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This study explores the implementation of an electromembrane extraction (EME) system to remove heavy
metals (nickel and manganese) from aqueous solutions. Using a unique electrochemical cell design with
a graphite anode, a stainless-steel cathode, and a supported liquid membrane (SLM), this study examines
the effect of several factors, such as carrier choice (DEHP or TEHP), applied voltage (30-60 V), pH (3-8),
and metal concentration (5-30 mg L), on the removal efficiency of each metal. Results show that the
DEHP carrier achieved higher extraction efficiency than TEHP under all operating conditions. The applied
voltage significantly enhanced the removal efficiency of each metal using the membrane. The optimal
operating conditions were a voltage of 60 V, an initial pH of 6, an initial metal concentration of
15 mg L~! and an extraction time of 5 hours. Remarkably, under these optimized conditions, impressive
removal efficiencies were achieved for each heavy metal: 84% for Ni and 71% for Mn. The FESEM and
AFM results of the membrane showed a relatively homogeneous surface structure with clear porosity
and low roughness, indicating the integrity of the membrane and that it is not affected by the initial

treatment. After the immersion of the membrane in the DEHP carrier, a marked change in the
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Accepted 3rd April 2026 topography of its surface was observed in the form of increased roughness and partial fullness of pores,
confirming the successful fixation of the carrier and the effectiveness of the membrane in the extraction

DOI: 10.1035/d6ra01873d process. The results confirm that the EME technique using the SLM is an effective way to extract heavy
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1. Introduction

Nickel and manganese are two heavy metals that are extensively
used in various industries, such as in stainless steel, corrosion-
resistant alloys, batteries, and metal plating.’® Mn>" and Ni**
ions, commonly referred to as Mn(u1) and Ni(u), respectively, are
present in the wastewater of these industries and lead to serious
environmental pollution. These metals are harmful when they
accumulate in connective tissues without being absorbed by the
body.** Heavy metals may be absorbed by humans through
food, drink, air, or skin. Industrial exposure is a common
method through which adults are exposed to heavy metals.
Ingestion is the most common exposure route in children.®
Different techniques have been utilized to remove heavy
metals from different effluents, such as reverse osmosis,
adsorption,”™ membrane separation processes, photo-
catalysis,” ion exchange, electrodialysis, and electrochemical
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metals from water within the optimum mentioned operational condition.

techniques.'® Some of these methods have proved to be effective
in removing of heavy metals, yet they have no capability to
retrieve the worth heavy metals that can be reused one more
time. For example, a large amount of precipitated sludge is
produced in the chemical precipitation method, which requires
further processing. Due to high material requirements and
operating costs, reverse osmosis and ion exchange methods
have limited applications.>"”

In recent times, the supported liquid membrane (SLM)
process has received increased attention from the scientific
community for the separation of heavy metals.'®" Parhi and
Sarangi separated copper, zinc, cobalt, and nickel with the help
of different carriers such as LIX 841, TOPS-99, and Cyanex 272.>°
Duan et al. used a new sandwich-type SLM (i.e., two-membrane
three-compartment cell) to separate copper, nickel, and cobalt
from their ammoniacal solution. They used H,SO, as a strip-
ping solution in two stripping compartments with different
concentrations and Acorga M5640 in kerosene as a liquid
membrane.” Ma et al. selectively separated copper and nickel
ions from calcium ions. They used the two-stage emulsion
liquid membrane (ELM) process to selectively separate copper
and nickel ions. They used the Cyanex 301 carrier with LIX984N
as a solvent.”” Sulaiman et al. removed nickel from industrial
wastewater using an SLM. Their nickel removal study was
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performed using D2EHPA, octanol, and kerosene as the carrier,
synergist and diluent, respectively.>

The application of the SLM has increased rapidly, specifically
in the combination of microextraction and extraction by
membrane processes, which have assisted in the development
of modern methods for producing clean samples with minimal
volumes of organic liquids.>**® Low costs, automatic operation,
and the ability to operate using small samples are the additional
advantages of the process.”® The SLM, which serves as a splitting
phase between the feed and acceptor phases, is made from
a layer of an inert material (polymeric sheet) that is commonly
filled with an organic liquid (typically dissolved chemicals).?”2®

SLM is a non-diffusing liquid membrane type, in which the
membrane phase (polymeric sheet) has an inactive position in
the extraction procedure, but only works as a support layer
through very microporous hydrophobic polymers that are
injected with the organic solvent and made a supportive
assembly for it.> Some of the common materials used in the
SLM are polysulphones, polytetrafluoroethylene, and poly-
propylene. The solution flow ranges between 0.1 and 10 pm and
allows the film material to accomplish an ideal stability, which
is supported by these polymer films. Sometimes, a composite
film is utilized, which is bonded to a rough material or one of
the polymers. Polypropylene is commonly used as the material
for this purpose.®

EME is a model of a separation technique that requires little
organic solvent, which is estimated at a capacity of a few
microliters, from which a small sample size is formulated. The
solvent is either a supported (SLM)- or free (FLM)-type liquid
membrane.** The key component of the EME system is the SLM,
a layer of hollow, porous polypropylene fibers that retains the
organic solvent and is secured within the system. The charged
target analyte is isolated from the aqueous sample solution by
the SLM, which is situated in a sample tank placed on a stirrer
and connected to the wand stage located in a cavity of the
hollow fiber. Two electrodes forming the electric field (cathode
and anode) are fixed in the donor and receiver chambers, with
each linked to an electrical power supply. The electrical poten-
tial difference applied between the anode and cathode causes
the migration of charged ions between the two solutions.****
When using the EME system to extract positively charged
materials, the cathode is fixed in the recipient chamber.

This work investigates the simultaneous extraction of nickel
and manganese ions from aqueous solutions to explore the
feasibility of selectively extracting heavy metals from aqueous
solutions using an electrically powered liquid membrane (EME)
system with cost-effective electrodes. The objectives include
optimizing operational parameters for maximizing extraction
efficiency and understanding the behavior of four coexisting
elements in the same solution under optimal conditions.

2. Materials and methods
2.1. Materials and apparatus

Nickel nitrate hexahydrate [Ni(NO;),-6H,0] and manganese
nitrate hexahydrate [Mn(NO;),-6H,0, purity = 95%] were
purchased from Central Thomas Baker (Mumbai, India). The
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carriers, di(2-ethylhexyl)phthalate (DEHP) and tris(2-ethylhexyl)
phosphate (TEHP), were obtained from Shanghai Macklin
Biochemical (Shanghai, China). The diluents, n-heptane,
sodium hydroxide (NaOH), and hydrochloric acid (HCI), were
obtained from Sigma-Aldrich (Merck, Germany).

A sensitive digital balance (4 digits), zxI13133k, was obtained
from ADAM, Japan, and a hot-plate magnetic stirrer (maximum
speed = 1500 rpm), Heidolph MR Hei-Standard, was obtained
from Heidolph, Germany. The ammeter was 0-0.2 A UNI-T
(Kowloon, Hong Kong), and the DC power supply (0-60 V) was
obtained from UNI-T, UTP3000 (Hong Kong). The magnetic
stirrer with a maximum speed of 1000 rpm was obtained from
Metrohm AG Herisau (Type: 18490010, Switzerland).

2.2. Electromembrane design

The electromembrane extraction cell, as shown in Fig. 1, was
composed of two chambers with the same design and volume
(385 cm®). The first chamber was cylindrical and contained the
donor phase. Its dimensions are: diameter of 7 cm and length of
10 cm provided from its lateral side with a cylindrical horizontal
channel having dimensions (diameter of 5 cm, length of 6 cm)
located above the base of the donor chamber by 2 cm. The
second chamber had the same design as the first chamber and
contained the acceptor phase. Each chamber was provided with
a Teflon cover.” The cover had two holes: the first for fixing the
electrode, and the second to feed the solution. A graphite plate
(length = 5 cm, width = 3 c¢m, and thickness = 5 mm) was
employed as the anode. The graphite was chosen to facilitate
the anodic oxidation of water.

The cathode was a stainless-steel 316-L plate with the
following measurements: a length of 5 cm, a width of 3 cm, and
a thickness of 2 mm. This is the first time to use these electrodes
in EME system, which makes the cost of cell fabrication cheaper
than that required in the case of using platinum electrodes. A
polypropylene membrane sheet with a circular configuration
and an active surface area of 10 cm® was first impregnated with
1-octanol and a suitable carrier for 20 min. Then, it was placed
between the channels of the two chambers and fixed using two
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Fig.1 Electrochemical cell containing a graphite anode and stainless-
steel cathode with a supported membrane between them to remove
heavy metal pollutants.
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air-tight cups (each one surrounding one channel) and provided
with four screws and nets. Before assembling the membrane
with the channels of the two chambers, the edge of each
channel was covered with RTV silicone rubber to prevent
leakage. Two magnetic bars were placed in the acceptor and
donor chambers to ensure constant stirring and good mixing of
the solution.

2.3. Experimental procedure

Nickel(n) nitrate hexahydrate [Ni(NO;),-6H,0] and manganese
nitrate hexahydrate [Mn(NO;),-6H,0] salts were used to
prepare standard nickel and manganese solutions at
a 1000 mg L™ concentration. In 1 L of distilled water, 3.8021 g
of this salt was dissolved. By mixing 8.53 mL of concentrated
HCI with 1000 mL of distilled water, a stock solution of the
acceptor was prepared. An impregnated (membrane) solution
was prepared with 100 ml by dissolving (1 ml) of each carrier in
(100 ml) of 1-octanol.

The membrane was soaked in the impregnation solution for
15 min at a rotation speed of 150 rpm. Next, the two chambers
of the cell were assembled and prepared for operation. Then,
100 mL of the donor phase at the required concentration of
heavy metals was adjusted to the required pH by the addition of
1 M HCI or NaOH and placed in the donor chamber. 100 mL of
the acceptor phase was added to the acceptor chamber. The two
electrodes (graphite and stainless steel) were inserted in each
chamber, and the two chambers were placed on the respective
magnetic stirrers set to a rotation speed of 1000 rpm. The
electrodes were connected to the power supply, and the
required applied voltage was applied to the cells. Each run was
started by measuring the current value during the operation
and the pH of the donor and acceptor.

Due to the probability of interference from the SLM solvent,
which could leak into the acceptor or donor phase, and the
absorption of heavy metal ions during atomic absorption
measurements, the acceptor and donor solutions were collected
separately in glass vials at the end of each run, and then, they
were heated until all aqueous solution had evaporated.® Then,
these vials were refilled with deionized water, and then, the
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samples were taken for identification by atomic absorption
spectroscopy (AAS).

2.4. Operating process

The operating process includes the investigation of the effects
of various factors on the efficiency of heavy metal extraction
using the EME technique. These factors include the voltage
difference (30-60 V), donor phase pH (3-8), extraction time (1-8
hours), type of carrier (DEHP and TEHP), and initial concen-
tration of heavy metals in the liquid phase (5-30 mg L™"). The
impact of these variables was individually analyzed to compre-
hend how they enhanced the removal efficiency, sensitivity, and
overall effectiveness of this technique in extracting heavy
metals. It is anticipated that the outcomes of this study will
contribute to a better understanding of the electromembrane
extraction process, ultimately enhancing the efficacy of this
technique in the analysis of heavy metals in aqueous solutions.

3. Material characterization

3.1. SEM analysis

The EME-SLM, as shown in Fig. 2a, has a relatively smooth fiber
surface and is free of structural defects, such as beads, with
a high porosity that gives the membrane a very high surface-to-
volume ratio. The pore size distribution is homogeneous, with
diameters often ranging between 200 and 500 nm, ensuring
stability in mechanical performance and uniformity in charge
distribution when an electric field is applied. This open porosity
is dynamic for ion transfer, as it delivers a high surface area that
later accommodates the carrier. The lack of agglomeration is
attributed to the efficiency of the electrospinning process and
the stability of the polymeric solution used. Measurements (e.g.
378 nm and 447 nm) indicate a homogeneous distribution of
the fiber diameter.**

After immersion in the DEHP carrier, the EME-SLM displays
a fundamental morphological change, with fibers appearing
“thicker” (swollen) and a thin membrane enveloping the fibers,
which partially fills the interstitial spaces, as shown in Fig. 2b.
This shift agrees with the successful physical fixation of the
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Fig. 2 FESEM images of the EME-SLM (a) before immersion in DEHP, (b) after immersion in DEHP, and (c) after Mn?* and Ni?* extraction.
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organic carrier (di(2-ethylhexyl)phthalate (DEHP)) within the
pores and on the surface of the fibers. The practical increase in
the fiber diameter (reaching values such as 701 nm) is due to the
“swelling effect” and interconnectedness. The existence of fine
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granules on the surface indicates distributed DEHP molecules,
creating a “supported liquid membrane (SLM)”. This homoge-
neous distribution reduces mass transfer resistance during the
extraction process. Here, DEHP acts as a “supported liquid
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Fig. 3 AFM analysis of EME-SLM (a and b) before immersion in DEHP, (c and d) after immersion in DEHP, and (e and f) after Mn®* and Ni2*

extraction.
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phase”. The presence of fine grains and aggregates on the
surface suggests that the organic carrier has not only entered
the fibers but also formed an ultra-thin film that envelops the
outer surface. This morphological shift is essential to the
transport process, as DEHP acts as a “shuttle carrier” that helps
the dissolution and transport of metal ions from the aqueous
phase to the membrane phase.*

Fig. 2c shows the membrane after the extraction of manga-
nese (Mn”>") and nickel (Ni*). The image shows fibers with
a rougher terrain (increased surface roughness), along with the
appearance of fine aggregates or “knots” along the fibers. The
change in the surface texture is due to the occurrence of ion
exchange and complexation between heavy metal ions (Mn>*
and Ni*") and the active groups of the carrier. The retention of
the fibrous structure after extraction indicates the chemical and
mechanical stability of the membrane in the aqueous medium.
The observed variation in measurements (180 to 612 nm)
indicates the presence of active reaction regions, where the
accumulation of extracted ions alters the optical and electronic
properties of the fibre surface under the electron microscope
beam.?**

3.2. AFM analysis

Fig. 3a presents the AFM analysis of the EME membrane before
immersion in the DEHP carrier. The results indicate a sophis-
ticated nanomorphological structure characterized by random
granular growth and irregularly sized agglomerations. The color
variation in the topological map expresses the vertical eleva-
tions of the surface; the dark (brown) colors represent valleys or
low-lying areas, while the light colors (yellow and white) indi-
cate the peaks and ridges with a maximum height of 197.5 nm.*®

As shown in Fig. 3b, the recorded roughness values reflect
the nature and reactivity of the surface, with an average
roughness (R,) value of about 36.83 nm. In comparison, the root
of the mean squares (Ry) value is 44.88 nm, and this tolerance
(Rq > R,) confirms the presence of sharp contrasts and an
asymmetrical terrain rather than a smooth gradient, increasing
the effective surface area of the membrane. The “top-to-bottom”
roughness (R) value of 257.2 nm also shows the extent of the
total variation in the terrain, which is explained by the histo-
gram, which shows a wide distribution of heights, mostly
between —50 and +50 nm, indicating a membrane with nano-
porosity and high roughness that contributes to improving the
physical and chemical properties for the target applications.*

The prepared EME membrane has a heterogeneous surface
and a relatively high roughness. This type of surface is ideal if
the membrane is intended for the removal of ions from the
aqueous solution because the roughness increases the number
of “active sites” on the surface. On the other hand, if a soft
optical membrane is required, these values indicate the need to
optimize sedimentation conditions to reduce the size and
aggregation of the granules.*

The AFM analysis of the EME-SLM after immersion in the
DEHP carrier is shown in Fig. 3c and d. Lighter regions (Fig. 3c)
(vellow and white) indicate the membrane's “peaks” or elevated
areas. In the EME membrane, these spots correspond to

© 2026 The Author(s). Published by the Royal Society of Chemistry
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polymeric material aggregates or surface ridges formed by
bulging when saturated with the carrier. Darker areas (brown
and black) denote “valleys” or deep pores, serving as channels
where the DEHP carrier is concentrated. These gaps protect the
liquid carrier and act as reservoirs for ion exchange. In Fig. 3d,
the data panel shows specific surface metrics: an average
roughness (R,) of 57.67 nm, suggesting moderate nano-
roughness that enhances the surface area; an RMS roughness
(Ry) of 73.43 nm, emphasizing variation and gradation in
surface pores; and a roughness height (R,) of 485.8 nm, indi-
cating the presence of significant peaks and valleys, which
facilitate carrier trapping and permit more carriers to inhabit
within the membrane.** This alteration transforms the
membrane from a physical barrier to a chemically active
“functional membrane”. The changes in roughness (R, and R)
indicate improved contact area between the aqueous phase and
the organic transporter within the membrane pores, which is
crucial for selective transport.

DEHP acts as a carrier that binds specifically to divalent
metal ions like Ni and Mn, transporting them across the
membrane under an electric field through EME processes.*>
When submerged in the DEHP carrier, pore swelling occurs,
permitting the carrier to enter polymeric pores and create
protrusions, which are visible as bright areas in AFM images.
This increases the surface roughness and contact area. Dark
regions signify liquid-filled channels, functioning as “chemical
elevators” that transport Ni and Mn ions owing to the electric
motive force. The high chemical affinity of DEHP ensures
selectivity, avoiding unwanted ions and concentrating target
metals at the reception end. The stability of peaks and valleys,
shown by R, and R, values, indicates the membrane's structural
integrity and its long-term effectiveness in industrial and envi-
ronmental demineralization applications.*

Fig. 3e illustrates a notable alteration in the membrane's
surface topography, offering direct evidence of efficient ion
exchange and transport. Bright-yellow/white peaks indicate
active sites where chemical complexes are formed between the
carrier and extracted mineral ions (Ni*/Mn*"). Dark-brown/
black valleys show the porous channels within the initial poly-
meric membrane. The values in Fig. 3f (R, = 5.954 nm and R, =
7.726 nm) are drastically lower than those in the initial image
(R, = 57 nm) prior to extraction, indicating the presence of
a surface smoothing effect.”” This is due to the filling of large
gaps and pores with Ni**/Mn*" and associated compounds,
which decreases the surface contrast. The decrease in R, from
485.8 nm to 56.54 nm reflects the stability of the thin liquid film
(SLM) and the absence of cracks or bursts after ion insertion,
thus improving membrane stability. The histogram reveals
a symmetric distribution, which indicates uniform Ni**/Mn>**
ion coverage on the membrane surface, which is important to
prevent pore clogging in specific areas. The distribution
confined between —20 nm and +30 nm proves that the
membrane's microstructure remains intact without chemical
corrosion by ions or carriers. AFM results demonstrate that the
EME-SLM shows high kinetic compatibility with Ni**/Mn>" ions.
The transformation from high nanocoarseness (initially aiding
ion capture) to a more stable, smoother surface after extraction
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shows the membrane's ability to efficiently trap heavy metals
within the supported liquid structure. This morphological
change reduces membrane fouling and ensures high selectivity
for target metals in complex industrial wastewater, making it
a sustainable and successful water resource management
solution.*

4. Results and discussion

4.1. Selection of the extraction time

To determine the best extraction time in the liquid phase, the
experiment was conducted by changing the extraction time
from 1 hours to 8 hours, as shown in Fig. 4. The experiment was
carried out under the conditions of an initial concentration of
10 mg L', a pH of 5, and a voltage of 60 V using DEHP as
a carrier. The results indicated that the concentrations of Ni and
Mn gradually decreased, achieving the maximum removal
effectiveness after 5 hours. After five hours, the concentrations
began to rise again, indicating a decrease in the stability of the
electromembrane extraction (EME) system after this time.
When the optimal duration (5 hours) was reached, the
concentration of each metal in the original solution began to
increase again *. The Ni concentration increased from
4.3 mg L' after 5 hours to about 6.8 mg L™ " after 8 hours, and
the Mn>" concentration increased from 6.0 mg L™ after 5 hours
to about 7.6 mg L™ " after 8 hours.

A portion of the SLM may have begun to dissolve and leach
into aqueous solutions on both sides of the cell, reducing the
thickness of the membrane, which affects the mass transfer and
affects its ability to separate the two aqueous phases. Thus, 5
hours was shown to be the optimal duration for the extraction
process, allowing for effective removal by the EME method. This
predetermined duration was used in subsequent trials to eval-
uate other factors. Ni exhibited a greater and faster removal
effectiveness than Mn. At this favourable stage, the nickel
concentration decreased to about 4.3 mg L™, while the Mn
concentration decreased to about 6.0 mg L. The difference in
selectivity is due to the formation of more stable or preferential

12 4

Concentration (mg/L

0 T T T T

0 2 4 6 8
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Fig. 4 Effect of the extraction time on the concentration gradient of
Mn?* and Ni?* ions.
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complexes between the DEHP carrier and nickel ions (Ni*")
compared to manganese ions (Mn**) at pH 5.

The curve displayed two overlapping phases resulting from
the nature of the electrochemical system and the competition
between ions. The decrease in the concentration represented
the movement of metal ions from the solution through the
polypropylene-supported membrane due to electrical motiva-
tion and adsorption. In binary systems, ions have varying
affinities towards the active sites on the membrane. As the
process continues, the ions with higher affinity, Mn, may expel
the weaker-bonded ions that were initially adsorbed, causing
them to be relaunched in the solution, which explains their
increased concentration after reaching a temporary saturation
point.*

4.2. Selection of the carrier

In this work, di(2-ethylhexyl)phthalate (DEHP) and tris(2-
ethylhexyl)phosphate (TEHP) at 1% v/v were examined as
carriers with 1-octanol to remove Ni and Mn from solutions.
Fig. 5 illustrates the impact of the carrier type. All experiments
were conducted under the conditions of initial Ni and Mn
concentrations of 10 mg L™, a pH of 5, an extraction time of 5
hours, and a voltage of 60 V. The results show that the removal
efficiency of Ni and Mn ions using the EME-SLM technique
increases with time for both carriers, DEHP and TEHP, but the
DEHP carrier clearly outperforms the TEHP carrier. After 5
hours, the highest efficiency recorded for Ni using DEHP and
TEHP carriers is 74% and 64%, respectively. The removal of Mn
is typically inadequate, with DEHP-Mn exhibiting an efficiency
of 55%, whereas TEHP-Mn exhibits the lowest efficiency at
49%.%

DEHP is the most useful and selective carrier under these
conditions due to its acidic properties (cation exchanger), which
accelerate the formation of more stable complexes with Ni than
with Mn at pH 5. DEHP is an organic acid extract that enables
cation exchange, as it possesses an acidic hydrogen atom
capable of interacting with divalent metal ions (Ni** and Mn*")
to form hydrophobic complexes that cross the membrane. Acid
exchange is altered by the voltage difference (60 V) in the EME

100 -
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60 - °
_e——2°
—-% °
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Removal efficiency (%)

o TEHP-Ni
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Fig.5 Impact of the carrier type on the efficacy of removing Mn* and
Ni* ions.
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technology, which promotes ion movement. TEHP primarily
acts as a neutral solvent extract, relying on synergistic or coor-
dination reactions rather than acid ion exchange, leading to
a substantial reduction in the transfer efficiency of positive
metal ions under these conditions. In all cases, Ni removal is
notably superior to Mn removal, with the DEHP carrier
increasing the Ni removal rate of up to 74%, compared with
55% for Mn. This selectivity indicates that the DEHP trans-
porter forms more stable complexes with Ni*" ions than with
Mn*" ions at pH 5, thereby enhancing the efficiency of nickel
transport across the membrane.**

4.3. Effect of the applied voltage

At an initial concentration of 10 mg L' and a pH of 5 using
DEHP as the carrier, five voltages varying from 30 to 60 V were
tested to estimate the effect of the applied voltage on the
removal efficiency of Mn and Ni using the EME-SLM system.
Fig. 6 exhibits how the process voltage influences the removal of
each heavy metal. The removal efficiencies of Ni and Mn
increase with the voltage, peaking at 60 V. A higher electrical
potential difference enhances the electrophoretic force on the
positively charged complex ions formed between the metals and
the DEHP carrier, improving their migration through the SLM
and decreasing transfer resistance. Accordingly, Ni removal
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reaches approximately 75% (Fig. 6a) and Mn removal reaches
around 55% (Fig. 6b) at 60 V. To overcome the transport limi-
tations, ion transport is usually constrained by the diffusion
rate across the aqueous boundary layer of the initial solvent.
However, applying high electrical energy confirms that migra-
tion predominates as the transport mechanism, raising the
overall flux rate across the membrane and achieving the fastest
and most efficient removal from the original solution.*®

A different pattern is observed with respect to the concen-
trations of Mn and Ni in the acceptor phase, as shown in Fig. 7.
The acceptor concentration peak levels appear at medium
voltages (40-50 V) and not at the maximum voltage. The
concentration in the acceptor solution does not follow this
trend, peaking at a medium voltage of 40 V, with the highest
concentration of 4.8 mg L™ for Ni and 4.1 mg L ™" for Mn. At the
maximum voltage (60 V), the acceptor concentrations drop to
3.9 and 3.1 mg L™ for Ni and Mn, respectively.

This loss is attributed to the very high voltage that imposes
extreme electrical and thermal stress on the thin membrane
layer, potentially leading to membrane instability. This insta-
bility can cause the ions to leak or re-release from the acceptor
side or even return to the donor solution. Furthermore, the
membrane's instability decreases its selectivity, permitting ions
that have been transported or accumulated at the membrane

Fig. 6 Effect of the applied voltage on (a) Ni* and (b) Mn®* removal efficiencies.
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Fig. 7 Effect of the applied voltage on the concentration gradient of (a) Ni* and (b) Mn®* ions in the acceptor.
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interface to seep back into the original solution (posterior
extraction). As a result, the net concentration in the receptor
solution decreases, regardless of the high initial extraction
rate.*

The results conclude that while a high voltage (60 V) is the
most effective in improving the “extraction efficiency” of ions
from the initial solution, a moderate voltage (40 V) improves the
“aggregation efficiency” of the received solution by maintaining
the stability of the membrane.”” High voltages also lead to
concentration polarization, where ions accumulate at the
membrane interface because the migration rate exceeds the
reverse diffusion rate. This causes increased internal resistance
and limitations in mass transfer, a phenomenon demonstrated
in recent studies on electrodialysis membrane systems, where
an increased current and voltage density deepens the polariza-
tion layers and restricts ion transport across the membrane,
thus limiting transfer efficiency.*® Consequently, the entire flux
removed from the donor phase is not converted into an equiv-
alent net transfer in the acceptor phase. In contrast, a voltage of
40 V exhibits a better balance between the electromotive force
and mass transfer efficiency, resulting in the highest net accu-
mulation in the acceptor phase. These results suggest that there
is an optimal voltage for maximizing the net transfer efficiency,
rather than simply relying on the highest applied voltage.

Fig. 8 shows the relationship between the applied voltage
and the electrical current flowing through the membrane in the
EME-SLM system. The diagram shows a strong direct relation-
ship between the applied voltage and the current transmitted in
the electromembrane extraction (EME) system.” At any given
moment, the use of a higher voltage results in a much higher
current, which corresponds with Ohm's law. The current grad-
ually increases as the voltage increases, reaching its highest
value at 60 V (40 mA) after 5 hours, followed by 50 V (30 mA),
then 40 V (26 mA), and the lowest current at 30 V (18 mA).
Additionally, it has been observed that the electric current
increases over time at all voltages, starting at almost zero and
continuing to increase over the duration of 5 hours.*” This
increase with time can be explained by the fact that the current
in the EME-SLM technology reflects the flow of charged ions
through the liquid membrane. As the extraction process
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Fig. 8 Effect of the applied voltage on the current.
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continues, the concentrations of moving ionic compounds
(such as Ni/Mn-DEHP compounds) in the membrane may
increase. This facilitates ion transport and reduces the overall
resistance of the system, allowing for a higher current flow over
time. This high current stimulates the migration of metal ions,
which enhances the extraction efficiency.*

The high voltage significantly affects the pH levels of the
donor and acceptor solutions. Fig. 9 shows the dynamic corre-
lation between the applied voltage and the pH changes in both
solutions for 5 hours. The mechanism of action of the DEHP
carrier as a cationic exchanger occurs according to the following
general reaction:*

M2 + (Donor) + 2HR (Membrane) = MR, (Membrane) + 2H
+ (Donor)

To investigate the variation in the pH of the donor solution
(pH), the pH of the donor solution starts at 5 and then drops
sharply within the first hours to a range of 2.1-2.5. It then
stabilizes or experiences a slight decline during the remaining
period. A low pH, which indicates high acidity, occurs when the
DEHP transporter exchanges a hydrogen ion (H") with a divalent
metal ion (Ni”* or Mn*") at the interface with the donor solu-
tion. Each metal ion releases an extracted H' ion into the donor
solution, resulting in a rapid rise in the H' concentration and
a subsequent decrease in the pH. Higher voltages (60 V and 50
V) cause a greater decrease in the pH (increased acidity) than
low voltages (30 V and 40 V). This is in line with the observation
that higher voltages enhance the extraction efficiency, resulting
in the release of more H' ions into the donor solution.®

The pH of the acceptor solution starts at pH 2 and rises
rapidly within the first hours, reaching near 4.5-5, possibly due
to the OH™ ion flux or an initial deficiency of positive ions. After
that, it either gradually decreases or stabilizes, except for the
60 V curve. When the pH of the membrane/acceptor solution
falls in the acidic region, the metal ions in the solution are
released, while the carrier material returns to its protonated
state within the membrane. The acceptor solution, which is
often very acidic, catalyzes the reverse reaction (precipitation/
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Fig. 9 Effect of the applied voltage on the pH of the donor and
acceptor.
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release), leading to the accumulation of metal ions. An increase
in the pH at high voltages may indicate the excessive transfer of
negative ions (such as hydroxide ions or residual anions) or
membrane instability, which allows chemical species to over-
lap, leading to a decrease in the concentration of hydrogen ions.
In an acceptor solvent, the movement of ions increases with the
voltage, which promotes chemical changes in both phases.*

4.4. Effect of the pH

Fig. 10 shows the impact of the pH of the donor solution on the
removal efficiency of Ni and Mn using the EME-SLM system.
The experiment used the DEHP carrier with a preliminary
concentration of 10 mg L™ and a voltage of 60 V for 5 hours. It
has a curved pattern that reveals the balance between ionic
competition and sedimentation of the metal ions. The removal
efficiency of nickel depends considerably on the pH (less than
60V, 5 hours, DEHP bus). The removal efficiency peaks at 80%
at pH 6, dropping to 74% at pH 5 and 45% at pH 3. The decrease
at low pH is due to the intense competition from hydrogen ions
(H") for the bonding sites in the DEHP carrier. The effect of pH
on manganese removal efficiency over time at different levels of
pH of the donor solution is that the ideal region is the
maximum manganese removal efficiency of 66% achieved at pH
6, followed by 61% at pH 7 and about 55% at pH 5. Reduced
efficiency at low (acidic) pH occurs as follows: at pH 3, the
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Fig. 10 Effect of the pH on (a) Ni and (b) Mn removal efficiencies.
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efficiency declines markedly to 40%. This results from the fierce
competition between hydrogen ions (H') and manganese ions
(Mn”") for binding sites in the DEHP transporter, which
restricts the formation of transport complexes.

The effect of the pH of the donor solution on the concen-
tration of Ni and Mn ions accumulated in the acceptor solution
over time under electromembrane extraction (EME) conditions
is shown in Fig. 11. The highest Ni concentration in the
acceptor solution reaches approximately 3.9 mg L' after 5
hours at pH 5. Although the maximum Ni removal efficiency
from the original solution is observed at pH 6, pH 5 provides the
best net concentration in the acceptor solution. This indicates
that a medium at pH 5 achieves the optimal balance between
the removal of nickel from the source and the ability of the
receiving solution (which is usually highly acidic) to effectively
remove nickel from the DEHP transporter, ensuring the highest
accumulation concentration. Conversely, the efficiency
decreases sharply at the extremes. At pH 3, the concentration of
nickel decreases significantly to about 2.6 mg L™" due to the
intense competition from the high concentration of hydrogen
ions (H') at the binding sites on the DEHP carrier, which delays
the capture of nickel. At pH 8, the concentration rises to about
3.7 mg L™ due to the formation of nickel hydroxide (Ni(OH),),
which begins to precipitate in the original solution, decreasing
the number of the free Ni*" ions available for electrolysis.®
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The difference in the concentration of Mn in the acceptor
solution relative to the pH of the donor solution results from the
interaction between the efficiency of extracting manganese
from the source and the ability of the receiver solution to re-
release it. According to the diagram, pH 7 is the optimal pH
for manganese collection, with the concentration peaking at
about 3.9 mg L™ after 5 hours. At pH 7, the competition from
hydrogen ions (H') is minimal, which is vital for manganese
(Mn*") due to its weak affinity for the DEHP transporter
compared to that of nickel. This allows the carrier to gain and
transport the maximum amount of Mn>* across the membrane.
Despite the high pH, pH 7 remains within the range in which
manganese hydroxide (Mn(OH),) is not significantly precipi-
tated, leaving most of the ions available for extraction.*

The higher concentrations observed at pH 3 and pH 4,
around 3.5 mg L " and 3.2 mg L, respectively, can be clarified
by electrochemical propulsion as follows: although low pH
increases the competition from H' ions in the source solution,
a high H" concentration in the donor phase can aid the strip-
ping in the strongly acidic receiving phase, maintaining rela-
tively high concentrations there. At pH 5 and pH 6, the
competition from H' remains considerable for Mn, reducing
the transport efficiency. At pH 8, the concentration decreases to
approximately 2.4 mg L~ " due to Mn precipitation in the source
solution. Even though pH 8 is more basic, most manganese is in
the form of precipitated hydroxide, which makes it unavailable
for electrodialysis and thus lowers the final concentration in the
acceptor solution.>*

The analysis of the effect of the pH on the electric current in
the EME-SLM for the removal of Mn and Ni is shown in Fig. 12.
The figure shows that the pH greatly influences the movement
of ions, which translates directly into the measured electric
current. The current is an indicator of the activity of the posi-
tively charged Mn and Ni ions being transported across the
liquid membrane by the electric motive force. At pH 3, the
current is 34 mA, and at pH 8, the current reaches 67 mA. This
elevation indicates a significant increase in the movement of
the total ions across the membrane due to an increase in the
concentration of OH™ in the solution or an improvement in the
ionization of the extracted substance (carrier) in the liquid
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Fig. 12 Effect of the pH on the current.
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membrane, which generally facilitates the transfer of ions.>
Under basic conditions, Mn and Ni ions may begin to precipi-
tate as metal hydroxides before reaching the membrane. This
deposition reduces the removal efficiency even if the current is
high because the current may result from the movement of ions
other than the target metals. At neutral pH (pH 6 and 7), the
current shows high values (approximately 42 and 49 maA,
respectively). This pH range is typically best suited for heavy
metal removal. Mn and Ni ions are in their fully stable cationic
(positively charged) form, making them available for binding to
and transport carriers in the liquid membrane. The high
current strongly binds with Mn and Ni ions for binding sites
with the transport material within the membrane. This intense
competition reduces the transport of Mn and Ni ions, resulting
in an overall reduction in the current allocated to transporting
these metals across the membrane.*

Fig. 13 shows the effect of the initial pH (value in the range of
3-8) in the donor solution on the pH change in both donor and
acceptor solution over a 5 h period. The pH of the donor solu-
tion mainly affects the rate of transport of compounds through
the liquid membrane. The pH of the donor is selected to ensure
that the contaminants to be removed, Ni and Mn, are in their
appropriate ionic form, which enables their effective binding to
the carrier material within the liquid membrane. The positive
metal ion (Mn and Ni) extraction process is often more efficient
in medium-to-high pH (less acidic) environments, where there
is less competition from H' ions for the binding site. If the
donor solution is too acidic (low pH), the concentration of H"
ions will be too high. These ions will compete strongly with
metal ions to bond to the carrier. This competition reduces the
amount of minerals transported to the membrane, thus
reducing their concentration in the received solution.

The pH of the acceptor solution is the driving force for the
release of contaminants from the liquid membrane into the
clean solution. The donor determines the direction of the
acidity: for extraction, the acceptor solution is designed to be
highly acidic. When a liquid membrane is used, the hydrogen
ions in the receiving solution break the bonds between the
carrier material (which holds Ni and Mn) and metals. The
carrier releases its metals into the receiving solution and then
returns to the donor solution to capture more metals. The high
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Fig. 13 The effect of initial external pH on the donor and the acceptor
pHs.
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concentration of hydrogen ions in the receiver “attracts” the
metal ions from the membrane, ensuring that the receiving
solution becomes rich in the extracted minerals. The bottom
line is that the relationship between the pH of the donor and
the receiver is opposite and complementary to ensure that the
ions move in one direction."

4.5. Effect of the initial Mn and Ni concentration

Fig. 14a and b show the effect of the initial concentration of Ni
and Mn under optimal conditions (pH 6, 60 V, DEHP carrier,
and 5 h-contact time) on the competitive removal efficiency. The
removal efficiency of Ni ions reaches 84% at a 15 mg L™ initial
concentration. This elevation indicates that the increase in the
initial concentration in the low range (5 to 15 mg L") signifi-
cantly enhances the concentration gradient, which is the
driving force for the mass transfer of Ni ions across the
membrane, without the DEHP having yet reached the saturation
point. Once this optimal concentration is exceeded, the removal
efficiency begins to decline rapidly, reaching 62.3% at
a 30 mg L ! initial concentration; this decrease is due to the
limited saturation of the carrier in the liquid membrane. At
high initial concentrations, the number of Ni** ions increases
significantly, but the number of carrier molecules (DEHP) in the
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Fig. 14 Effect of the initial concentration on (a) Ni and (b) Mn removal
efficiencies.
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membrane remains constant. This leads to the saturation of
bonding sites, all active sites are quickly occupied, and a limited
flow rate is obtained (flux).”

The Mn>" removal efficiency is influenced by two opposing
mechanisms; at an initial concentration of 5 mg L', the
removal efficiency is 60.0%. As the concentration increases to
10 mg L™ " and 15 mg L', the percentage removal efficiency
increases to 66.0% and 71.3%, respectively. This elevation is
explained by the fact that an increase in the initial concentra-
tion leads to a sharp increase in the concentration gradient
between the donor solution and the membrane, which is the
main driving force of mass transfer. At this point, DEHP is still
sufficiently available to bind and transport most of the available
Mn ions, allowing for the highest relative efficiency at
a concentration of 15 mg L~ '. After exceeding the optimal
concentration (15 mg L"), the percentage removal efficiency
begins to decline rapidly to 60%, 52% and 48% at initial
concentrations of 20, 25, and 30 mg L', respectively. This
sharp decrease is attributed to the fact that the binding sites on
the carrier molecules (DEHP) have reached a state of saturation.
In brief, the percentage removal efficiency is affected by two
factors: the concentration gradient that increases the efficiency
and the saturation of the carrier that limits it. At high concen-
trations, the saturation effect overwhelms the thrust. The
superior removal efficiency of Ni (84%) compared with Mn
(71.3%) is mainly due to the difference in the chemical prop-
erties of the ions. The DEHP carrier demonstrates a clear
advantage in the selection of nickel ions and their ease of
transport under the determined operating conditions.*”

The influence of the initial Ni and Mn concentrations on the
acceptor concentration under ideal conditions (pH 6, 60 V,
DEHP carrier, and 5-hours contact duration) is illustrated in
Fig. 15a and b. Ni demonstrates a distinct direct correlation
between its initial concentration and its concentration at the
acceptor (Fig. 15a), rising from 0.9 mg L " at Ci = 5 mg L' to
4.6 mg L™ at Ci = 30 mg L. This result specifies that the
electrochemical motive force increases with increasing
concentration gradient, enabling the production of Ni-DEHP
complexes at the donor/membrane contact. An increased
concentration of primary Ni enhances mass transfer over the
membrane; however, the extraction efficiency may decrease at
elevated concentrations due to the saturation of carrier sites.

For Mn*" (Fig. 15b), the acceptor concentration is 1 mg L' at
Ci = 5 mg L ™" due to a deficient gradient, which constrains the
rate of Mn-DEHP complex formation. At Ci = 10 mg L™, the
acceptor concentration increases to 2.9 mg L™, indicating that
sufficient ions are present to achieve the semi-saturation of the
DEHP binding sites and maximize the transfer rate. However,
when the Mn concentration exceeds 10 mg L™ ", the extraction
efficiency decreases due to the saturation of carrier sites within
the membrane, coupled with increased resistance to mass
transfer resulting from increased viscosity or ion accumulation,
which impedes the release of manganese complexes. The
receptor solution exhibits a reduction in net extraction despite
the elevated driving force.*®

Fig. 16 shows the relationship between the competitive
initial concentration of Mn and Ni ions and current intensity.

RSC Adv, 2026, 16, 21099-21M4 | 21109


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra01873d

Open Access Article. Published on 21 April 2026. Downloaded on 6/14/2026 5:46:13 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

37 a/ Ni

% Ci-5
Ci-10

Acceptor concentration (mg/L)

0 o T T T T ]

2 3
Time (hr)

View Article Online

Paper
37 . ¥
3 % Ci-5 b/ Mn ¥
0 4 Ci-10
£ A—Ci-15 -
g —x—Ci-20
S 2 - x
g x—Ci-25 - i A—<A
£ 0 Ci-30 x x
3 A o )
g X
o 14 ¥ o
8
(="
D
b4 /
<
0 cF . r . .

>
1

2 3
Time (hr)

Fig. 15 Effect of the feed concentration on the Ni concentration (a) and Mn concentration (b) at the acceptor.

It's clear that when the competitive initial concentration of Mn
and Ni ions increased, current intensity as a result increased at
PH 6, 5 hours contact time, and by using the DEHP as a carrier.
This is clearly reflected in the recording of the highest Ci-30
concentration to the maximum current value of 68 mA, while
the lowest Ci-5 concentration recorded the minimum value of
35 mA. When the availability of reactants increased, the initial
concentration of active metal ions Mn** and Ni*" available per
unit volume increased. The higher this concentration, the
higher the numerical density of these ions in the solution.
These ions are involved in the basic electrochemical reaction,
which involves their cross-membrane transport (in the case of
an electrochemical cell with a membrane) or their migration
towards the electrode for the reduction process. According to
the laws of the kinetics of electrochemical reactions, the rate of
the reaction on the surface of an electrode (measured as the
electric current) is directly proportional to the concentration of
the reactant species on the surface of the electrode.' An increase
in the overall concentration of manganese and nickel in the
solution means that more ions can reach the pores of the DEHP
carrier and subsequently the surface of the electrode within
a certain period of time. This increases the rate of ion
consumption. It speeds up the process of electron transfer. The
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Fig. 16 Effect of the initial concentration on the current density.
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DEHP carrier typically acts as an extraction or transport agent
that facilitates the transfer of ions through an organic phase or
membrane. Regardless of the carrier's role in speeding up the
transport process, the determining factor of the total current
remains the initial concentration of the material being trans-
ported or reduced. At high concentrations, the number of ions
that are “captured” and transported by DEHP is greater, sup-
porting a higher electric current. In summary, it can be said that
the total concentration of manganese and nickel is the critical
driving force that determines the number of charge carriers
available for the reaction and thus directly controls the intensity
of the electric current produced.”

As shown in Fig. 17, experimental results show that
increasing the initial concentration of Mn and Ni ions acts as
a major driving force that enhances the flow rate of cations
through the supported liquid membrane (SLM). It is clearly
observed that the sharp reduction in the donor pH from 6.0 to
1.4 at high concentrations (30 mg L") is related to the “counter-
transport” mechanism, in which protons (H') migrate rapidly
from the acceptor phase to the donor to compensate for the
charge deficit caused by the movement of metal cations in the
opposite direction under the influence of the electric field. This
behavior suggests that an increase in the initial ion load
increases the polarization of the membrane, accelerating the
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Fig. 17 Influence of the initial concentrations of Mn and Ni on the pH
of the donor and the acceptor.

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra01873d

Open Access Article. Published on 21 April 2026. Downloaded on 6/14/2026 5:46:13 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

ion exchange dynamics to the state of electrochemical equilib-
rium. The stability of the acceptor pH at low levels also explains
the system's ability to accommodate continuous ion flow,
making the EME-SLM method a highly efficient option for the
treatment of heavy metal-contaminated water at varying
concentrations, where the transfer speed increases with an
increase in the initial concentration as a result of the increased
chemical voltage gradient across the membrane phase.

5. Proposed chemical mechanism

The chemistry in this study can be broken down into three
integrated processes as follows.

(1) Complexation chemistry: the carrier used (DEHP) is an
organophosphoric acid. At the interface of the aqueous solution
and the membrane, an ion exchange reaction and the formation
of a chemical complex occur. The suggested chemical equation
is as follows:

Mug)*" +2(HR), =M(R;'HR), +2Hu,",

2(org

where M** represents the ions of divalent metals (Ni** or Mn>")
in the aqueous phase; (HR), represents the carrier (DEHP) in
the membrane phase, where it is usually found as a dimer;
M(R;-HR),  is the metal-carrier complex that travels through
the membrane by the electric motive force; and H' represents
the hydrogen ions released into the aqueous solution as a result
of ion exchange.

(2) Electrochemical transport: since an electrical voltage (30—
60 V) is applied, the electric motive force (electromotive force)
accelerates the movement of these charged complexes across
the membrane. The electric field directs the complexes towards
the cathode (stainless steel), reducing the time required to
reach equilibrium compared to passive propagation.

(3) Ionic competition: chemically, nickel and manganese
compete for the phosphate groups of DEHP.

(1) Ni**: 84% because its ionic radius and hydration energy
increase its familiarity with DEHP in this medium.

(2) Mn>": 71%, the difference is due to the “stability
constant” of the complex formed with DEHP.

6. Economic feasibility

Although this study was conducted in the batch mode, the
proposed EME system shows promising indicators of economic
viability. We present a qualitative analysis of the economic
feasibility, highlighting the following advantages of the
proposed system over traditional methods as follows.

(1) Low energy consumption: the system relies on low volt-
ages (30-60 V) and very low currents, making the operational
cost related to electricity lower than that of conventional
electrolysis.

(2) Chemical efficiency: the use of the subsidized liquid
membrane (SLM) dramatically reduces the amount of the
organic carrier (DEHP) required, as the system consumes only
micro amounts, significantly reducing the cost of chemicals
compared to the “solvent extraction” method.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Energy consumption and specific values for removing nickel
and manganese metal ions

Removal Metal Specific energy
Metal efficiency (%) removal (g) (kwhg™)
Ni** 84 0.00084 14.3
Mn>* 73.1 0.000731 16.4

(3) Process intensification: the ability to remove two metals
in a single step and in a compact system reduces the capital
costs (CAPEX) required to create multiple processing units.

(4) Durability and membrane life: FESEM and AFM assays
show the stability of the membrane structure after operation,
suggesting that it can be reused for long periods, which is
a critical factor in reducing replacement and maintenance
costs.

/. Energy consumption

In order to determine the suitability and economic feasibility of
this technique under real conditions, the total energy
consumption was calculated according to the following
equation:*

E=VxIxt

where E is the energy consumption (W h), Vis the voltage (V), I
is the current (A), and ¢ is the time (hours).

The calculated energy consumption under optimal condi-
tions (60 V, 5 hours) was 12 W h (or 0.012 kW h). Assuming
a solution volume of 100 mL with an initial concentration of
10 mg L, the total amount of metal in the process system was
1 mg. The result, presented in Table 1, shows that the specific
energy for removing nickel (84%) was approximately 14.3 kW h
g~', while for removing manganese (73.1%), it was approxi-
mately 16.4 kW h g~". The relatively high values are attributed
to the small-scale nature of the laboratory experiments and the
low initial concentration. Energy efficiency is expected to
improve with increased operating volume or higher nutrient
concentrations.

8. Conclusions

This study concludes that electromembrane extraction (EME)
technology represents an efficient and sustainable way to
separate heavy metal ions from aqueous solutions, as the
results show that the efficiency of the process depends intrin-
sically on the synergy of chemical and electrical factors. It is
shown that increasing the operating time encourages the tran-
sition of the mass to the equilibrium state, and the type of
organic carrier plays a vital role in the success of the extraction,
as the DEHP carrier is proven to be superior to TEHP for the
transfer of ions due to its high chemical affinity. On the other
hand, the applied voltage is the primary driving force for
accelerating the migration of ions across the membrane and
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bypassing interstitial resistance, while the pH emerges as a vital
factor for regulating performance stability, especially at the
intermediate values that ensure the stability of the transported
complexes. Morphological tests, such as FESEM and AFM
analyses, support these conclusions, as changes in the surface
roughness and pore fullness confirm successful organic carrier
stabilization and ion exchange effectiveness, making this
technology a promising choice for industrial water treatment
processes. Although this study shows high efficiency at the
batch-experiment laboratory scale, further research is needed to
assess the membrane's stability over the long term in contin-
uous industrial operations.
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