all data = 0.0406). This shows the
efficiency of the model obtained.

Additionally, these results have been presented graphically in Figure 10.
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Figure 10. Relationship between experimental values and values predicted by the ANN model.

To confirm the performance of this model, analysis of the residue was launched by the
frequency method (Figure 11a) and also by the histogram of error method (Figure 11b).
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The figure showed that the optimal frequency was obtained in error 0. In addition,
the figure also showed that the errors that were recorded are in the interval [–1,1]. It was
confirmed by the histogram of the error method because the errors recorded for the three
phases (training, testing, and validation) were all above 0.

From these arguments, it is obvious that the ANN model is effective.

4. Conclusions

The purpose of this study was to set the optimal conditions for maintaining a stable
emulsion; the result of optimization revealed that the stability of the emulsion depends on
several conditions. The concentration of the surfactant, the emulsification duration, and
the stirring speed were found to be crucial elements that contribute to membrane breakage.
Using a concentration of nitric acid equal to 0.5 M as the internal phase, 2% wt./wt. of
Span 80 as a surfactant, a 3 min emulsification time, volume ratios of 3/4 and 0.15/1 for
(Internal/organic phase) and (emulsion/external), respectively, and a stirring speed of
250 rpm a suitable membrane stability was obtained with a decreasing rupture rate (Tr)
until reaching a minimum value of 0.07%. Since the stability of emulsions is one of the
major obstacles in the industrial use of ELM, these results provide a suitable indication of
the suitability of its application.

On the other hand, the ANN model demonstrated extremely high accuracy due to the
very high statistical coefficients in the four phases (R_training = 0.99724; R_validation = 0.99802;
R_test = 0.99852; R_all data = 0.99772), and very low statistical errors of RMSE in the four
phases (RMSE_training = 0.0378; RMSE_validation = 0.0420; RMSE_test = 0.0509; RMSE_all
data = 0.0406). Moreover, the efficiency of the model was proven by the residual analyses,
showing the relevance of the ANN model.
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