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a b s t r a c t
The removal of lambda-cyhalothrin (LCT) from an aqueous solution was investigated and eval-
uated by the emulsion liquid membrane (ELM) technique using Span 80 as the surfactant, n-hex-
ane as the diluent, and HCl as the stripping phase. Crucial parameters influencing the stability of 
emulsions through breakage and extraction efficiency, such as emulsification time, surfactant con-
centration, contact time, emulsification speed, internal phase concentration, external phase-to-mem-
brane volume ratio, effect of feed pH, mixing speed, and internal phase-to-membrane volume ratio 
were investigated. The results indicated that 94.7% of LCT could be extracted at a contact time of 
8 min under ideal experimental conditions, with a low membrane breakage of 0.48%. Furthermore, 
the extraction kinetics were investigated and the mass transfer coefficient was estimated. Based 
on the obtained results, the ELM technique could be a promising alternative method to minimize 
environmental pollution caused by pesticides to a large extent.

Keywords: �Emulsion liquid membrane; Lambda-cyhalothrin; Emulsion droplet size; Stability; 
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1. Introduction

The quantity and quality of crops depend on their pro-
tection from diseases and pests. Approximately 26%–40% 
of the global crop production is lost annually to pests, dis-
eases, and weeds [1]. The use of pesticides promotes crop 
protection, which increases food productivity, improving 
yield of safe food products at reasonable prices. Pesticides 
also help farmers deliver sufficient nutritious foods 
throughout the year, which are necessary for the survival 
of humans. Pesticides are a heterogeneous group of com-
pounds with diverse biological and physicochemical prop-
erties. The emergence of these contaminants is considered 
a public health concern. Therefore, they have been stud-
ied extensively worldwide; however, no final solution has 
been provided [2]. They are considered a major concern 
in various areas of the world [3]. The global production of 
these contaminants is approximately 3.5 million tons/y [4]. 

Approximately 0.1% of pesticides reach their target during 
application, whereas the remaining 99.9% may be released 
into the environment, including surface water and ground-
water [5]. Furthermore, many types of contaminants are 
considered stable over time; consequently, pesticides can be 
transported through air and water to areas far away from the 
point source [6]. Even sporadic use of pesticides affects eco-
systems because of their biomagnification and persistence 
[7], which threatens birds, fish, domestic animals, wildlife, 
and livestock [8]. Depending on their chemical structure, 
pesticides are classified as organochlorines, organophos-
phorus, carbamates, chlorophenols, and synthetic pyre-
throids [9]. Approximately 29.5% of pesticides utilized 
annually are insecticides [10]. Lambda-cyhalothrin (LCT) is 
a synthetic insecticide with the same properties as natural 
pyrethroid pesticides [11] and is extremely toxic to aquatic 
life and carcinogenic to humans [12]. It is widely used in 
agriculture, horticulture, and public health management, 
consequently entering the human body via the digestive 
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system and causing adverse effects on health through bio-
accumulation in different organs [13]. The removal of pes-
ticides from water sources is considered a crucial research 
domain because of the high concentration and recalcitrance 
of pesticides in wastewater [14–17]. The choice of suitable 
treatment methods for the removal of pesticides depends on 
the type of pesticide used and the efficiency of the utilized 
treatment [18]. Several techniques have been developed to 
remove pesticides from aqueous solutions. Each method 
has its own advantages and limitations, not only in terms 
of operational and capital costs but also in terms of reliabil-
ity, operability, efficiency, environmental impact, pretreat-
ment requirements, and the production of toxic and sludge 
by-products. These techniques include adsorption [19–27], 
oxidation [28], ion exchange [29], biodegradation [30,31], 
electrochemical processes [32], photo degradation [33,34], 
solvent extraction [35,36], advanced oxidation [37–42], pres-
sure-driven membrane process [43–51], liquid membrane 
process [52–55], and bioremediation [56]. All methods used 
to remove pesticides depend on numerous factors such as 
the nature of the pesticide, pH, temperature, type of matrix, 
and cost of investment [57]. As it is a cost-effective process, 
membrane technology has been utilized extensively in water 
purification over the last few decades [49]. The emulsion 
liquid membrane (ELM) technology has become a favorable 
alternative to the usual practices currently employed for 
water and wastewater treatment [58]. In this process, both 
extraction and stripping occur during a single stage, lead-
ing to the simultaneous purification and concentration of the 
solute [59]. Emulsion stability is a major problem associated 
with ELM [59]. The instability of globules is one of the most 
significant challenges in the application of ELM technology. 
The key factors affecting emulsion stability include emulsion 
preparation and membrane formulation [59]. The stability of 
ELMs is extremely important and must be optimized before 
utilization [60]. A carrier agent is used in some liquid mem-
brane systems to facilitate the transfer of solutes, resulting 
in additional costs [61]. In this study, an LCT aqueous solu-
tion was treated with n-hexane in the absence of a carrier 
agent. The ELM technique has been increasingly adopted for 
the extraction and recovery of different compounds (both 
organic and inorganic) from aqueous waste solutions [62,63]. 
Phenolic compounds [64], metal recovery [65,66], radioactive 
and heavy metal ions [67], biological product recovery [68], 
and gas separation from gaseous mixtures [69] are examples 
of the application of liquid membrane technology. To the 
best of our knowledge, no previous study has examined 
or evaluated the extraction efficiency of LCT using ELM.

The objective of the present study was to investigate 
the effects of homogenizer speed, surfactant concentration, 
emulsification time, extraction time, membrane-to-internal 
phase ratio, stripping agent concentration, treatment ratio, 
and agitation speed on membrane stability. In addition, the 
capacity of ELM to remove LCT from aqueous solutions 
(extraction and stripping efficiencies) was explored.

2. Materials and method

2.1. Materials

LCT, manufactured in Jordan, was purchased from a 
local market. The chemical structure of LCT (C23H19ClF3NO3) 

is shown in Fig. 1. Its physicochemical properties are molar 
mass: 449.85  g/mol, density: 1.33  g/mL, melting point: 
49.2°C, relative density: 1.3, pKa at 20°C >9, vapor pressure: 
1.5 × 10–9 mm Hg at 20°C, and degradation point: 275°C, and 
it decomposes before boiling [59,60]. Hydrochloric acid and 
sodium hydroxide used in this study were obtained from 
Thomas Beaker (India). The liquid membrane phase solution 
consists of a diluent and surfactant. In this study, the dilu-
ent used was n-hexane obtained from Thomas Beaker (India) 
while the non-ionic surfactant was sorbitan monooleate, 
commonly known as Span 80, obtained from Merck, 
Darmstadt, Germany (Sigma-Aldrich). All chemicals used 
with no additional purification. All lab tests are performed at 
room temperature (20°C ± 2°C).

2.2. Feed solution preparation

In the external feed phase, 100  mg/L was formulated 
when dissolving LCT in distilled water beaker flask by dis-
sipating the specified amount of LCT. Subsequently, pH was 
then adjusted and controlled by the addition of NaOH or 
HCl as required. LCT concentrations were analyzed using an 
ultraviolet (UV)-visible spectrophotometer (PG Instruments, 
T80+ UV/VIS Spectrometer) at a wavelength corresponding 
to the highest absorbance (240  nm for LCT). Tests are con-
ducted in triplicate, and average results were then reported.

2.3. Membrane preparation and extraction procedure

The organic membrane is assembled by mixing n-hexane 
with surfactant (Span 80) employing gentle stirring using 
a magnetic stirrer. An internal aqueous solution was pre-
pared by adding a suitable amount of acid solution (HCl) to 
distilled water. In order to, form an emulsion, the internal 
aqueous solution is added dropwise into the organic mem-
brane. phase. while mixing, using a homogenizer (MTOPS 
SR30) for a specified amount of time. Fig. 2 shows the sche-
matic diagram of ELM process.

The emulsion. was dispersed into the feed aqueous solu-
tion which contains the contaminant to be extracted using a 
mechanical stirrer (Heidolph RZR 2021). Dispersion occurs 
with the formation of globules, which contain droplets of 
internal stripping solution entrapped within the membrane 
that includes the surfactant. Samples were collected from the 
mixture at certain time periods by a syringe. Each sample 

Fig. 1. Chemical formula of lambda-cyhalothrin [61].



A.A. Mohammed, F.E. Al-Damluji / Desalination and Water Treatment 295 (2023) 30–4132

that contained both emulsion and external phase solutions 
was filtered through a syringe filter having a pore size of 
0.22 µm. After extraction, the emulsion was allowed to sep-
arate from the feed solution by gravity, and a demulsifica-
tion process was carried out to separate both phases of the 
emulsion membrane, facilitating reuse of the membrane 
solution while the contaminant was extracted as a con-
centrated solution. Experiments were performed consid-
ering membrane stability. The major parameters affecting 
extraction include emulsification time, surfactant concentra-
tion, homogenizer speed, mixing speed, external phase-to-
emulsion ratio, internal-to-membrane ratio, internal phase 
concentration, external feed initial concentration, and pH. 
The effects of these parameters were examined and the most 
suitable conditions for LCT extraction were determined. 
Demulsification by exerting centrifugal force on the emul-
sion was also studied to determine the stripping capacity of 
the LCT. The operating parameters and their correspond-
ing ranges are tabulated in Table 1.

3. Analysis and calculations

3.1. Extraction process of LCT

The LCT concentration within the separated external 
phase was measured. via a UV spectrophotometer. LCT 
extraction efficiency (E%) is then estimated by the follow-
ing equation.

Extraction efficiency E
C
C Co

o

%� � � �
�100 	 (1)

where Co represents the initial LCT concentration in the 
external aqueous feed solution and C represents the LCT con-
centration after a specified time in the feed phase aqueous 
solution.

3.2. Stripping

At the end of each experiment, the resulting double 
emulsion was allowed to be naturally separated from the 
feed solution by gravity, and then subjected to a demul-
sification process by applying centrifugal force (Hettich 
Instruments, EBA 200). The concentration of LCT re-ex-
tracted from the internal aqueous solution was estimated 
and the stripping efficiency (S%) was estimated according to 
the following equation.

Stripping efficiency
ext
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where Cf,int represents the final LCT concentration in the 
internal aqueous solution, and Cf,ext represents the final 
LCT concentration in the external aqueous solution.

3.3. Membrane leakage/breakage

When dispersing the emulsion into the aqueous feed, 
the dispersed emulsion has to be stable enough to achieve 

Fig. 2. Schematic diagram of emulsion liquid membrane process.

Table 1
Parameters investigated during LCT extraction

Parameter Range

Homogenizer 
(emulsification) speed (rpm)

3,000; 5,800; 12,700; 19,700

Emulsification time (min) 2–15
Mixing speed (rpm) 200, 250, 300, 350
Span 80 concentration (% v/v) 1–5
Stripping agent 
concentration (M)

0.05–0.45

External phase-to-emulsion 
ratio (% v/v)

25:1, 25:2.5, 25:5, 25:7.5, 25:10

External feed phase pH 3–9
Internal phase-to-membrane 
ratio (% v/v)

1:3, 1:2, 1:1, 2:1, 3:1
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LCT molecules extraction. Stabilization is achieved by add-
ing a surfactant; thus, the degree of extraction for any solute 
is affected by the emulsion stability. Emulsion breakdown 
usually occurs after a period of time when the emulsion 
is considered unstable, causing a decrease in extraction 
efficiency, in addition to a significant loss of the species 
extracted [49].

The liquid membrane stability is considered the most 
essential factor affecting the solute removal efficiency. 
Emulsion breakage (ɛ) is the percentage ratio of the inter-
nal stripping phase leaked outwards into the external aque-
ous feed solution. It can be estimated using the following 
general equation:

� %� � � �
V
V
s

i
o 100 	 (3)

where Vs represents the stripping phase (internal phase), 
Vi

o represents initial volume of the stripping phase, while 
Vs value is determined using the following equation [62]:
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where Vb
o represents the external feed phase initial vol-

ume; pH represents external feed phase pH after main-
taining contact with the emulsion; pHo represents the 
initial external phase pH; and C

H+
int represents the initial 

acid concentration [H+] of the internal phase solution.

4. Results and discussion

4.1. Membrane stability

Emulsion stability. is considered a crucial factor and an 
essential condition for a successful ELM process because 
low stability leads to easy breakup of the emulsion, whereas 
extremely high stability hinders the breakup of the emul-
sion via mechanical processes. Therefore, the membrane 
stability must be optimized before use. In this study, the 
effects of emulsification time, emulsification speed, surfac-
tant concentration, internal phase concentration, internal 
to membrane phase volume ratio, and pH on emulsion sta-
bility were explored. The parameters associated with the 
breakage values are presented in Table 2.

Membrane breakup is related to extraction efficiency; a 
significant decline in the efficiency of separation is due to 
a leakage process of the already separated. contaminant, 
leaking from the internal towards the external phase [63]. 
Minimal breakage values indicate improved extraction 
efficiencies. The results in Table 2 and their correspond-
ing extraction efficiencies are discussed in the subsequent 
sections of this paper.

4.2. Effect of emulsification speed

Emulsification speed can be considered a significant 
parameter that influences the emulsion stability, thereby 
affecting the entire extraction process. In this study, emul-
sification speed was considered at the range specified 

in Table 1, while the other parameters values are emulsifi-
cation time, 10  min; LCT concentration, 100  mg/L; exter-
nal-to-emulsion phase ratio, 250:50; Span 80 concentration, 
4% (v/v); stripping agent concentration, 0.25 M HCl; mixing 
speed, 250 rpm; external phase pH, 6; and internal-to-mem-
brane volume ratio, 1:1. The effect of homogenizer speed 
on the emulsion stability; Table 2; demonstrates that a min-
imum value of percentage breakage (2.09%) occurs at a 
12,700  rpm homogenizer speed. A homogenization speed 
below 12,700  rpm reduced the stability and breakage per-
centage owing to vast droplet size, causing a coalescence 

Table 2
Emulsion breakage values acquired at different experimental 
conditions

Parameter Value Ɛ (%)

Emulsification speed (rpm)

3,000
5,800
12,700
19,700

3.22
2.71
2.09
5.01

Emulsification time (min)

4
5
7
10
15

3.72
1.49
1.84
2.09
4.37

Surfactant concentration (% v/v)

1
2
3
4

7.39
4.64
1.77
1.49

Stirring speed (rpm)

200
250
300
350

4.03
1.77
2.85
3.96

pH of feed solution

3
4
5
6
7
8

5.33
3.28
0.28
1.77
1.98
2.15

Internal (stripping) phase concentra-
tion (M)

0.05
0.15
0.25
0.35
0.45

4.25
2.43
0.48
1.71
2.08

(Internal/membrane) phase volume 
ratio

3:1
2:1
1:1
1:3
1:2

10.03
7.62
0.48
3.37
5.29

External phase-to-emulsion ratio

25:1
25:2.5
25:5
25:7.5
25:10

3.36
3.21
0.48
2.81
2.64
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phenomenon, during a small period of time. In addition, 
increasing homogenizer speed above 12,700 rpm may esca-
late the osmotic swelling, thus reduce the stability of the 
emulsion, that is, increasing breakage.

Results demonstrated in Fig. 3 indicate the effect of 
emulsification speed at 10  min emulsification time on 
extraction efficiency. When increasing emulsification speed 
from 3,000  rpm to 12,700  rpm, the solute removal percent-
age improved from 75.4% to 87.6%, along with an improved 
stripping efficiency (from 72.5% to 83.1%). This can be 
attributed to the small-sized droplet at higher emulsifica-
tion speeds, leading to a substantial rise in the droplet sur-
face area, thereby accelerating the solute mass transfer rate 
[64]. In contrast, a higher increase in emulsification speed 
till 19,700  rpm decreased both extraction and stripping 
efficiencies to 69.4% and 69.2%, respectively, owing to the 
generation of larger size emulsion droplets, consequently 
intensifying the coalescence phenomenon occurring simul-
taneously. Mohammed and Al-Khateeb [65] detected a 0.83% 
breakage in ELM at a homogenizer speed of 12,700  rpm 
during phenol extraction process. Accordingly, a 12,700 rpm 
was the best emulsification speed.

4.3. Effect of emulsification time

A satisfactory time of emulsification to entrap the inter-
nal stripping phase within the membrane phase should be 
specified to achieve the best ELM system. Emulsification 
times considered in this study were 4, 5, 7, 10, and 15 min, 
while remaining variables were set at an emulsification 
speed of 12,700rpm, mixing speed of 250  rpm, (external 
phase/emulsion) volume ratio of 250:50, LCT concentra-
tion 100  mg/L, internal-to-organic phase volume ratio of 
1:1, Span80 concentration 4% (v/v), external phase pH of 6, 
internal (stripping) phase concentration of 0.25 M HCl. The 
stability of emulsions was investigated at different emulsi-
fication times over a time ranging from 4–15  min. Results 
presented in Table 2 indicate that the minimum value of 
breakage (1.49%) was observed at an emulsification time of 
5 min. For values less than 5 min emulsification time, break-
age value increased due to the high size of droplets, which 
results in droplet coalescence. Salman and Mohammed 
[66] observed higher emulsion breakage values at shorter 
emulsification times. Any additional increase over 5  min 
in emulsification time led to breakage escalation, reach-
ing its maximum value at 15 min. This could be due to the 

high internal shear force that largely assists in developing 
a large number of smaller droplets per unit volume; there-
fore, it becomes favorable owing to droplet diffusion into 
the external aqueous feed solution [67]. A high percentage 
of breakage induces a lower extraction efficiency of LCT 
from aqueous solutions. Fig. 4 shows emulsification time 
effect on the efficiency of extraction. The LCT extraction 
efficiency was approximately 84.8% at 4  min emulsifica-
tion time, while the extraction efficiency reached 89.3% at 
5  min emulsification time owing to a decrease in size of 
droplets constituent of the internal phase solution, which in 
turn enhances dispersed phase homogeneity. In contrast, a 
significant decrease occurred in extraction efficiency from 
89.3% to 78.8% when increasing emulsification time from 5 
to 15 min, owing to the coalescence phenomenon of drop-
lets comprising the internal aqueous phase [68]. Therefore, 
a (5 min) emulsification time was chosen for further studies.

4.4. Effect of surfactant concentration

Typically, a surfactant is required for an ELM system. In 
this study, it was added as an emulsifier. The effects of sur-
factant concentration on stability and extraction efficiency 
were explored. Experiments were performed to conclude the 
optimal surfactant concentration. The emulsification speed 
and emulsification time from the previously mentioned 
experiments were used, while different concentrations of 
surfactant were implemented (1%, 2%, 3%, and 4%  v/v). 
The other parameters were set at an external phase-to-emul-
sion volume ratio of 250:50, LCT concentration of 100 mg/L, 
mixing speed of 250  rpm, internal phase-to-membrane 
phase volume ratio: 1:1, external phase pH 6, and 0.25  M 
internal phase concentration.

Table 2 indicates that the stability increased when 
increasing surfactant concentration. Nevertheless, a signif-
icant rise in surfactant concentration has major drawbacks. 
A considerable difficulty in emulsion breakup when com-
pleting the process and a greater resistance to solute (LCT) 
transfer are encountered [69]. The surfactant forms aggre-
gates in the bulk solution when sufficient concentration is 
added, which is called the critical micelle concentration. 
These aggregates promote water transport to the external 
aqueous phase solution (swelling) or to the internal phase 
solution (breakage). A considerably high emulsion rup-
ture occurs when the surfactant concentration is consid-
ered insufficient for the surrounding and encapsulating 
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the internal phase molecules. Therefore, a sufficient sur-
factant concentration should maintain a stabilized emul-
sion, but if a high increase in surfactant concentration 
occurs, it causes a higher viscosity of emulsion, leading 
to a decrease in extraction. efficiency [70].

Fig. 5 displays the effects of different surfactant concen-
trations on extraction. efficiency. The extraction efficiency 
increased when increasing surfactant concentration up to 
3% (v/v) concentration, where LCT extraction and strip-
ping efficiencies reach 90.9% and 84.9%, respectively. When 
raising concentration from 3% to 4%, the emulsion stabil-
ity improved. Conversely, LCT extracted from feed phase 
decreased from 90.9% to 81.4% and the stripping efficiency 
decreased from 84.9% to 76.5%. Previous studies have 
reported that the surfactant can reduce the oil and water 
interfacial tension, which is attributed to the adsorption 
occurring at the liquid.–.liquid interface, thereby maintain-
ing emulsion stability when the solute is transferred into the 
membrane [62].

The membrane stability increased at 4% emulsifier con-
centration; however, the extraction efficiency decreased. 
Thus, a 3% (v/v) Span80 concentration was elected as the 
optimum concentration to generate a stable emulsion in 
addition to ensuring the highest extraction efficiency.

4.5. Effect of stirring speed

Mixing speed or stirring speed is considered a benefi-
cial aspect of extraction for the ELM separation technique 
since agitation (mixing) is required to create a uniformed 
dispersion of the emulsion on a broad interfacial area. 
Higher stirring rates in the experiments led to smaller 
globule formation, therefore enlarging the interfacial area 
between the membrane and phases, consequently causing 
a rise in the mass transfer rates. In addition, a higher speed 
could cause additional swelling and, therefore, the rupture 
of globules. The effects of mixing speed on LCT efficiency 
of extraction are presented in Fig. 6. Emulsification speed 
and time were taken from previous experiments, along with 
Span 80 concentration, while other parameters remained 
the same: (LCT concentration, 100 mg/L; external-to-emul-
sion phase ratio, 250:50; stripping agent concentration, 
0.25  M HCl; external phase pH, 6; and internal-to-mem-
brane volume ratio, 1:1). The efficiency of extraction was 
considerably low (64.6%) at a low mixing speed (200 rpm). 
This could be attributed to the development of sufficiently 
large emulsion globules that decreases the area available 

for mass transfer, while maintaining a stripping efficiency 
of 66.09%. The calculated breakage percentage was 4.03% 
(Table 2) which could be because of the insufficient shear 
energy available for the dispersion of emulsion into the 
external phase therefore large globules were formed. 
Resulting in globules coalescing. Consequently, the occur-
rence of emulsion breakage. However, when increasing the 
speed up to 250  rpm, the shear forces affecting the emul-
sion globules increased, which reduced the globule’s size. 
Therefore, when increasing stirring speed to 250  rpm, the 
area between internal and external phases increased and 
the extraction and stripping efficiencies increased signifi-
cantly to 90.9% and 84.88%, respectively. Fig. 6 shows that 
when the agitation speed was further increased, a reduction 
in the extraction level occurred. The results revealed that 
increasing mixing speed to 250 rpm (which is considered the 
critical speed) to 300 rpm not only decreased the efficiency 
of extraction to 80.77% but also affected the emulsion sta-
bility (breakage percentage increased from 1.77% to 2.85%), 
thereby affecting the emulsion stability and the stripping 
efficiency considerably (57.18%), as reported by Davoodi-
Nasab et al. [71]. It is possible that this could be the result 
of the excessive mixing speed being above the optimum 
value, which causes smaller emulsion globule size, there-
fore leading to the diminishing of the interfacial film, thus 
an occurrence of rapid coalesce of globules of the emulsion, 
which will eventually lead to breakage (membrane destruc-
tion) because of the high turbulence level at the membrane 
interface along with the partial separation of the membrane 
phase. Similar outcomes were recorded by Venkateswaran 
[72]. Therefore, a stirring speed of 250  rpm was elected 
as the best value in this study because it achieves an ade-
quately stable emulsion in addition to an excellent LCT  
extraction efficiency.

4.6. Effect of pH in the feed solution

pH is considered an influential parameter in ion trans-
portation by ELMs. In addition, it influences membrane 
stability, as low or high pH values can enhance the demul-
sification of emulsion droplets [73]. The effect of aqueous 
feed phase pH on the efficiency of extraction was inves-
tigated in the range from 3 to 8, when other previously 
obtained optimum conditions were used. Emulsification 
speed and time, 12,700 rpm and 5 min; LCT concentration, 
100  mg/L; external-to-emulsion phase ratio, 250:50; Span 
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80 concentration, 3% (v/v); stripping agent concentration, 
0.25 M HCl; mixing speed, 250 rpm; and internal-to-mem-
brane volume ratio, 1:1. Fig. 7 shows that a highly acidic 
solution (pH 3), the efficiency of extraction is at its lowest 
value (72%), while the breakage is at its highest (5.33%), as 
presented in Table 2. This may be due to the higher H+ ion 
concentration, which reduces the surfactant properties [74], 
consequently destabilizing the emulsion and decreasing the 
extraction efficiency. The higher H+ initial concentration, the 
lower the extraction percentage. [73].

Notably, the extraction efficiency increased when the 
external phase pH increased to 5. Moreover, the extraction 
and stripping efficiencies reached maximum values of 
93.06% and 84.7%, respectively, while the breakage per-
centage was minimal (ɛ  =  0.28%) within a contact time of 
8  min. However, for pH above 5, the efficiency decreased 
continuously, whereas the breakage increased gradually to 
2.15%. This could be attributed to the number of protons dis-
charged owing to the anion exchange reaction, the increase 
in pH can lead to the formation of other species [73].

4.7. Effect of internal. phase. concentration

The. stability of emulsion and extraction. efficiency at 
various HCl concentrations (0.05, 0.15, 0.25, 0.35, and 0.45 M) 
were investigated to achieve effective stripping at the inter-
nal phase-membrane interface. A strong acid was used as 
the internal stripping agent (HCl). Emulsification speed and 
time, 12,700  rpm and 5  min; LCT concentration, 100  mg/L; 
external phase pH, 5; Span 80 concentration, 3% (v/v); mix-
ing speed, 250 rpm; external-to-emulsion phase ratio, 250:50; 
and internal-to-membrane volume ratio, 1:1.The effects of 
the internal phase concentration on emulsion stability and 
the efficiency of extraction are presented in Table 2 and 
Fig. 8. When raising the internal phase concentration from 
0.05 to 0.25 M, the extraction efficiency is enhanced (77.77% 
to 94.75%), while the stripping percentage and breakage 
value changed from 80.13% and 4.25% to 91.06% and 0.48%, 
respectively. This could be caused by the main driving force 
in the ELM process, which is the H+ ions transfer between 
internal and external phase solutions [74].

Further increase of acidity (above 0.25 M up to 0.45 M) 
caused a gradual increase in the emulsion breakage 
(2.08%), leading to further release of the internal constit-
uents into the external feed aqueous phase; thus, a notice-
able decline in extraction efficiency (75.62%) for 0.45 M HCl 

concentration. This is attributed to the reaction between 
the surfactant and HCl, which occurs because of the high 
acidity, leading to a decrease in the properties of surfactant 
thus destabilization of the emulsion [75].

In conclusion, 0.25  M HCl, which indicates the lowest 
breakage value with the highest extraction efficiency, was 
selected as the optimum concentration in this study.

4.8. Effect of internal phase-to-membrane phase volume ratio

For achieving an improved solute mass transfer rate 
within the membrane, and to reduce the emulsion inter-
face thickness, an appropriate internal phase-to-membrane 
phase volume ratio must be met [75]. The effects of the pro-
cess parameters on the membrane breakage as well as the 
LCT extraction and stripping efficiencies were investigated 
by considering the emulsification speed at 12,700 rpm, stir-
ring speed 250  rpm, emulsification time 5min, external pH 
5, internal phase concentration 0.25  M HCl, and Span 80 
concentration 3% (v/v), while maintaining a volume ratio 
within 1:2–3:1. The effect of the internal-.to.-organic mem-
brane volume ratio on the emulsion stability is presented 
in Table 2, and the profile of the extraction efficiency is pre-
sented in Fig. 9. Increasing the ratio from 1:2 to 1:1 causes 
an escalation in both extraction and stripping efficiencies of 
LCT from 74.26% and 62.41% to 94.75% and 93.58%, respec-
tively. In contrast, the emulsion stability was preserved 
and enhanced when increasing the volume ratio (mem-
brane breakage decreased from 5.29% to 0.48%). This may 
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be caused by the higher volume ratio, where the emulsion 
globules increased in size and cannot be dispersed uniformly 
in the feed phase [49]. However, the low extraction efficien-
cies for lower ratios (1:2) could be due to the low quantity of 
stripping agent present that strips the LCT from the mem-
brane phase [75]. At a ratio of 3:1, the lower extraction effi-
ciency (64.8%) could be attributed to the low organic phase 
volume, that is, high volume ratio, where the organic phase 
amount is insufficient to entirely encapsulate the stripping 
phase droplets; consequently, these droplets can leak out of 
the emulsion into the external phase solution [76]. Similar 
observations were reported in previous studies [62,77].

This behavior indicates that the produced emulsion is 
more viscous with a thicker wall that prohibits a diffusion 
of the stripping phase into the membrane [13]. When raising 
membrane volume, the membrane surface tension increases, 
leading to a larger droplet size, which in turn hinders the 
dispersion of emulsion droplets [17]. Upon raising the inter-
nal phase-to-membrane ratio up to 3:1, a notable decrease 
in membrane stability and a decrease in removal efficiency 
to 64.8% were observed. The low volume of the mem-
brane indicates that the internal aqueous phase is not com-
pletely encapsulated, causing the stripping agent to escape 
from the formed globules. Previous studies have recorded 
similar behavior [18].

Thus, a 1:1 volume ratio of internal-to-membrane 
phase was considered optimal for this study.

4.9. Effect of external phase to emulsion volume ratio

Treatment ratio is expressed as the external feed phase 
to the organic emulsion volume ratio. It has a vital effect in 
establishing both effectiveness and efficiency of the ELM 
process [71]. An investigation of treatment ratio effect for 
250:10, 250:25, 250:50, 250:75, and 250:100 ratios was con-
ducted on the stability and extraction efficiency by altering 
only the volume of emulsion while maintaining a constant 
external phase volume, while the other parameters values 
are emulsification speed, 12,700  rpm; emulsification time, 
5  min; LCT concentration, 100  mg/L; Span 80 concentra-
tion, 3% (v/v); stripping agent concentration, 0.25  M HCl; 
mixing speed, 250  rpm; external phase pH, 5; and inter-
nal-to-membrane volume ratio, 1:1.

The effect of treatment ratio on emulsion breakage is 
presented in Table 2, while the results of the LCT extraction 
are shown in Fig. 10. The results in Table 2 evidently con-
firm that a decrease in treatment ratio (i.e., an increase in 
membrane volume) increased the rate constant. A similar 
conclusion was drawn in previous studies [78]. A decrease 
in the treatment ratio above 250:50 caused an increase in 
emulsion coagulation. When decreasing volume ratio, the 
swelling phenomena developed considerably, with the cru-
cial coalescence growth of internal droplets. The results 
showed that a decrease in the treatment ratio to 250:50 
improved the extraction and stripping efficiencies to 94.7% 
and 89.2%, respectively. This could be interpreted that owing 
to the increase in the emulsion volume, more quantity is 
available, which contributes to an improved performance of 
LCT transport. Furthermore, a high emulsion volume tends 
to form a lot of globules by providing a large exchange sur-
face area, thus increasing the transfer rate. Another reason 

could be the increase in the emulsion residence time, which 
increases the interfacial area available for the solute mass  
transfer [79].

For lower ratios, the fall in extraction efficiency could be 
a consequence of the low availability of emulsion to remove 
the solute [49,62]. Another reason is the broader distribu-
tion of emulsion globules, that is, an increase in the distance 
between globules of emulsion, which further reduce the 
interfacial area per unit volume of the external phase [80]. 
The lower stripping efficiency could be attributed to the low 
availability of the internal aqueous phase volume that strips 
the solute compared with the external feed aqueous phase. 
Further decreasing the volume ratio to 250:100 caused a 
significant decline in both the stripping and extraction effi-
ciencies to approximately 68.7% and 64.2%, respectively. 
This is because of the curtailed interfacial area available for 
mass transfer, that is because of the difficulties in dispers-
ing the organic emulsion due to its large volume compared 
to the feed phase; accordingly causing an increase in the 
emulsion total viscosity, and the subsequent occurrence of 
an inverse effect on the interfacial area [81]. In conclusion, 
a minimal volume of emulsion is favored for obtaining a 
decent internal phase droplet distribution in the external 
aqueous solution, thereby obtaining a better extraction effi-
ciency [81]. Therefore, to establish a good distribution and 
dispersion of the emulsion into the feed phase, a 250:50 
treatment ratio was selected as the optimal ratio for this  
study.

4.10. Evaluation of the solute (LCT) extraction kinetics and 
estimation of mass transfer coefficients

The extraction kinetics of LCT using the ELM method 
were investigated according to the procedures per-
formed by Raji et al. [82] and Kohli et al. [83] using the fol-
lowing equation:

Ln obs
C
C

K t
o

�

�
��

�

�
�� � � � 	 (5)

where t represents time in minutes and Kobs is the rate con-
stant of extraction (min–1), which can be estimated from 
the resulting straight line slope from the previous equa-
tion representing the Kobs value. Because the value obtained 
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was positive, the extraction follows the first-order kinetics 
and the obtained Kobs value was 0.3033 min−1.

The total mass transfer coefficient of the ELM system 
is calculated according to the following equation [84]:

1 1 1
K K KT F M

� � 	 (6)

where KT is the total mass. transfer coefficient (m/s), KF 
denotes the interfacial reaction rate constant (m/s), and 
KM represents the mass transfer coefficient of the external 
phase (m/s), which is evaluated by the Skelland–Lee correla-
tion [82], as specified by the following equation:
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where N represents stirring speed (rpm); T and d repre-
sent the mixing tank and impeller diameter, respectively 
(m); Vi, Ve, and Vm denote volume of the internal, external, 
and membrane phases, respectively; D represents species 
diffusivity (LCT) in the membrane phase; and Re is the 
Reynolds number, which is calculated from Eq. (8).

Re �
Nd2�ext.

ext.¼
	 (8)

where ρext. is the density (kg/m3), μext. is the viscosity (kg/m·s). 
The calculated Re value was 348,577. The D value is esti-
mated using the Wilke and Chang correlation [85] shown 
in Eq. (9).
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where φ represents the solvent association factor (n-hex-
ane  =  1), M represents molecular weight of solvent (n-hex-
ane = 86.18 kg/k·mol), Temp represents temperature (Kelvin), 
μm represents membrane viscosity 12.224  ×  10−3  kg/m·s, 
and φc represents molar volume of solute; calculated 
using the Schroeder method [86], which is calculated as 
0.399 m3/kmol. However, the calculated D was found to be 
1.67 × 10–10 m2/s and the estimated KM was 3.177 × 10–4 m/s.

KF is calculated using the following equation:

Ln C
C

A K t
o

F

�

�
��

�

�
�� � � � � 	 (10)

KF could be calculated by comparing Eqs. (10) and (5):

K
K
AF =
obs 	 (11)

A represents the emulsion-specific interfacial area, esti-
mated using the following equation [87]:

A
A
V d
i� �

6

32

� 	 (12)

where Ai represents the emulsion droplet’s interfacial area, 
α denotes the water volume fraction, V is the emulsion unit 
volume, and d32 represents the diameter of the emulsion 
droplet.

In conclusion, the calculated mass transfer coefficients 
are:

KM = 3.177×10–4 m/s, KF = 0.24×10–6 m/s, and KT = 2.398×10–7 m/s.

5. Conclusions

This study aimed to extract LCT from an aqueous solu-
tion using an ELM with n-hexane as the diluent and Span 
80 as the surfactant. The optimum experimental condi-
tions for lower breakage percentage and higher removal 
percentage are 12,700  rpm emulsification speed, 3% (v/v) 
surfactant concentration, 5  min emulsification time, pH 5 
external feed solution, 250 rpm stirring speed, 0.25 M inter-
nal (stripping) phase concentration, 1:1 internal phase-to-
membrane volume ratio, 250:50 external phase-to-emul-
sion ratio without utilizing a carrier agent. 94.75% of LCT 
was successfully extracted under the optimal operating 
conditions with minimum breakage of (0.48%). The ELM 
technique represents a productive and efficient advanced 
separation method for the removal of LCT from an aqueous  
solution.
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