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Abstract
Emerging contaminants (ECs) originated from different agricultural, biological, chemical, and pharmaceutical sectors have been
detected in our water sources for many years. Several technologies are employed to minimise EC content in the aqueous phase,
including solvent extraction processes, but there is not a solution commonly accepted yet. One of the studied alternatives is based
on separation processes of emulsion liquid membrane (ELM) that benefit low solvent inventory and energy needs. However, a
better understanding of the process and factors influencing the operating conditions and the emulsion stability of the extraction/
stripping process is crucial to enhancing ELM’s performance. This article aims to describe the applications of this technique for
the EC removal and to comprehensively review the ELM properties and characteristics, phase compositions, and process
parameters.
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Introduction

Diverse “emerging” contaminants (ECs) are demanding our
attention (Richardson and Kimura 2017) because of their det-
rimental effects on ecological and/or human health. Typically,
ECs are present at extremely low concentrations from nano-
gram per litre (ng L−1) up to microgram per litre (μg L−1),
causing poor detection and assessments. The recent advance-
ment of technology has encouraged many researchers to min-
imise the content of ECs in the environment as they are now
able to detect a broad range of contaminants at extremely low
concentrations bymanymeans (Galindo-Miranda et al. 2019).
There are several groups of emerging compounds reported,
such as hormones and other endocrine-disrupting compounds,

algal and cyanobacterial toxins, disinfection by-products, gas-
oline additives, organometallics, organophosphate flame re-
tardants and plasticisers, pharmaceuticals and personal care
products, brominated flame retardants, perfluorinated com-
pounds, polar pest ic ides , and their degradat ion/
transformation products and surfactants and their metabolites
(Petrovic et al. 2008). These contaminants entered the aquatic
and terrestrial environments via several sources, including an-
thropogenic and naturally occurring chemicals, pharmaceuti-
cals and personal care products (PPCPs), engineered
nanomaterials, illicit drugs, and antibiotic resistance genes.
To the best of our wisdom, ECs are not circulated in drinking
water supplies or, at least, not being adequately monitored yet.
Lack of monitoring will cause harmful ecological and human
health effects (Noguera-Oviedo and Aga 2016). Though res-
idues of the chemicals were detected in natural waters, the
effluent of wastewater treatment facilities was recognised as
the key source of the introduction of pharmaceutical ECs.
Recently, a number of pharmaceuticals that have been devel-
oped in the common priority list are associated with the water
cycle based on intake, physicochemical properties, persis-
tence, toxicity, incidence, and resistance to treatment
(Boleda et al. 2011) as shown in Table 1.

Pharmaceutical waste is among the most studied group of
emerging contaminants in the water ecosystem at a concentra-
tion range as low as ng·L−1 to μg·L−1(Mompelat et al. 2009;
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Nikolaou et al. 2007; Ternes et al. 2002; Zuccato and
Castiglioni 2009). Approximately there are 3000 various sub-
stances used as pharmaceutical ingredients, including antibi-
otics, painkillers, and impotence drugs. This involves beyond
4000 molecules with various biological and physicochemical
properties and different biochemical reaction forms. Most
medications are administered orally, while some medications
are metabolised, while others remain unchanged until they are
excreted (Monteiro and Boxall 2010). The mixture of phar-
maceuticals and their metabolites would then reach the urban

water treatment plants and sewage treatment plants. Easily
detected pharmaceutical compounds in the contaminated wa-
ter include acetaminophen, carbamazepine, diclofenac, ibu-
profen, and salicylic acid (Stackelberg et al. 2007).
Surprisingly, out of 713 pharmaceuticals checked (of which
142 are transformation products), Lyons (2014) had identified
631 pharmaceutical types (of which 127 are transformation
products) surpass their detection limit. This worrying situation
calls for a better method for the removal of these contaminants
from the aqueous phase.

EC removal from wastewater and drinking water is tricky
as there is no all-inclusive method available. In general, re-
movals of these pollutants in the wastewater treatment pro-
cesses can be considered acceptable. However, many reported
failing to entirely eliminate pharmaceutical pollutants in water
by using traditional treatment systems in municipal and indus-
trial wastewater treatment plants (WWTPs) (Balabanič et al.
2012; Chaouchi and Hamdaoui 2014b). The collected
chemicals were easily released into the groundwater to a cer-
tain degree due to poor handling in WWTPs (Jarrett 2017).
Several methods such as biodegradation, ozonation,
electrooxidation, photocatalysis, and Fenton process have
been introduced to remove ECs (Kyzas et al. 2015). The pro-
cesses listed in Fig. 1 give an overview of available removal
techniques that were reported to eliminate a significant portion
of pharmaceutical content in the wastewater. These conven-
tional methods are classified as bio-electrochemical (Jiang
et al. 2016; Wu et al. 2017; Yang et al. 2015; Zhang et al.
2016, 2017, 2018), chemical (Angeles et al. 2020), and phys-
ical treatment. The eco-friendly biological method suffers
from a limited capacity for upscale, difficulty in technical
integration, as well as concerns on microbial activities.
Meanwhile, polymeric membrane and activated carbon are
subclasses of physical treatment. The first is typically associ-
ated with fouling and high energy requirement (Helmecke
et al. 2020), while the latter has inconsistent results and re-
quires additional post-treatment. In general, biological and
physical treatment is less efficient and could be costly.
Additionally, chemical treatments such as ozonation, electro-
chemical, TiO2 photocatalysis, H2O2/UV oxidation, and solar
photoelectron-Fenton oxidation were used to remove ECs
(Skoumal et al. 2006), wherein some cases resulted relatively
better than biological and physical methods.

Unfortunately, they acquire some drawbacks such as high
investment andmaintenance costs, secondary pollutant forma-
tion, and complex operating procedures (Grassi et al. 2012;
Treacy 2019). The main disadvantages of the chemical meth-
od are environmentally unfriendly in nature and might require
post-treatment. It may also produce by-products as reported
by Rivera-Utrilla et al. (2013). Unfortunately, these methods
may not fully eradicate pharmaceutical compounds, as stated
by Chaouchi and Hamdaoui (2014b), due to many reasons,
mainly the complexity of the process (Krzeminski et al. 2019).

Table 1 Summary of therapeutic group and pharmaceutical ECs in the
environment (Patel et al. 2019; Valdez-Carrillo et al. 2020)

Class/therapeutic group EC compound Predicted
ECs (ng/L)

Antibiotics Amoxicillin 7.4E+06

Ampicillin 12,191

Azithromycin 1302

Clarithromycin 7267

Ciprofloxacin 7.9E+07

Erythromycin -

Oxytetracyclines 9.9E+09

Sulfamethoxazole 9.8E+07

Tetracyclines 6.7E+07

Trimethoprim 3.3E+06

Psychiatric drugs Carbamazepine 346,496

Caffeine -

Cocaine -

Diazepam 16,219

Fluoxetine 489

Ketamine -

Nicotine -

Norcodeine -

Analgesics and nonsteroidal
anti-inflammatories drugs
(A-NSAIDS)

Acetaminophen
(paracetamol)

2.4E+07

Acetylsalicylic
acid (aspirin)

3.4E+08

Diclofenac 4560

Ibuprofen 194,711

Ketoprofen 48,978

Naproxen 827,999

Salicylic acid -

Antacid Omeprazole 3.8E+07

Lipid regulators Clofibric acid -

Gemfibrozil 62,494

Pravastatin 662

Simvastatin 6.1

β-blockers Atenolol 792,332

Metoprolol 1539

Propranolol 1984

Valsartan 13158
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To a certain degree, the collected chemicals were simply re-
leased without adequate treatment in the WWTPs (Jarrett
2017). In addition, various polluting compounds in trace
amounts have been found in WWTPs, for which traditional
treatment technologies have not been particularly developed
(Gros et al. 2010). Another chemical method investigated for
removing pharmaceuticals contaminated water is solvent ex-
traction (Kyzas et al. 2015) which offers an efficient and quick
separation (Hosseinzadeh et al. 2014). Consequently, the as-
similation of conventional wastewater treatment with ad-
vanced technologies, especially liquid membranes, has grown
to be of enormous interest to overcome the limitations men-
tioned. Liquid membrane separation was investigated and
proven to be a feasible method to separate pharmaceutical
ECs, specifically acetaminophen, from polluted water.

This article will specifically discuss the utilisation of ELM
for the mentioned motive. ELM invented by Li (1968) has
shown excellent potential for the application extraction of
ECs. ELM is currently being applied as an optional strategy
to separation, comprising three stages: emulsification, extrac-
tion, and demulsification. It offers many desirable features
such as a large interfacial area to volume ratio for mass transfer,
simultaneous extraction and stripping, cost-effectiveness, low
energy consumption, low solvent concentration performance,
and low solvent quantity requirements. In addition, ELM is

also estimated to be around 40% cheaper than traditional ex-
traction methods (Kislik 2010). These advantages sparked the
interest for ELM to be studied thoroughly for industrial appli-
cations, for instance, separation of numerous kinds of metal
ions (Ahmad et al. 2012; Kunthakudee et al. 2016; Murugan
et al. 2009; Zhao et al. 2010), organic compounds (Lee 2011;
Ng et al. 2010; Sunsandee et al. 2013; Sunsandee et al. 2017),
and inorganic compounds (Lichang et al . 2016).
Unfortunately, poor emulsion stability remains as a hindrance
in the industrial application of ELM. It is usually governed by
membrane breakage in ELM systems which involve the rup-
ture of the emulsion, and leakage of internal phase and extract-
ed solute to the external phase causes the decrease in volume of
the stripping phase. This causes the driving force for mass
transfer, reduces the concentration gradient, and increases the
external feed concentration, thereby lowering the extraction
efficiency. Typically, it is caused by the emulsion formulation
and condition of emulsification. Thus, this article aims to illu-
minate the all-inclusive review on ELM’s properties and char-
acteristics, phase compositions, and process parameters corre-
spondingly and describe the applications of this technique for
EC removal. This study will be significant in the appropriate
selection of organic phase compositions and elucidating some
of the effects of some ELM process parameters which impact
on the extraction efficiency (%).
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Fig. 1 Conventional removal
techniques of ECs
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Liquid membrane (LM)

Membranes are commercially used for various purposes such
as water purification, gas applications, chemical, biotechnol-
ogy, and biomedical applications where it consists of the semi-
permeable layer. A semipermeable polymeric membrane lay-
er, which can be heterogeneous, homogeneous, asymmetric,
symmetric, solid, or liquid, splits up two phases and constricts
the transport of different chemical species in a specific manner
(Porter 1990). As for liquid membrane, the semipermeable
layer is named the membrane phase, where it serves as a
selective immiscible liquid layer that segregates the feed and
stripping phase.

Liquid membranes have been extensively studied due to
their immense potential to replace traditional techniques avail-
able for solvent separation. Similar to other developing tech-
nologies, the liquid membrane has various other names such
as “liquid protraction”, “carrier-mediated extraction”, “facili-
tated transport”, and “two-stage” (Boyadzhiev and Lazarova
1995). A liquid membrane system consists of processes where
liquid-liquid extraction along with membrane separation was
incorporated simultaneously. Three types of liquid mem-
branes are commonly reported, bulk liquid membrane
(BLM), supported (R. Kumar et al. 2021; Rajendaren et al.
2021) or immobilised liquid membrane (SLM or ILM), and
emulsion liquid membrane (ELM) (Al-Obaidi et al. 2020),
which differ in terms of the configuration as well as its trans-
port mechanism (as shown in Fig. 2). On top of that, these
liquid membranes differ in terms of their design, formulation
as well as method of contact with the external feed
phase(Parhi 2013). However, all three configurations of the
liquid membrane are similar in the way that it is assisted by the
extracting reagent to transport the solute. The extracting agent
can either be stagnant or mobile between the feed and the
internal phase to precisely remove the targeted solute (Kislik
2010).

Transport mechanism of liquid membrane

Passive or active transport can achieve the transfer phenomena
of a substance via the membrane phase in liquid membranes.
They are classified according to the solubility of the solute in
the membrane phase as well as the presence andmechanism of
the extracting agent in the membrane phase.

Passive transport

The solute permeates easily via this method due to its solubil-
ity in the membrane phase. The process relies on the solute
concentration gradient, where this selective transport took
place from a high concentration region to the lower one
(Kislik 2010). When the concentration equilibrium is reached,
there is no net transportation of solute. No reaction is involved

in this mechanism, and the solute remains in the same form
throughout the phases. The transported solution must be trans-
formed into a state in which the receiving aqueous droplets
cannot diffuse back, to maintain a substantial concentration
gradient over a long period of time. This is to minimise the
solute in the external feed phase as it is solely dependent on
the concentration gradient. The illustration of this process is
shown in Fig. 3. While this approach is straightforward and
affordable, its selectivity and efficiency are not always
favourable. Additionally, as the separation occurs, the
neutralising or anchoring component in the inner aqueous
phase is depleted earlier in the droplets near the globule’s
surface. As a result, the solute must diffuse inward and out-
ward before being released and neutralised. This causes the
process to become diffusion-limited and slows down with
time (Patnaik 1995). In order to circumvent this constraint, a
carrier is introduced into the membrane phase to boost speed
and selectivity, which leads to the facilitated transport
mechanism.

Facilitated transport

During active transport or facilitated transport, the membrane
phase contains a carrier that has been dissolved in an organic
solvent. The transfer of a substrate through the membrane
phase is accomplished in accordance with the double layer
model (Eljaddi et al. 2017) via the following steps: (1) The
substrate (S) is diffused in the stagnant layer of the source
phase. (2) At the first interface between the source and mem-
brane phase, the carrier (C) and substrate form a connection.
(3) Diffusion of the entity (carrier-substrate (C-S)) from its
initial location in the membrane phase to the second mem-
brane interface. (4) The dissociation of the entity and the re-
generation of the carrier. (5) In the receiving phase, there is a
diffusion of the substrate. The carrier works as a catalyst by
increasing the rate of transfer, increasing the solubility of the
chemical region within the membrane. The material transfer
process comes to a halt when the concentration differential
between the feed phase and receiving phase reaches zero. It
is referred to as simple facilitated diffusion if it only involves
one species to be transported. However, if the source phase
contains two species capable of associating with the carrier,
this is referred to as coupled facilitated transport. There are
two types of coupled facilitated transport, which are typically
referred to as type I (co-transport) and type II (counter
transport).

For type I, a solute must be soluble in all phases (feed,
membrane, and stripping). A modification is made by intro-
ducing a stripping agent on the contrary side of the membrane
phase to increase the solute’s mass transfer. The stripping
agents will react towards the transferred solute in the mem-
brane phase and yield an insoluble compound, as illustrated in
Fig. 4. The insoluble compound will be restricted from
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diffusing through the membrane phase, hence accumulating in
the stripping phase. In the internal stripping phase, the solute
concentration is also preserved by the reaction at zero. In type
I, the reaction only involves the solute and stripping agent
without the presence of a carrier. To simplify, this type of
transport can be expressed in the following equilibrium reac-
tions as shown in Eq. 1 whereby the carrier is neutral, and the
external feed phase contains a pair of associated and dissoci-
ated ions (Aa+ aX−, cation and anion), which are reversibly
connected by carrier B.

Aaþ
aq þ aX−

aq þ Borg↔ Abaþ; aX−ð Þorg ð1Þ

Type II transport mechanism mainly relies on the assis-
tance of the carrier to transport the solute across the membrane
phase, whereby the carrier can be acidic or basic. This mech-
anism was named “carrier-mediated” transport (Teng et al.
2014). The targeted solute is typically insoluble in the mem-
brane phase, thus requiring assistance to move from the feed
to the stripping phase. The transportation process involves a
chemical reaction to form a solute-carrier complex and disso-
ciation of this complex to strip the targeted solute in the inter-
nal phase, shown in Fig. 5. The two chemical reactions men-
tioned taking place at the external-membrane and the

membrane-internal interface. The solute turned into a solute-
carrier complex via a reversible reaction before being
transported into the internal stripping phase. The reaction
product that is soluble in the membrane phase will diffuse to
the membrane-internal interface through the membrane layer.
Following that is another chemical reaction that will cause the
dissociation of the solute-carrier complex. The targeted solute
will be stripped and released into the internal phase from this
second chemical reaction. The carrier remains unchanged and
will circulate back to the membrane-external interface to con-
tinue the same loop. For example, in the case of an acidic
carrier where the process is carried out by a cation exchange
proton, the cations migrate in the opposite direction of protons
from high pH to low pH value; the balance in the external
feed-membrane interface is expressed as shown in Eq. 2.
When the carrier in the membrane phase exchanges an anion
(basic) with the substrate at the external feed-membrane
phase, a neutral entity (C−B+) is formed as shown in Eq. 3.
The process is governed by the association of the substrate and
carrier, the gradient of the anion X concentration, and the
electrical neutrality of the source and receiving phases.

Aaþ
aq þ aHBorg↔ Abað Þorg þ aHþ ð2Þ

A−
aq þ XBorg↔ C−Bþð Þorg þ X−

org ð3Þ

SF M

Legend:

Solute 

Stripping agent (ions)

Stripped solute

Carrier

Solute-carrier complex

Fig. 3 Passive transport
mechanism of solute in liquid
membranes, where F is the
external feed phase, M is the
membrane phase, and S is the
stripping phase

Fig. 2 Liquid membrane types and configuration. a Bulk, b supported, c emulsion where F is the external feed phase, M is the immiscible membrane
phase, and S is the stripping phase
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The transport mechanism that has been widely explored in
the liquid membrane is the type II transport mechanism. The
metal ions were removed in water with protons as counter-
transport ions. The coupled transport is similar to facilitated
transport as a carrier agent is integrated into the membrane.
The difference was spotted as the carrier agent couples the
flow of two species which enables one of the species to move
against its concentration gradient (San Román et al. 2010).
However, this is bound to happen only on the terms that the
concentration gradient of the second coupled species is suffi-
ciently large. In the cases of ionic species, the transport mech-
anism occurs to maintain the electroneutrality of the solution.

The concentration gradient of the solute-carrier complex at
the external and internal interface serves as the main driving
force in the whole process. According toWan et al. (1997), the
concentration gradient could be maximised through reaction
with stripping agent since the solute is insoluble in the mem-
brane phase. Besides, the pH difference between the internal
and external phases has a significant influence (Kargari et al.
2006). This mechanism enables the carrier molecules to carry
the solvent as much as possible, thus reducing the amount of
carrier required during the membrane process.

Emulsion liquid membrane

For the application of EC removal, researchers choose ELM
over the other type of liquid membrane. Even though SLM
offers a simpler configuration and process, it is a three-phase
system with a liquid membrane phase immobilised in the
membrane support between two aqueous feed and stripping
phases. The higher usage of materials leads to high costs with
approximately the same extraction efficiency as to using
ELM. Thus, since ECs have a low concentration in wastewa-
ter, ELM is more preferable since it is more economical.
Besides the conventional solvent extraction processes, ELM
has been a promising alternative technique with a plus factor
of low solvent inventory and energy requirements
(Chakraborty et al. 2010). Additionally, in extraction and
stripping operations of ELM, the solute simultaneously
preconcentrates the solute in a single unit. However, numer-
ous problems constantly arise when the ELM is involved in
the separation process (Teng et al. 2014). The emulsion sta-
bility always has been the main concern in the ELM. Factors
that need to be controlled to overcome this problem involve
ionic strengths, pH, temperature, or any factors that disrupt the
membrane stability during the separation. Desiring for a very

SF M

Legend:

Solute 

Stripping agent (ions)

Stripped solute

Carrier

Solute-carrier complex

Fig. 4 Type I facilitated transport
mechanism of solute in liquid
membranes, where F is the
external feed phase, M is the
membrane phase, and S is the
stripping phase
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Stripped solute
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Fig. 5 Type II facilitated
transport mechanism of solute in
liquid membranes, where F is the
external feed phase, M is the
membrane phase, and S is the
stripping phase
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stable emulsion causes breaking it down to be a difficult task.
As a result, recovering the receiving phase and replenishing
the carrier are highly unlikely. A proper understanding of the
process and factors influencing the system needs to be under-
stood to resolve these issues. In general, an ELM can be
envisioned as a “bubble within a bubble” occurrence (A.
Kumar et al. 2019). As depicted, the innermost bubble is the
internal phase, and the outer bubble is the membrane phase
containing the carriers. The phase outside the bubble is known
as the external feed phase. A huge number of these bubbles are
available in an ELM set-up, as shown in Fig. 6.

Role of various constituents during ELM formulation

The development of the ELM system can be considered a
simple process, although it is hard to maintain long- term
performance. For an efficient separation, the emulsion must
possess high viscosity, neutral buoyancy for the emulsion to
suspend in the external phase, and sufficient surfactant con-
centration for emulsion stability (Hiroshi 1990). Therefore,
the ELM formulation, which includes carrier, diluents, and
stripping agents, is important. The effectiveness of an ELM
process typically depends on the choice of components since
it will indirectly affect the extraction efficiency. Besides, the
suitable ELM formulation will produce a stable emulsion, hence
promising high efficiency.

The membrane phase consists of an organic solvent con-
taining carrier, surfactant, and diluent (Manikandan et al.
2014; Othman et al. 2014). The membrane phase serves as a
selective barrier, and it provides a large surface area for solute
transport during the extraction process, as depicted in Fig. 7.
Carrier in the membrane phase is an important component in
ELM formulation where it is responsible for forming a com-
plex and serves as a shuttle carrying solute (Aziz et al. 2008;

Perera and Stevens 2009). Carrier can be classified into three
groups (Zihao and Jufu 1992): acidic, basic (Ritchey and
Ashbrook 1984), and solvating. The selection of a suitable
carrier is vital for the ELM system to achieve maximum ex-
traction efficiency. The thermodynamic and kinetics are the
main concerns in selecting the best carrier. The carrier should
thermodynamically favour the solute ion from the external
feed phase and forming a carrier-solute complex. At the same
time, the kinetics of the solute extraction reaction must be fast.
For rapid solute extraction from the external phase, carriers
with greater stability of the solute-carrier complex are prefer-
able. The solubility of the carrier is another vital aspect to be
looked at. The carrier should have high solubility in the mem-
brane phase but insoluble in the internal and external phases.

Many studies prove that its concentration is also important
to achieve high extraction efficiency besides the carrier type.
Research carried out by Kumbasar (2009) revealed that a high
carrier concentration enhanced the extraction capability of an
ELM system. However, excessively high concentration trig-
gers emulsion breakage due to interfacial characteristics of
solute-extractant complex (Valenzuela et al. 2005).
According to Sengupta et al. (2007), increasing carrier con-
centration resulted in a larger emulsion size due to an increase
of interfacial tension.Meanwhile, high emulsion viscosity due
to high carrier concentration is not beneficial as the emulsion
diameter is enlarged (Chaouchi & Hamdaoui, 2014; Chiha
et al. 2006), where this condition will significantly affect the
extraction rate.

On the other hand, surfactant stabilises the emulsion by
suppressing the interfacial tension between two immiscible
phases, and its presence also influences the transport rate of
solute (Chakraborty et al. 2010; Perera and Stevens 2009).
Surfactant is known to have two parts which is hydrophilic
polar head group and the other one is a hydrophobic non-polar

Fig. 6 Schematic representation
of emulsion globule of ELM

13003Environ Sci Pollut Res (2022) 29:12997–13023



tail group (Bjorkegren and Fassihi 2011). The hydrophilic
polar head group attracts the aqueous phase (internal and ex-
ternal phases) where it is used to avoid surfactant expulsion,
whereas the hydrophobic non-polar tail highly attracts the
organic phase. This condition causes an expanding free ener-
gy system and modification of organic solvent liquid struc-
ture, which means less work is required for surfactant mole-
cules to surface. In general, surfactants are categorised into
four major classes, such as anionic, cationic, zwitterionic,
and non-ionic surfactants (Chakraborty et al. 2010).

Surfactant and extractant are both solubilised in diluents
forming membrane phase. In the ELM system, diluent serves
as media for carrier and surfactant, where it acts as a barrier
separating two aqueous phases. The general requirements of
diluent are as follows:

i. Compatible with carrier and surfactant (Perera and Stevens
2009).

ii. Low solubility in the internal and external phase.
iii. Moderate viscosity due to its effect on membrane

stability.
iv. Low dielectric constant. Dielectric constant represents

diluent polarity where diluents with dielectric content less
than 15 are non-polar (Marcus 2004).

v. Low toxicity to prevent pollution.
vi. Economic.

Besides that, an aliphatic diluent is preferred due to its
minimal solubility in water compared to an aromatic diluent.

In addition, aliphatic diluent has better stability (Othman et al.
2006).

A stripping agent is required as an accumulation point of
the solute once it dissociated at the internal-membrane inter-
face from the solute-carrier complex. A considerable guide by
Ho and Kamalesh (1992) in choosing appropriate stripping
agents with their associated carrier has been prepared where
acidic stripping agent is commonly used with the acidic carrier
while both acidic and basic stripping agents can be used with a
basic carrier. There are two possible mechanisms of solute
transport assisted by a carrier, co-transport and counter trans-
port, depending on the stripping agent used. The difference in
pH between the external and internal phases creates a driving
force. The difference in pH between the two phases should be
kept as low as possible to avoid emulsion swelling (Malik
et al. 2012). pH adjustment can be conducted by various
chemicals, depending on the carrier type.

Extraction of ECs using ELM

Attention paid to ELM as a promising method for removing
pollutants present in wastewater, especially ECs, is growing.
Unfortunately, ELM’s main drawback is the emulsion stabil-
ity, while understanding the complexity of the parameters
influencing the stability is not an easy task. Thus, the mem-
brane phase composition must be selected very carefully since
the selection affects both the extraction efficiency and ELM
stability.

Internal Phase

Surfactant

External Phase Membrane Phase Internal Phase

Substrate

S

Carrier

S S S

S SS S S

Carrier

S

S

S
Carrier

Fig. 7 Schematic representation of the transport mechanism in ELM
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Generally, the ELM process consists of four main steps,
which are emulsification, permeation or extraction process,
settling, and demulsification (breaking of the emulsion) as
shown in Fig. 8. The internal phase and membrane phase are
emulsified in the first stage to create an emulsion. The pro-
duced emulsion is then disseminated into the external feed
phase, which contains the extracted solute. Removal of low-
concentrated solute molecules is accomplished by mass trans-
fer in which the prepared emulsion is dispersed into the exter-
nal feed phase containing the required solute concentration.
During the extraction process, these solute molecules pass
through the membrane phase, which consists of 0.1–3-mm
emulsion globules, and subsequently react with internal phase
reagent, which is accessible in the form of fine internal phase
droplets (A. Kumar et al. 2019). Following the extraction step,
the solute-loaded primary emulsion is separated from the ex-
ternal feed phase by gravitational settling. The membrane
phase is then recovered using the demulsification process,
where the primary emulsion containing the enhanced solute
is de-emulsified to recover the membrane phase constituents
and the enriched solute. Finally, the membrane phase
ingredients are recovered for reuse in the formulation
of the ELM. ELM performance was determined by ei-
ther calculating extraction efficiency (%) or recovery
(%) using Eqs. 4 and 5.

Extraction Efficiency %ð Þ ¼ Cinitial−Cfinal

Cinitial
� 100 ð4Þ

Recovery %ð Þ ¼ Cint

2TrCinitial
� 100 ð5Þ

whereCinitial andCfinal are the initial and final concentration of
solute in the external phase, while Cint is the concentration of

solute in the stripping phase after extraction. Tr is the treat
ratio.

Table 2 elucidates briefly existing literature studies on the
removal of ECs using ELM. Typically, Span 80 and kerosene
are the most often employed surfactant and diluent,
respectively. However, the proper composition of the
membrane phase is largely determined by the type of solute
to be treated. For example, Shirasangi et al. (2020) conducted
a screening experiment in order to select the suitable carrier
(TOA/TBP) and the stripping agent (NaOH/Na2CO3/NaCl).
Extraction efficiency using TOA with NaOH, Na2CO3, and
NaCl were 85.02%, 73.76%, and 25.64%, respectively.
Similarly, extraction efficiency using TBP with NaOH,
Na2CO3, and NaCl were 69.39%, 60.44%, and 10.17%, re-
spectively. It is discovered that stripping efficiency improves
proportionately with stripping agent basicity and that basicity
decreases in the following trend of NaCl < Na2CO3 < NaOH,
and due to mild methylparaben acidity, it forms a more rapid
complex with TOA than TBP. Alreda Akkar and Muslim
Mohammed (2021) studied on the separation of organic acid
pollutants (acetic acid, benzoic acid, phenol) using kerosene
as a membrane phase, Span 80 as a surfactant, and NaOH as a
stripping agent in the inner phase of W/O emulsions.
According to the effective diffusivities, an extraction efficien-
cy of 98%was achieved, and the mobility of these compounds
in the membrane phase is as follows: benzoic acid > acetic
acid > phenol.

In the case of penicillin G, Span 80 and non-ionic poly-
amine PARABAR 9551 are used as a surfactant, and
Amberlite LA2 is used as a carrier, Na2CO3 as a stripping
agent, and kerosene as a diluent (Lee 2000), while for the
extraction of acetaminophen, Chaouchi and Hamdaoui
(2014) used hexane, Aliquat 336 potassium chloride, KCl,
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Emulsifica�on

Demulsifica�on Permea�on
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phase Internal 

phase
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phaseOrganic 

phase
Enriched 

phase

Organic 
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Fig. 8 A schematic of ELM
process
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Table 2 Summary of the ELM formulation used for different contaminants

Contaminants Carrier Diluent Stripping agent Surfactant Efficiency
(%)

References

Acetaminophen TOMAC/Aliquat 336 Hexane Potassium
chloride, KCl

Span 80 99 Chaouchi and Hamdaoui
(2014)

Acetic acid Tributyl phosphate
(TBP),
trioctylphosphine
oxide (TOPO)

Kerosene Sodium carbonate,
Na2CO3

C9232 91.7
88.0

Lee (2015)

Trioctylamine (TOA) Kerosene Na2CO3 Span 80 99 Lee and Hyun (2010)
Alcohol - Heptane, hexane Distilled water Span 80 95 Chanukya and Navin

(2013)
Amino acids Di(2-ethylhexyl)

phosphoric acid
(D2EHPA)

n-Dodecane Hydrochloric acid,
HCl

CR-500, Span 80 - Teramoto et al. (1991)

Aniline - Kerosene HCl Span 80 98 Devulapalli and Jones
(1999)

Bisphenol A (BPA) - Kerosene Sodium hydroxide,
NaOH

OP-4 97.52 Jiao et al. (2013)

Citric acid TOMAC/Aliquat 336 STA 90 NS Na2CO3 Span 80 90 Manzak and Tutkun (2005)
Ciprofloxacin Tributyl phosphate

(TBP)
n-Heptane HCl Nano-Fe2O3 particles 98 Mohammed et al. (2020a,

2020b)
Chlorpheniramine Soy lecithin (SL) Parleam 4 or

dodecane
HCl Abil EM 90® 98–100 Razo-Lazcano et al. (2018)

Diclofenac (DCF) Tri-n-octylamine,
tri-n--
butylphosphate,
di-2-ethylhexyl
phosphoric acid
(D2EHPA)

n-Heptane NaOH, H2SO4,
HCl, and HNO3

Span 80, Span 20 < 95 Gupta et al. n.d.

Tetrabutylammonium
bromide (TBAB)

Dichloromethane
(CH2Cl2)

NaOH Span 80 99.65 Seifollahi and
Rahbar-Kelishami(2017)

Dye Tridodecylamine
(TDA)

Kerosene NaCl Span 80 89 Othman et al. (2011)

- n-Heptane,
paraffin oil

NaOH Span 80 95 Zereshki et al. (2018)

- Kerosene HCl Span 80 - Kusumastuti et al. (2017)
Ethylparaben Trioctylamine (TOA) n-Heptane Na2CO3 Span 80 ∼90 Kohli et al. (2018)
Gadolinium D2EHPA, Kerosene Nitric acid Span 80 99 Davoodi-Nasab et al.

(2018)
Lactic acid Alamine 336,

Trioctylamine
(TOA)

n-Heptane,
paraffin

Na2CO3 Span 80 95 Schöller C et al. (1993)
Chanukya et al. (2013)

Alamine 336 Escaid 100 Na2CO3 Span 80 91 Manzak and Tutkun (2011)
Aliquat 336 Sunflower oil NaOH Span 80 99 Garavand et al. (2018)

Lignin TOMAC/Aliquat 336 Kerosene Sodium
bicarbonate,
NaHCO3

Span 80 95 Ooi et al. (2015)

Lignosulfonate Trioctylamine (TOA) Dichloroethane NaOH Span 80 - Chakraborty et al. (2010)
L-phenylalanine

Di(2-ethylhexyl)ph-
osphoric acid
(D2EHPA)

Kerosene Hydrochloric acid,
HCl

Span 80 94.4 Fang et al. (2016)

Methylparaben Trioctylamine (TOA),
tributyl phosphate
(TBP)

n-Heptane NaOH, Na2CO3,

NaCl
Span 80, Span 20, Tween

85
93.54 Shirasangi et al. (2020)

Norfloxacin Poly-butyl succinimide Isoamyl alcohol NaOH Saponin 91.27 Muthusaravanan et al.
(2019)

Organic acids - Kerosene NaOH Span 80 98 Alreda Akkar and Muslim
Mohammed (2021)

Amberlite LA2, TOA,
TDA

Kerosene, palm
oil

NaOH, Na2CO3 Span 80 - Jusoh et al. (2016)

Penicillin G Amberlite LA2 Kerosene Na2CO3 Span 80, PARABAR 9551 95 Lee (2000)
Phenol Cyanex 923 Iso-Kerosene NaOH Montane 80 90.1 Abbassian and Kargari

2016a
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and Span 80 as diluent, carrier, stripping agent, and surfactant,
accordingly. Besides that, Chaouchi and Hamdaoui (2015b)
also studied the extraction of the endocrine-disrupting com-
pound propylparaben (PP). The study showed promising
method results by using trioctylphosphine oxide (TOPO),
hexane, Na2CO3, and Span 80 as the carrier, diluent, stripping
agent, and surfactant, respectively. For the extraction of acetic
acid, Lee (2015) and Lee and Hyun (2010) use the same
diluent and stripping agent. However, Lee (2015) uses
C9232 as surfactant and TBP and TOPO as carrier, while
Lee and Hyun (2010)as a surfactant and TOA as a carrier
extraction efficiency of 91.7 % andSeveral parameters signif-
icantly affect the extraction performance in the ELM process,
including carrier concentration, stripping agent concentration,
emulsification time, agitation speed, and pH value (Ahmad
et al. 2012; Chaouchi and Hamdaoui 2014b, 2016; Othman
et al. 2016).

Effect of carrier concentration

Carrier concentration is important as it acts as a shuttle to
transport solute, which directly affects the extraction efficien-
cy. The carrier concentration has two main roles which are
transporting solute molecules from the external feed phase to
the internal phase via complex formation and boosting ELM
stability and efficiency by increasing the membrane phase
viscosity. Several studies proved that both types of carrier
and carrier concentration affect the ELM performance
(Kumar et al. 2019). Increasing carrier concentration enhances
the formation of solute-carrier complex. However, un- neces-
sary high carrier concentration will only reduce the stripping
reaction rate since solutes remain in the membrane phase. A
high amount of carrier present in the ELM could also bring the
increment in mass transport resistance where the accumulation
of complex occurred during the process (Goyal et al. 2011). In

Table 2 (continued)

Contaminants Carrier Diluent Stripping agent Surfactant Efficiency
(%)

References

- Palm oil,
kerosene

NaOH Span 80, Tween 80 83.4 Rosly et al. (2020)

- Kerosene NaOH Span 80 - Abbassian and Kargari
(2016b)

- Kerosene NaOH Span 80 98 Majeed and Adnan (2016)
- Kerosene NaOH Span 80 98 Akkar and Mohammed

(2021)
Polyphenols Tributyl phosphate

(TBP)
Kerosene NaOH Span 80 91 Jusoh et al. (2020)

Phenolic compounds Tributyl phosphate
(TBP)

Kerosene NaOH C9232 99.5 Balasubramanian and
Venkatesan (2012)

Propylparaben (PP) Trioctylphosphine
(TOPO)

Hexane Na2CO3 Span 80 > 99 Chaouchi and Hamdaoui
(2015b)

Pyridine - Kerosene Hydrochloric acid,
HCl

OP-4 96.5 Peng et al. (2012)

Succinic acid Trioctylamine (TOA) Kerosene Sodium hydroxide,
NaOH

C9232 99 Lee and Hyun (2010)

Amberlite LA2 Palm oil Na2CO3 Span 80, Tween 80 84 Jusoh et al. (2019)
Synthetic dye - Hexane Sodium carbonate,

Na2CO3

Span 80 > 99 Dâas and Hamdaoui (2010)

Tetracycline Tributyl phosphate
(TBP)

n-Heptane Hydrochloric acid,
HCl

Fe2O3 nanoparticles
modified with oleic acid

96.5 Mohammed et al. 2020a,
2020b

Uranyl TOMAC/Aliquat 336 Kerosene Sodium
bicarbonate,
NaHCO3

Span 80 - Cristina and Daniela (2003)

4-Nitrophenol - Kerosene NaOH Span 80 99 Al-Obaidi et al. (2020)
- Hexane Na2CO3 Span 80 >99 Chaouchi and Hamdaoui

(2015b, 2016)
Ag+

2,4,4-(Trimethylpe-
ntyl)
octylphosphine
oxide (CYANEX
925)

Kerosene Potassium
thiocyanate

Span 80 75 Masry et al. (2021)

13007Environ Sci Pollut Res (2022) 29:12997–13023



addition, a massive amount of carrier could in turn encourage
emulsion swelling, which diminishes the effectiveness of the
process and eventually causes the membrane layer to become
thinner, making it prone to breakdown (Chiha et al. 2006). As
reported by Mohammed et al. (2020a, 2020b), the transporta-
tion and stripping efficiency of tetracycline increased to 96.3%
as carrier concentration increased to 4% (v/v). However, the
ELM instability began to rise with increases in the carrier con-
centration to 6, 8, and 10% (v/v), consequently affecting the
extraction and stripping percentage as the concentration, the
interfacial tensions, and the accumulation of the carrier mole-
cules in the membrane phase increase. Subsequently, the vis-
cosity increases and leads to bigger emulsion droplet size for-
mation (swelling). A similar result was found by Seifollahi and
Rahbar-Kelishami (2017); the ability of diclofenac extraction
increased with increasing concentration due to the increment of
diclofenac ions-TBAB complex species, thus increasing the
extraction efficiency. However, incorporation of a carrier
higher than 0.04 M reduces the percentage of diclofenac re-
moval. It may also be due to the formation of more complexes,
which lead to an increase in organic phase resistance. Thus the
extent of the ion transfers decreases. Economically, a lower
extractant concentration is always preferable, as it is the most
expensive component of the membrane phase. This result is
also in line with Jusoh et al. (2019), which studied the effect of
Amberlite LA2 concen- tration on the extraction of succinic.
The optimum concen- tration obtained for the extraction of
succinic acid is 0.7M, with an extraction efficiency of 71%.
Succinic acid migrates towards the external contact when the
concentration of Amberlite LA2 increases. The combination
formed at the external interface of Amberlite LA2 and succinic
acid then reacts reversibly to permeate across the membrane
phase. Thus, this will enhance the flux of succinic acid across
the membrane due to the concentration gradient of the com-
plexes. On the other hand, a further increase of carrier concen-
tration leads to a decrease of 55% extraction efficiency. This is
because a less viscous emulsion was formed due to the high
concentration of carrier. In addition, it could also result in a
mass transport resistance increment owing to the accumulation
of complex in the membrane phase.

Effect of stripping agent concentration

The stripping agent concentration determines stripping
efficiency and extraction efficiency. Thus, it is important to
employ optimum concentration to achieve maximum
extraction efficiency. Stripping agent concentration should
not be above the optimum level as it may cause membrane
swelling and breakage, which will lower the extraction
efficiency of the membrane. Excessive stripping agents may
hydrolyse surfactant and decrease emulsion stability. A study
conducted by Zereshki et al. (2018) observed that increasing
the concentration of NaOH as a stripping agent from 0.001 to

0.04M increases extraction efficiency, but increasing the con-
centration to higher concentrations has the opposite effect.
Further increase than 0.04M in concentration gradually result-
ed in emulsion swelling, which leads to low extraction effi-
ciency. Muthusaravanan et al. (2019) discovered that when
the concentration of NaOH increased, there was also an in-
crease in the extraction efficiency of norfloxacin. Due to the
ionic potential of the stripping agent, the stripping agent con-
centration exerted stress on the norfloxacin molecules present
in the aqueous phase. When the NaOH concentration was
increased, the ionic potential increased, resulting in high ex-
traction efficiency. Similar results were obtained by Garavand
et al. (2018) where excess NaOH can potentially reduce the
stability of the emulsion by reacting with Span 80 and
influencing the surfactant characteristics. Additionally, it
results in a thick emulsion with bigger droplet size. Jusoh
et al. (2020) vary the concentration of stripping agent from
0.5 to 2 M for the extraction of polyphenols. It was observed
that the extraction increased with NaOH concentration up to
1 M and further increase of concentration leads to decrease in
extraction efficiency. Low concentrations of NaOH are insuf-
ficient to remove polyphenols from complexes, resulting in
polyphenol-TBP complexes accumulating in the liquid mem-
brane phase, which limits complex formation, whereas high
concentrations of NaOH cause excess NaOH to accumulate in
the stripping phase, which prevents polyphenols from being
transported from the internal interface. Furthermore, excessive
NaOH is unfavourable since it might cause surfactant hydro-
lysis, decreasing stability. The ELM process’s effectiveness
and economy are indicated by a suitable treatment ratio (vol-
ume ratio of emulsion to external phase). Othman et al. (2011)
found that a small emulsion volume is enough to treat a high
volume of wastewater. Minimal emulsion volume is often
desired to make it economical.

Effect of emulsification time

On the other hand, sufficient emulsification time must be
employed to ensure a stable and uniform emulsion size.
Prolonging emulsification time produces smaller and stable
emulsion as well as enhances the intensity of the solution.
With adequate emulsification time, more significant numbers
of fine droplets are produced. Smaller emulsion requires more
time to coalesce, hence better stability. However, an inappro-
priate long time of emulsification is counterproductive.
Emulsion prepared at unnecessary long emulsification time
is exposed to higher shear, which can cause emulsion break-
age (Chiha et al. 2006). In addition, intense emulsification
causes the surfactant to escape out of the water-oil interface,
thus reducing its concentration. This condition will raise the
interfacial stress between the interfaces and produce bigger
emulsion droplets that are unstable. Jusoh et al. (2016) dem-
onstrate the effect of emulsification time (3 to 20 min) on the
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water in oil emulsion stability. It is found that emulsification
time of 5 min produces stable emulsion compared to others
due to sufficient time for smaller internal droplets to form,
thus leading to longer time that is needed to coalesce. This
shows that the organic membrane and internal aqueous solu-
tion were not homogenised adequately due to the short emul-
sifying period, while on the contrary, prolonged emulsifica-
tion time will decrease the emulsion stability due to high shear
exposure, thus leading to emulsion breakage. Therefore, it is
important to find adequate emulsification time to produce
smaller inner droplets, which leads to better emulsion stability
and extraction efficiency. Similar results were obtained by
Mohammed et al. (2020b), where an emulsification time of
7 min was considered to be the best time with the highest
ciprofloxacin extraction efficiency of about 99%. The study
was carried out on different emulsification times ranging from
5 to 15 min. Formation of large droplet size of 10.41 m, which
allows the coalescence phenomena to occur readily, was
found at 5 min due to insufficient emulsification time.
However, prolonging the emulsification time to 10 and
15 min causes membrane breaking due to severe internal
shearing, resulting in a very high number of emulsion
globules per unit volume, facilitating their diffusion into the
external feed phase. This is in line with Rosly et al. (2020)
where longer emulsifying time raises shear stress and interfa-
cial tension due to high homogenisation pressure. In contrast,
insufficient emulsifying time may inhibit blended surfactant
interfacial activity from adsorbing at W/O interface. In this
study, 3 min of emulsification time is chosen as the optimum
duration for forming a stable emulsion with a minimum aver-
age droplet size distribution of 8.1 m. A sufficient amount of
time is necessary to guarantee that the blended surfactant fully
migrates to and adsorbs at the water-oil interface, lowering the
interfacial tension and promoting tiny droplet breakup.

Effect of agitation speed

Another parameter affecting extraction efficiency is the agita-
tion speed during the extraction process. Multiple researchers
found that ELM extraction increase with an increase in stirring
speed (Ahmad et al. 2011; Kumbasar 2008). A high rate of
stirring reduces globules size, providing a larger mass transfer
area, which is preferable to enhance its extraction perfor-
mance. However, further increase of the speed resulted in
unstable droplets, causing membrane leakage due to the mem-
brane wall’s thinning. Manzak and Tutkun (2011) studied the
effect of agitation speed (250–400 rpm) and elucidated those
speeds above 300 rpm will decrease the extraction efficiency
due to leakage of lactic acid caused by shearing of emulsion.
A similar result was obtained by Zereshki et al. (2018) for the
removal of cationic dye where the agitation speed within the
range of 130–630 rpm was studied. The size of emulsion
globules reduces as the stirring speed is increased from 130

to 430 rpm, resulting in an increase in the mass transfer area.
Higher than 430 rpm of stirring speed results in emulsion
instability and breakup, resulting in ineffective extraction ef-
ficiency due to excessive stress. The effect of agitation speed
on the extraction efficiency was also studied by Abbassian
and Kargari (2016a, 2016b), whereby two different effects
are observed by increasing the agitation speed.When agitation
speed increases, the impellers’ applied shear forces on the
emulsion globules rise, resulting in the formation of smaller
globules. Secondly, increasing the agitation speed increases
the rate of emulsion globule rupture. The increase in mass
transfer area caused by the formation of smaller globules at
higher agitation speeds is insufficient to compensate for inter-
nal phase reagent release via emulsion breakup. As a result,
once a threshold speed of agitation is reached, the overall
extraction rate reduces significantly, as does the extraction
efficiency. Mohammed et al. (2020a, 2020b) investigating
ciprofloxacin extraction from an aqueous solution revealed a
significant influence of the emulsion preparation step on the
extraction efficiency. The emulsion breakage decreases with
increasing the homogeniser speed from 3000 to 12,700 rpm,
while the minimum breakage percentage of 0.063% was ob-
served. At the same time, the extraction efficiency peaked at
98.8% while maintaining minimal breakage (Mohammed
et al. 2020a). The internal droplets are smaller in size at higher
rotation speeds, with the diameter decreasing from 18.5 μm at
3000 rpm to 4.31 μm at 12,700 rpm. This affects the surface
area and increases the rate of solute transfer. However, as the
homogeniser speed increases (up to 19,700 rpm), the stability
decreases, and the extraction efficiency is reduced to 87.5%.
On the other hand, low homogeniser speed (below 12,700)
causes instability and higher chances of breakage due to the
larger droplet size, and the coalescence phenomenon occurs in
a short time. Besides speed, it was also proved that inadequate
emulsification time (5 min) would produce big droplet size
(10.41 μm) that will promote coalescence, subsequently
heighten the breakage, and lower the extraction efficiency.
This is in line with Akkar and Mohammed (2021) where in-
creasing the agitation level increased the interfacial area and
the coefficient of mass transfer. Nevertheless, emulsion drop-
lets are prone to rupture at a certain level of agitation, resulting
in acid value enrichment and extraction. Agitation speeds of
200, 300, and 400 rpm were conducted for extraction efficien-
cy, and it can be seen that 300 rpm was the most suitable
agitation speed for phenol extraction.

Effect of pH value

The pH of the external feed phase affects the efficiency, par-
ticularly in carrier-mediated transport mechanisms. This is
because the reaction to form a solute-carrier complex is a
pH-dependent process to produce solute in ionic form. Also,
the equilibrium constant of the solute-carrier extraction
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reaction is sensitive towards pH value of the external phase
since the pH value affected the acceleration of the
destabilisation of the droplets. Sujatha and Rajasimman
(2021) screen out parameters that have influences on the
ELM stability, and arsenic extraction and the pH of the exter-
nal feed solution were the last in the order. Thus, based on the
preliminary screening and inference, the value of non-
significant parameters is fixed, which includes the pH value.
Fewer focuses have been offered in the extraction of ECs in
terms of breakage and extraction efficiency. However, studies
show that in some application, the extraction efficiency and
emulsion breakage was affected by the pH value as depicted in
Table 3. The pH value of the external feed phase used varies
depending on the type of solute being extracted. Some solute
has higher extraction efficiency in acidic condition, while
some is better in basic condition. Interestingly, Razo-
Lazcano et al. (2018) demonstrated the influence of acid con-
centration on the droplet sizes. As the pH decreases, the su-
perficial charge of the droplet increases. Thus, the droplet size
is larger at low HCl concentrations because the generated
superficial charge is not enough to provoke a repulsion capa-
ble of preventing the coalescence between the droplets.
Davoodi-Nasab et al. (2018) investigate the effect of the initial
pH of the external feed phase on the gadolinium extraction by
varying the pH values in the range of 0.1 to 2. It was discov-
ered that increasing the acidity of the external feed phase re-
sulted in a decrease in extraction efficiency. This is because
the rate at which gadolinium complexes with D2EHPA, which
works as a cation exchanger, is directly proportional to the
acidity of the external feed phase. However, lowering the
pH from 2 to 0.1 resulted in a less stable emulsion. This is
due to the hydrolysis of Span 80 since it is chemically unstable
in moderately acidic and basic conditions, thus undergoing
hydrolysis. This causes the osmotic swelling ratio to increase
and gadolinium extraction to decrease. A similar study was
found by Jusoh et al. (2020), where the effect of pH from 3 to
10 on polyphenol extraction was studied, and it was found that
the optimum pH value is at pH 5. The acidic environment aids
in the preservation of polyphenols, which are then ready for
extraction into the organic phase. An increase in pH value
increases the extraction from 42 to 65 % and reduced to
33% with pH 10. Very acidic conditions are unfavourable
since they tend to degrade the surfactant’s stabiliser properties.
Polyphenols in sterilisation condensate dissociate to their an-
ionic form at higher pH values (7–10), resulting in a consid-
erable reduction in their extraction by a neutral carrier. While
on the contrary, for the extraction of ciprofloxacin conducted
by Mohammed et al. (2020a, 2020b), it was discovered that
the suitable external feed phase pH value is at 8 with an ex-
traction efficiency of 98.85%. This could be owing to greater
H+ concentrations at lower pH causing instability, as well as a
decrease in extraction efficiency due to the neutral extractant
(TBP) being unable to form a significant complex with the

ciprofloxacin molecule at this pH range. However, when the
external phase pH is raised to a more neutral level, the extrac-
tion efficiency increases to more than 71%, and the breakage
percentage decreases. This can be explained by protons being
released as a result of an anion exchange reaction, as well as
an increase in pH causing the production of additional species.
Different trends of extraction efficiency at various external
feed phase pH values can be observed from Table 3. In terms
of phenol extraction, it was concluded as the change of the
external pH caused by the emulsion breakage introduces the
highly alkaline internal phase reagent into the external phase.
Thus, it decreases the acidity of the external phase. It can be
explained as the dissociation reversal of phenol reaction when
there are changes in pH value as it is decreased (increase in H+
concentration) which leads to the remaining of phenol in an
oil-soluble state. In addition, the breakage introduces the phe-
nolate ions into the external phase, which lowers the extrac-
tion efficiency.

Emulsion stability

Due to the weak stability of ELM, several industrial applica-
tions of separation processes based on ELM are limited for
practical use. An emulsion’s stability is described as the emul-
sion’s resistance towards high shear stress and droplet coales-
cence. Stirring of the emulsion during the extraction process
could jeopardise the emulsion stability. In order to achieve
high extraction efficiency, the emulsionmust be stable enough
during this process. The stability of the emulsion might range
from a fewminutes to years. The stability of the ELM depends
on the stability of the interfacial film, which is dependent on a
number of factors, including the emulsion droplet size, the
method of emulsion preparation, the surfactant adsorption-
desorption kinetics, the mixing intensity, the constituent con-
centrations, the stripping phase concentration, the external
feed phase pH, the phase volumes, and the surfactants,
extractants, stripping agents, and diluents (Kumbasar 2009;
Othman et al. 2010). Therefore, the selection of ELM compo-
nents and parameters is important as it affects the ELM stabil-
ity and extraction efficiency. The interfacial rheological fea-
tures of ELM, such as the interfacial tension gradient, interfa-
cial viscosity, and elasticity, also have a significant effect on
ELM stability (Alsabagh et al. 2016). The other critical char-
acteristic that has a significant effect on ELM stability is the
droplet size (Ahmad et al. 2012). Both the preparation
methods and the emulsion composition played an important
role in producing stable emulsion associated with the droplet
size of the emulsion. Emulsion droplet size is usually repre-
sented by Sauter mean diameter (d32), where according to
Canselier et al. (2002), it is considered to be effective to rep-
resent the average surface diameter of the emulsion as shown
in Eq. 6:
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d32 ¼ ∑inid
3
i

∑inid
2
i

¼ 6
V
A

ð6Þ

where ni and di are the number and diameter of droplets be-
longing to the ith class, respectively, while V and A are the
dispersed phase’s total volume and area.

Smaller droplets result in increased breakage resistance and
extraction efficiency, whereas larger droplets result in de-
creased ELM stability and extraction efficiency (%)
(Hachemaoui et al. 2010; Patnaik 1995). Several studies were
summarised on the stability of ELM for EC extraction as tab-
ulated in Table 4. It can be elucidated that low droplet leads to
low membrane breakage and high extraction efficiency.
ELM’s stability is mostly attributable to the surfactant mole-
cules forming a protective interfacial film or barrier with vis-
coelastic properties that function as a barrier to aggregation
and coalescence of emulsion droplets (Mosayebi and Abedini
2013). Kusumastuti et al. (2017) had discovered that an emul-
sion with droplets ranging in size from 0.3 to 10 μm (ideally
0.8–3 μm) results in excellent extraction rates and great ELM
stability. This is in line with the study conducted by
Mohammed et al. (2020a, 2020b), where at optimum param-
eter, a droplet size of 4.31 μm, membrane breakage 0.063 %,
and extraction efficiency of 98.8% were achieved. Extraction
of organic acids was conducted by Alreda Akkar and Muslim
Mohammed (2021) where the droplet size obtained is 15 μm
for acetic acid having a frequency of 68%, 25μm for benzoic
acid having a frequency of 27%, and 115 μm for phenol hav-
ing a frequency of 28% which proves large droplet size de-
creases the extraction efficiency. Meanwhile, excessive

amount of stable emulsion is undesirable since it causes diffi-
culties with its settling and de-emulsification during the third
stage of the ELM process (Ahmad et al. 2011).

Despite the promising features of ELM, its major drawback
is emulsion’s instability, which has impeded the widespread
applications of ELM on a larger scale. Unstable emulsion
tends to rupture or break, hence diminishing the efficiency
of the system (Park et al. 2004). According to Kumar et al.
(2012), two thermodynamically unstable interfaces result in
emulsion instability. Three main phenomena could cause in-
stability of emulsion, which are coalescence, emulsion swell-
ing, and membrane breakage, as shown in Fig. 9(Chakraborty
et al. 2010). Extensive studies are conducted to minimise the
occurrence of emulsion instability to achieve better extraction
efficiency.

Coalescence

Coalescence occurred because of the aggregation of two or
more emulsion droplets, resulting in the creation of a larger
one (Ahmad et al. 2015). The approach of two or more drop-
lets indicates the beginning of the coalescence, leading to
emulsion destruction. Coalescence occurs in many steps
where it is initiated by droplet contact (Borwankar et al.
1992). The pressure increases in the contact area, flattening
both surfaces of the droplets, which causes the continuous
phase film between the drop starts and drain out. Then, film
rupture occurred, and the droplets are completely coalescing
(Kawasaki et al. 2009).

Table 3 Summary of pH values used in ELM

Application Diluent Carrier Surfactant Internal
phase

pH Extraction
efficiency
(%)

Breakage
(%)

Reference

Ciprofloxacin
(CIP)

n-Heptane Oleic acid and tributyl
phosphate (TBP)

Magnetic nano-iron oxide
(Fe2O3)

HCl,
NaO-
H

8 98.85 0.05 Mohammed et al.
(2020a)

Tetracycline n-Heptane Tributyl phosphate
(TBP)

Magnetic nano-iron oxide
(Fe2O3) modified with Oleic
acid

NaOH 5 96.47 0.099 Mohammed et al.
(2020b)

Gadolinium Kerosene D2EHPA Span 80 Nitric
acid

2 - - Davoodi-Nasab
et al. (2018)

Succinic acid Palm oil Amberlite LA2 Span 80, Tween 80 Na2CO3 2 71 - Jusoh et al. (2019)

Phenol Iso-kerosene Styrene butadiene
rubber (SBR)

Montane 80 NaOH 0.5 86 - Abbassian and
Kargari (2016a,
2016b)

Kerosene Polybutadiene rubber
(grade
PBR-1210S)

Montane 80 NaOH 0.5 85 - Kargari and
Abbassian (2015)

Polyphenols Kerosene Tributyl phosphate
(TBP)

Span 80 NaOH 5 65 - Jusoh et al. (2020)
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Swelling

Swelling involves the transportation of the external aqueous
phase into the emulsion, where it causes the volume of the
internal phase to expand. Swelling is destructive from a pro-
cess point of view because of three main factors (Kulkarni and
Mahajani 2002; Malik et al. 2012; Park et al. 2004; Wan and
Zhang 2002): (1) the thickness of the membrane is reduced,
thus causing breakage, (2) the driving force for solute extrac-
tion is reduced, (3) alteration of the viscosity of ELM, which
eventually influences the dispersion of emulsion in the exter-
nal feed phase. Swelling can be divided into two types: os-
motic and entrainment (Ho and Kamalesh 1992; Park 2006).
Osmotic swelling is owing to the difference in osmotic

pressure between the external and internal phases. In contrast,
entrainment swelling is caused by re-dispersion and frequent
coalescence of emulsion globules throughout the extraction
process (Van et al. 1987; Wan and Zhang 2002).

Emulsion swelling is induced by osmotic pressure via two
possible mechanisms (Wen and Papadopoulos 2000). Firstly,
the surfactant molecules in the external phase tend to form a
complex with water molecules. The hydrophilic part of the
surfactant is hydrated at the membrane-external interface,
which is later dehydrated when it reaches the membrane-
internal interface (Yan and Pal 2001). The water will be re-
leased into the aqueous internal phase, hence causing the
emulsion to swell. The second mechanism is via the act of
reversed micelles that transport water molecules. In this case,

Table 4 Summary based on
emulsion droplet size and
extraction efficiency

Application Droplet size
(μm)

Extraction
efficiency (%)

Breakage
(%)

Reference

Acetic acid 15 68 - Alreda Akkar and Muslim
Mohammed (2021)

Benzoic acid 25 27 - Alreda Akkar and Muslim
Mohammed (2021)

Chlorpheniramine 2.4 100 - Razo-Lazcano et al. (2018)

Ciprofloxacin 4.31 98.8 0.063 Mohammed et al. (2020a, 2020b)

Ethylparaben 8.7 90.26 - Kohli et al. (2018)

Methylparaben 4.187 93.54 - Shirasangi et al. (2020)

Phenol 115 28 - Alreda Akkar and Muslim
Mohammed (2021)

Phenol 7.8 83.4 0 Rosly et al. (2020)

Lactic acid 5 99 1.59 Garavand et al. (2018)

Tetracycline 4.82 95 1.23 Mohammed et al. (2020a, 2020b)

Fig. 9 A schematic diagram of
emulsion instability
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the surfactant aggregates and stabilises water molecules in the
oil membrane phase. The hydrophilic heads of surfactants
retain water within the micelles, while surfactants’ hydropho-
bic tails face the liquid membrane’s non-polar portion. The
micelles form at the membrane-external interface and move
the water molecules into the stripping process, similar to the
first mechanism.

Membrane breakage

Membrane breakage causes the expulsion of the internal phase
to the external phase. This condition causes the detriment of
stripping phase agent and entrapped solute; hence, lower ex-
traction efficiency can be anticipated. The release of the inter-
nal phase does not only affect the separation efficiency, but
the stripping phase agent will contaminate the external phase
(Mat et al. 2006). Besides, the membrane breakage will also
ruin down the transfer process by decreasing the mass transfer
area (Martin and Davies 1977). It is said that around 0.1%
membrane breakage is acceptable for a practical process
(Draxler and Marr 1986).

Membrane breakage is quantified based on the change of
H+ ion concentration in the external phase, which can be eas-
ily measured by a pH meter. Estimation of membrane break-
age ε (%) can be made according to the following equation:

ε %ð Þ ¼ Vs

Vi
x100 ð7Þ

where Vi is the initial volume of the internal phase while Vs is
the volume of the internal phase leaked into the external
phase, which can be calculated by mass balance as shown in
the equation below.

Vs ¼ VExt
10−pHo−10−pH

10−pH−Ci
OH−

ð8Þ

where VExt is the initial volume of the external phase and pHo

and pH are the initial pH of the external phase and pH of the
external phase being in contact with emulsion after stirring,
respectively. Ci

OH− is the initial concentration of OH– in the
internal phase (Ahmad et al. 2018).

Methods are proposed to overcome the problem of ELM
stability which are selecting the appropriate membrane phase
compositions, increasing the emulsifier concentration and vis-
cosity using Newtonian additives, increasing the viscosity of
membrane phase, and adding a modifier to convert the emul-
sion’s Newtonian behaviour to a non-Newtonian behaviour
(A. Kumar et al. 2019). Most of the researchers focus on
selecting the appropriate membrane phase compositions to
overcome the instability problem. Membrane phase composi-
tions were chosen based on factors such as utilisation of new
type of surfactant, agitation time, size of emulsion droplet,

concentration of emulsifying agent, and pH of internal drop-
lets (Barad et al. 2010). Nevertheless, increasing the emulsifi-
er concentration also has been explored to improve ELM sta-
bility. Non-ionic surfactants with HLB (hydrophilic-lipophilic
balance) values less than 5 have been the most commonly
employed emulsifiers in ELM technology such as Span 80
(Abbassian and Kargari 2016b). Increasing the emulsifier con-
centration strengthens the interfacial film and boosts resis-
tance to coalescence. However, establishing adsorptive and
mechanical barriers at the interfaces nonetheless reduces sol-
ute transfer rates due to reduced internal motion of small drop-
lets within big emulsion globules (Dâas and Hamdaoui 2010).
Binks et al. (2007) discovered that the resistance to creaming
and coalescence is both increased as is the emulsion viscosity
and completely stable emulsions can be achieved at low over-
all emulsifier concentration.

The stability also can be improved by increasing the mem-
brane phase viscosity which can be conducted by the addition
of nanoparticles, the usage of viscosity-enhancing agent, or
reducing the transportation of water molecules from the exter-
nal feed phase to stripping phase (Al-Obaidi et al. 2020; Jusoh
et al. 2016; Weidemann et al. 2018). Nonetheless, it signifi-
cantly reduces the diffusion coefficient as well as the mass
transfer rate of the desired species. Both of the mentioned
methods did reduce the ELM stability, but they reduce the
permeability of the membrane which can lead to long transfer
path, low diffusivity, and low selectivity (Kumar et al. 2019).
Mohammed et al. (2020a, 2020b) improvised the current
ELM design and reducing the risk of emulsion instability
paves a new pathway for the process. The work introduced
nano-fluid (Pickering) emulsion liquid to eliminate toxic con-
taminants from aqueous solutions or recognised in short as
NFELM. The membrane phase consists of n-heptane (dilu-
ent), oleic acid–modified Fe2O3 nanoparticles (stabilising
agent), and hydrochloric acid–homogenised tributyl phos-
phate (TBP, extractant) (HCl) as the internal aqueous phase
to develop the nano-fluid emulsion. Within 12 min of mixing
time, over 97% was efficiently extracted by the NFELM
method with stripping efficiency at 96.5% without significant
emulsion breakage. High efficiency and acceptably low emul-
sion instability result from tinier internal droplets at an in-
creased emulsification speed. This improves the surface
area of the droplet and speeds up the rate of mass transfer.
Elongating the emulsification time to 10 and 15 min in-
creases breakage and decreases extraction efficiency to
83% and 69%, respectively, while at 15 min, the stripping
efficiency decreased to 59.5 %. This is due to high inter-
nal shearing, which generates a large number of droplets
of NFE per unit volume, thus speeding up their transport
to the external phase. However, a high number of NFE
droplets encourage the coalescence phenomenon and thus
create a large-sized emulsion droplet that increases mem-
brane breakage.
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The addition of a modifier to convert the emulsion’s
Newtonian behaviour to a non-Newtonian behaviour also
was attempted in order to increase the membrane stability.
Few studies use low amount of viscoelastic polymers such
as polybutadiene (PBD), polyisobutylene (PIB), styrene buta-
diene rubber (SBR), and polystyrene (PS) as stabilisers
(Abbassian and Kargari 2016b; Kargari and Abbassian
2015; Lee 2000; Park et al. 2006). This addition can improve
the stability without compromising features like permeability
and diffusivity for the ELM. Generally, the membrane phase
and the dissolved polymers have great ELM resilience against
shear stress without reducing much the rates and the
permeability of the membrane. The dissolved polymers also
reduce the viscosity of the membrane phase next to the zero
shear rate, which further enhances the strength and stability of
the membrane by significantly minimising emulsion swelling.
Abbassian and Kargari (2016a, 2016b) studied the ELM sta-
bility with an appropriate formulation of ELM using styrene
butadiene rubber (SBR) as stabiliser. A stable ELM system
was obtained by the addition of 3 wt.% of SBR to the mem-
brane phase. There is an increase on the stability of the ELM
from 5 to 35 min with the addition of SBR, and it is able to
achieve extraction efficiency of 90.1%. Besides that, the ad-
dition of blended surfactants is also an alternative to improve
membrane stability. Rosly et al. (2020) studied ELM process
using a bi-functional diluent with blended non-ionic surfactant
for phenol removal. A little amount of Tween 80 binds syn-
ergistically with the molecules of Span 80 to form a stable
elastic network that reduces droplet coalescence and avoids
emulsion breakdown, hence improving emulsion stability.
Interactions between surfactants may alter the structural orga-
nisation, physicochemical properties, and functional proper-
ties of the surfactant molecules, hence influencing the stability
and functionality of the emulsion. The optimum formulation
for the blended non-ionic surfactant between Span 80 and
Tween 80 was achieved at HLB 5, with an extraction efficien-
cy of 83.4%.

Demulsification process

In general, demulsification is a process to destabilise the emul-
sion to recover and allows reusability of the membrane phase
in ELM (Ooi et al. 2015). Besides reducing secondary pollu-
tion, demulsification could also lower the operational expen-
diture of the process (Lu-ting 2006). Demulsification sepa-
rates the aqueous internal phase and membrane phase via
chemical, physical (Teng et al. 2014), or combination
methods. The physical method includes heating, freeze and
thaw, microwave radiation, ultrasonication, membrane sepa-
ration, and centrifugation. Meanwhile, the chemicals used to
demulsify the emulsion in ELM systems can be found in
Table 5.

An emulsion is known as a thermodynamically unstable
system and will eventually separate into water and oil phases.
However, optimised surfactant concentration and the ratio be-
tween phases allow the emulsion produced to be stable for a
long duration. The collapse of ELM occurs through a series of
steps (shown in Fig. 10a) which are flocculation and coales-
cence (Lu et al. 1997). Flocculation refers to the formation of
floc by the internal phase scattered droplets. The readily large
clusters will further coalesce into a larger unit and lead to the
decrease of drop numbers. With gravity, the large internal
drops will easily sink in the interface of the membrane and
internal phase and coagulate with the water phase; thus,
demulsification process occurs. Destabilisation of an emulsion
is also a result of creaming and sedimentation. In the end, the
emulsion droplets will coalesce, becoming large enough to
separate into two phases. Before coalescing, the droplets in-
teract with each other, resulting in the drainage of the
continuous phase film between the droplets. This phe-
nomenon causes the droplet’s film to break and coalesce
(Kamp et al. 2017). On the other hand, a different mech-
anism was proposed to separate the phases in the emul-
sion. Sun et al. (1998) reported on the possibility of emul-
sion breakage by a hydrophilic porous glass membrane.

Table 5 Demulsification
methods in ELM applications Demulsification method References

Physical Heating Jiao et al. (2013), Peng et al. (2012)

Centrifuge Majeed and Adnan (2016)

Microwave Chan and Chen (2002), Kusumastuti et al. (2020)

Electrical field Othman et al. (2010)

Membrane Sun et al. (1998)

Ultrasonication Juang and Lin (2004), Xie and Chen (2014)

Freeze-thaw Kedari et al. (2010)

Chemical 2-Propanol Devulapalli and Jones (1999)

2-Methyl-2-propanol Chaouchi and Hamdaoui (2014)

2-Ethylhexanol Kedari et al. (2010)

Physical and chemical Heating and Polyethylene glycol Moyo and Tandlich (2015)
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As demonstrated in Fig. 10b, the emulsion droplets pass
through the membrane by transmembrane pressure, de-
formed, squeezed, collided, and broken. In this method,
attention must be paid to the wettability property of the
membrane and pore size.

Thermal treatment is a relatively simpler method compared
to the others. It can be carried out by direct heating, or the
temperature of the emulsion can be elevated by microwave
radiation. The first is dependent on the temperature and
heating time, while electrolyte concentration, power supply,
and exposure time have a significant influence on the latter.
For instance, Jiao et al. (2013)completely demulsify the emul-
sion at a temperature higher than 75°C after 30min of heating.
Chan and Chen (2002) reported that demulsification is com-
plete at 420 W and 12 s while maintaining the electrolyte
concentration at 0.5M. Microwave is a clean, cheap, and con-
venient heating method, and this method is able to reduce the
reaction times to yield higher separation efficiency (Fortuny
et al. 2007). According to Kusumastuti et al. (2020), the mi-
crowave could save energy up to 97% and 99% compared to
that of ultrasonic probe and centrifuge, respectively. However,
this method requires the presence of a high concentration of
electrolytes, for instance, NaCl, KCl, and NaNO3, to achieve
high demulsification efficiency (Fortuny et al. 2007). On the
other hand, the electric field method was used by Othman
et al. (2010). It was claimed that this method promotes irre-
versible rupturing of stable emulsion (Othman et al. 2010),
and the droplets coalesce to a greater extent when the external
field surpasses a certain critical value (Lu et al. 1997).
Unfortunately, this method was ineffective towards emulsions
with high water content (Abismaïl et al. 1999) and re-
quired very high electric field strength (Chan and Chen
2002). The freeze-thaw method was successfully used by
Lin et al. (2007) where the study proposed a collision
mechanism to destabilise the emulsion. Lin et al. (2008)
hypothesised that there are four steps involved to separate
the phases in the emulsion. Firstly, that the continuous oil
phase freezes rapidly at first on cooling and forms a solid
cage to fix droplets. The cage broke as the droplet phase
freezes gradually and producing fine gaps where some
liquid droplet phase permeates and then forms a large
network bridging droplet. During thawing, the network
fuses and coalesces.

Li (1978) introduced the method of centrifugation for W/O
demulsification. To break the emulsion completely, centrifu-
gation was coupled with another high shear device by
pumping the half-broken emulsion into the unit (Teng et al.
2014). In fact, the addition of some liquid was found to be
necessary to reduce the total emulsion’s viscosity to allow
complete emulsion breaking. However, the dilution of the
extracted solute in the internal phase is frequently associated
with the additional aqueous media in the ELM system. Juang
and Lin (2004) used an ultrasonic probe at high power to

sonicate the emulsion. The work inferred that the process of
emulsion destruction by using ultrasonication is a function of
exposure time. In their study, minimal exposure of 5 min is
required to allow the destruction of the emulsion. The author
claimed that the destruction of W/O emulsion is impossible at
a power below 33W. This method is claimed to be chemical-
free and clean, and the breaking of an emulsion can be done
real quick (Susunu et al. 2008). Anarakdim et al. (2020) suc-
cessfully demulsified the membrane phase by heating up to
80°C for 2h with water content less than 4%. Yet, this method
may possess another problem which increases the energy and
cost requirement of the system. On the contrary, Moyo and
Tandlich (2015) reveal that thermal treatment alone is insuffi-
cient to completely break the emulsion unless a chemical (or
known as demulsifier) is added. Apparently, such a combina-
tion allows complete separation of the phases, but the mem-
brane phase change in colour, due to the presence of the for-
eign chemical in the system. In this regard, utilisation of
chemicals in the demulsification of ELM is not preferred,
and the removal of the demulsifier is another completely
new issue to be addressed before the membrane phase can
be reused. According to Bjorkegren and Fassihi (2011) this
method modifies the characteristics of the membrane phase
component and limits its reusability. Furthermore, it requires
an additional process to separate the emulsion so that the sol-
ute can be retrieved and the membrane phase can be reused,
which is not economically feasible (Jilska and Geoff 2008).

Nevertheless, destabilisation of emulsion in ELM system
by chemical treatment is frequently reported (Chaouchi &
Hamdaoui, 2014; Devulapalli and Jones 1999), in which al-
cohols are typically used. Evidently, these works reported
complete phase separation. The selection of a suitable
demulsifier and its concentration, HLB value, and reaction
time are among the crucial factors to be duly considered
(Abdulredha et al. 2020; Al-Sabagh et al. 2013). Typically, a
demulsifier has higher surface activity than that of emulsifying
agents to destabilise the emulsion (Abullah et al. 2016). The
chemicals used in demulsification have the function to induce
droplet coalescence, and the bigger droplets formed can be
separated easily. Similar to the physical treatment, the addition
of a demulsifier into the system induces flocculation and co-
alescence before phase separation is achieved (Hassanshahi
et al. 2020).

General criticism on ELM for EC removal

Having stated all the parameters involved in ELM for EC
removal over the decades, the following conclusions can be
obtained by taking into consideration the application by all
these parameters. Firstly, emulsion instability hinders the sys-
tem from being implemented in industrial applications. The
emulsion’s stability is characterised as resistance to liquid
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membrane rupture at high shear stress, swelling, and coales-
cence. The emulsion can be destabilised by sedimentation,
osmotic swelling, creaming, coalescence, and droplets’ floc-
culation. In addition, emulsion instability hinders the system
from being implemented in industrial application. The emul-
sion’s stability is characterised as resistance to liquid mem-
brane rupture at high shear stress, swelling, and coalescence.
Since stability is the major problem for ELM system, more
focus should be given towards the method to overcome the
problem and improve on emulsion stability without losing the
main function of ELM.

The emulsion stability can be significantly improved with
surfactant blend and introduce nanoparticles into the liquid

membrane formulation as studied by Shirasangi et al.
(2020). An extraction of 93.54% of methylparaben was
achieved using emulsion consisting of 2% w/v TOA, 2% w/
v Span 80, and 0.1 N NaOH. Furthermore, 100% extraction
was obtained using 2% w/v blended surfactant at a contact
time of 10 min: Span 80 and Span 20 (HLB 5.7) with
MWCNT122. Multiple cycle experiments have shown that
the emulsions can be used up to four cycles without de-
emulsification in the batch process. Meanwhile, the combina-
tion of mixed surfactant and MWCNT provides greater emul-
sion stability and opens up a broader scope for the industrial
application of the technique. Besides that, blending non-ionic
surfactant also may be an alternative to tackle this problem as

Fig. 10 An illustration of a
emulsion destabilisation
mechanism and b mechanism of
demulsification by membrane.
Adapted and reproduced with
permission (Holmberg et al.
2002; Sun et al. 1998)
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conducted by Rosly et al. (2020), whereby the interactions
between surfactants may alter the structural organisation,
physicochemical properties, and functional properties of the
surfactant molecules, thus enhancing the stability and extrac-
tion efficiency. A stable W/O emulsion was obtained at 7:3
palm oil to kerosene ratio, blended surfactant at HLB 5, 3%w/
v of blended surfactant concentration, 0.1M of sodium hy-
droxide as stripping agent, and 3:1 of organic to internal ratio
with an efficiency of 83.4%. Addition of polymers also may
increase the emulsion stability as studied by Abbassian and
Kargari (2016a, 2016b) with an appropriate formulation of
emulsion, and the emulsion stability without polymer can be
obtained at 5–10 min, whereas with polymers at 35 min.

Generally, petroleum-based chemicals have been widely
used as a diluent in the liquid membrane formulation.
Apparently, this type of diluent is not environmentally friend-
ly. Recently the whole scientific community has been pivot-
ally debating on the concern of the environment, economy,
and energy regarding the particular concern over the
sustainability, environmentally benign, and equity as green
technology. Therefore, researchers have been carefully
choosing an alternative renewable diluent as a better
replacement for this diluent. Jusoh et al. (2020) selected
vegetable-based palm cooking oil as a diluent to recuperate
succinic acid from the fermentation broth. This diluent is eas-
ily accessible and may contain organic surface-active agents,
which might enhance the stability of emulsion usage of chem-
ical diluent. Next, the reusability of the emulsion would there-
fore reduce the cost of operation of the system. Although the
process of demulsification requires another set of processes
and equipment, its contribution towards improving the eco-
nomic value of the overall process must never be overlooked.
With the growing number of studies reporting the possibility
of separating oil and water in ELM systems, this technology
can be used on a larger scale provided that the ideal formula-
tion is identified to allow demulsification. In this regard, a
thorough study that paves the way for the cradle-to-cradle
approach via this technology is highly recommended.

In spite of that, one of the benefits of ELM is the low
maintenance cost of the system. However, it might consume
a large space to be implemented on an industrial scale (Jilska
and Geoff 2008). Thus, one of the upgraded versions of ELM
that has been progressively employed is supported liquid
membrane. This hybrid technology between two types of the
membrane provides high performance and better stability and
reduces the space constraint. It is now time to articulate a
successful laboratory-scale ELM systematically to make it
applicable on an industrial scale. Of course, there are chal-
lenges in doing so, both from the perspective of economic
and operational. For example, (i) the essential materials in
establishing the suitability for additional and advanced mass
production; (ii) fully understanding the inhibition and diffu-
sion mechanism; and (iii) technical necessities (effective

costing for fabrication, data gathering, and wireless networks)
urge to be reflected, although this is not in the dimension of
this review.

Conclusion

Herein, the most recent works on removing ECs present in
domestic or industrial wastewater have been reviewed. ELM
technology is one of the most efficient methods of separation
that were operated without pressure or voltage because the
separation is based on a concentration difference. The extrac-
tion approach based on ELM has been proposed as a potential
method for removing various contaminants and valuable
products from industrial wastewater and effluent streams.
The results provided in this review paper (Table 2) demon-
strate that significant research efforts are being made to deter-
mine the optimal membrane phase composition for a variety
of contaminants. Appropriate selection of membrane phase
ingredients is based on a single critical parameter, namely
extraction efficiency. The most frequently used surfactant,
stripping agent, and diluent for EC removal/extraction are
Span 80, sodium hydroxide, and hexane/kerosene, respective-
ly. At the same time, the most relevant carriers are Aliquat 336
and tributyl phosphate. A considerable gap in experimental
works in implementing the technology in industrial size might
become a challenge. Nevertheless, separation and analysis
evidently prove that ELM can be one of the feasible technol-
ogies to remove ECs. ELM’s advantage in removing the ECs
even in low concentration without fouling problems such as
polymeric membrane separation might have been an upper
hand for this technology to be implemented widely. With
the emerging innovative and green ELM, the technology
could be cheaper and greener while maintaining its effective-
ness. The ELM process technology will undoubtedly contrib-
ute to the establishment of new possibilities for future research
and development and the broader membrane community.
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