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ARTICLE INFO ABSTRACT
Keywords: The aim of this work was to efficiently remove cobalt (Co) from aqueous solutions by using a
Cobalt novel Electromembrane Extraction (EME) technique. This novel electrochemical cell design

Electro-membrane extraction featured two distinct glass chambers, incorporating a Supported Liquid Membrane (SLM)

1-Octanol L composed of a polypropylene flat membrane saturated with 1-octanol and a carrier substance, as
Supported liquid membrane . . . ..
DELP well as electrodes constructed from graphite and stainless steel. The investigation covered an

exploration of various effective parameters like, carrier type, voltage across the cell, donor so-
lution pH, and the initial Co concentration, with the overarching goal of comprehending their
individual effect on Co removal efficiency. Notably, two different carriers, tris(2-ethylhexyl)
phosphate (TEHP) and bis(2-ethylhexyl) phosphate (DEHP), were systematically evaluated in
combination with 1-octanol. The findings underscored the pivotal role of the cell voltage in
significantly enhancing the mass transfer rate of cobalt across the membrane, thereby advancing
the effectiveness of the removal process. After a comprehensive optimization process, the optimal
operating conditions were established as follows: employing 1-octanol with 1.0 % v/v bis(2-
ethylhexyl) phosphate as a carrier, applying a voltage of 60 V, maintaining an initial pH of 5,
utilizing an initial cobalt concentration of 15 mg/L, conducting an extraction for 6 h, and
employing a stirring rate of 1000 rpm. Remarkably, these conditions led to the attainment of an
impressive removal efficiency of 87 %. In stark contrast, when no voltage was applied, the
removal efficiency did not surpass 40 %. This underscores the pivotal role of the applied voltage
in enhancing the cobalt removal process under the specified conditions.

1. Introduction

Cobalt is a transition metal that is widely used in various industrial applications such as batteries, superalloys, and catalysts. Cobalt
is also an essential element in the human body, and its deficiency can lead to several health issues. However, cobalt exposure can also
lead to health problems, and therefore, its detection and removal from contaminated water sources are of great importance [1-5].
Chemical precipitation, adsorption, and membrane filtration are among the diverse techniques that have been developed for the
purpose of removing cobalt from water sources [6,7]. The limitations of high cost, low selectivity, and the need for extensive treatment
are commonly associated with these techniques. As a result, alternative methods such as EME have been proposed to address these
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challenges and achieve efficient removal of cobalt from aqueous solutions [8].

In the field of environmental chemistry, Electromembrane extraction (EME) has emerged as a contemporary and effective
extraction method, gaining popularity in recent times. By integrating electrophoresis and membrane-based extraction, this technique
offers a selective and efficient means of extracting target analytes from complex samples. The fundamental principle of EME involves
utilizing an electrical potential to propel organic or ion species from the sample matrix, passing through a porous membrane, and
ultimately reaching a receiving phase. EME presents numerous advantages, including notable selectivity, high efficiency, and minimal
sample preparation requirements. These factors contribute to the appeal and applicability of this method in various analytical and
environmental scenarios [9,10].

Electromembrane extraction is a well-established technique for the extraction of various organic and ion species from aqueous
samples in the analytical chemistry. EME uses an electric field to move analytes from the sample solution across a thin organic liquid
membrane, which is supported by a porous fiber. The analytes are then trapped in the organic phase and can be subsequently analyzed
by various analytical techniques [11,12]. In the EME technique, a supported liquid membrane (SLM) serves as the extraction medium.
SLMs consist of thin liquid layers supported by a porous membrane. The choice of liquid phase in the SLM is crucial, as it should possess
solubility and selectivity characteristics suitable for the target analytes. The porous membrane facilitates the transport of ions from the
sample matrix, passing through the SLM, and ultimately reaching a receiving phase. EME stands out as a green and efficient method
that has found application in the extraction of diverse metal ions, including cobalt. Its environmentally friendly nature and effec-
tiveness make it a valuable approach in various extraction processes [13-16].0n the other hand, the sensitivity of EME could be
increased since using small volume of the acceptor phase could result in large enrichment factors. Besides, if the electric potential is not
applied properly, a direct bearing on specific EME characteristics could be resulted which compromise the advantages of EME [17].

Recently, a modified EME called gel electromembrane extraction (G-EME) was applied to extract target analytes from the donor
phase through a biopolymer membrane towards the acceptor phase under the effect of an electric field [18,19]. In this method, various
biopolymer membranes were used involving polyacrylamide, agarose, agar, tragacanth, and chitosan.in spite of considering G-EME as
a very interesting method for future green analytical chemistry, many drawbacks and challenges encounter this method such as lack of
aqueous-organic solvent interface, high electro-endosmosis (EEO), and low selectivity. Besides the size of two phases (donor and
acceptor) undergo a change in size during extraction resulting from EEO [19]. However, the application of this method for heavy
metals extraction is still at an early stage and needs further research [18,20].

One of the challenges in the EME of cobalt is the selection of a suitable organic solvent that can effectively extract cobalt from the
sample solution. In recent years, the use of supported liquid membrane as an alternative to the traditional organic liquid membrane in
EME has gained significant attention. The use of SLM in EME has several advantages including lower solvent consumption, improved
extraction efficiency, and higher selectivity [21-24]. A progress was made by Bhatluri et al. [25]by enhancement of cadmium and lead
removal in SLM via integrating with in-situ electrodeposition of heavy metals on the cathode where in their work, two electrodes were
kept inside the acceptor phase only. The same author in further research applied the same procedure to remove both zinc and nickel
from aqueous solutions [26]. However, applying voltage difference across SLM would give better results since by accelerating mass
transfer of heavy metals due to electric field in addition to the transfer as a result of concentration difference [27].

Few studies have been conducted on the application of EME for the extraction of cobalt from aqueous samples [23,27]. Kuban et al.
[27] used porous polypropylene hollow fiber for extraction of cobalt by applying voltage from 0 to 300 V while Davarani et al. [23]
used EME for extraction of cobalt from aqueous media based on flat membrane. However, further research is necessary to optimize the
parameters of EME and enhance the method’s efficiency and selectivity.

This paper aims to investigate the effectiveness of EME using SLM for cobalt extraction from simulated wastewater. To achieve this
objective, a new configuration was used for the electrochemical cell that differs from previous studies [23,27]. The new configuration
involves two interconnected glass chambers connected by a flexible holder composed of two airtight cups made from Teflon and
contains four screws and nets that permits assembling and dismantling the cell with more easiness. Between these chambers, a selective
membrane (SLM) was installed. Moreover, two electrodes were used in the cell, the first is a stainless-steel plate was used as a cathode
while the second is a graphite plate was used as anode. These electrodes offer the advantage of cost-effectiveness with feasibility of
their scale up, which had not been previously used in the previous studies for removal of heavy metals [23,27]. Stainless steel electrode
has been used as a spiral ended in EME of dibutyl phthalate (DBP) where good results were obtained [28,28] and for cobalt removal
using bioelectrochemical system [29]. The study comprehensively examined different parameters, including the carrier type, voltage
across the cell, donor solution pH, and initial cobalt concentration, to evaluate their impact on the cobalt extraction process. By
analyzing these parameters, the study aimed to enhance the understanding and effectiveness of EME using SLM for cobalt extraction
from simulated wastewater.

2. Experimental
2.1. Chemicals

In all experiments, donor and acceptor solutions were prepared using deionized water. The source of cobalt ions is Co(NO3)2.6Ho0
with a purity of 99 % supplied from Central Thomas Baker (Mumbai, India). HCI purchased from Thomas Baker (Ambernath, India)
was used to prepare the acceptor solution at a concentration of 0.1 N. 1-octanol was used as an organic solvent in the preparation of
SLM and purchased via Central Drug House (Delhi, India).

Two distinct carrier compounds were obtained from Shanghai Macklin Biochemical, located in Shanghai, China, for the specific
purpose of cobalt removal via the sophisticated Electromembrane Extraction (EME) process. Two carrieres were used tris(2-
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Fig. 1. EME system.

ethylhexyl) phosphate (TEHP)and bis(2-ethylhexyl) phosphate (DEHP). To precisely regulate and maintain the pH levels throughout
the extraction process, solutions of 0.1 M NaOH (Sodium Hydroxide) and 0.1 M HCl (Hydrochloric Acid) were skillfully employed. It is
pertinent to note that the sodium hydroxide used possessed an exceptionally high purity level of 99 % and was meticulously sourced
from POCH, an esteemed supplier in Poland. For the integral solid substrate component within the Supported Liquid Membrane (SLM)
setup, a meticulously selected membrane sheet made from polypropylene was purchased from Jian City Qing Feng Equipment Material
Co., China. This polypropylene membrane sheet has pore size of 0.1 pm, and its thickness ranged meticulously from 0.18 to 0.22 mm,
thereby serving as an essential and precise component of the SLM configuration.

2.2. Electromembrane extraction system

The cell of EME (Fig. 1) consists of two chambers, each one 137.44 mL in volume. The shape of first chamber was cylindrical and
contains 100 mL feed solution called the donor phase. Its dimensions were 7 cm in length and 5 cm in diameter. The first chamber was
connected laterally with a horizontal cylindrical channel having an inside diameter of 3cmm and a length of 3 cm located above the
bottom of the chamber at a distance of 2 cm. The same configuration was adopted for the second chamber. Two Teflon cups were used
as covers for the chambers. Each one has a diameter of 4.8 cm and a thickness of 10 mm. Each cover has two holes: the first one for
inserting the electrode while the second for feeding the solutions. A graphite plate with length of 5 cm, thickness of 5 mm, and width of
3 cm was used as an anode. Graphite was selected as cheap anodic material and to enhance water oxidation on its surface [29,31]. A
stainless steel 316L plate was used as a cathode. It has a thickness of 2 mm with length of 5 cm and width of 3 cm. This marks the first
instance of using these electrodes in an EME system, causing a reduce in cost of fabrication in comparison with Pt electrodes. A
polypropylene sheet with circular shape having an active surface area of 7 cm? was used as a solid frame then impregnated for 15 min
with a solution containing 1-octanol with a suitable carrier. Ubsequently the setup was assembled by joining the two chambers
together with the aid of two Teflon cups. To ensure the integrity of the assembly and prevent any potential leakage, the edges of the
horizontal channels were sealed with RTV silicone rubber. Additionally, four screws and nets were used in assembly process for
enhancing the stability yof system. These measures collectively contributed to a secure and leak-resistant configuration for the
experimental setup.

The experimental setup included two magnetic bars situated within the acceptor and donor chambers to ensure consistent mixing of
solutions at a constant stirring rate. A magnetic stirrer (Type/18490010, Metrohm AG, Herisau, Switzerland) equipped with variable
rotation speed capabilities of up to 1000 rpm was employed for this purpose. Voltage application during EME was achieved using a
power supply type UNI-T/UTP3000 made in Hong Kong with a range spanning from 20 to 60 V. To ensure precise measurement of the
current applied across the cell, an ammeter has the option of measuring the current up to 0.2 A was connected in series with the power
supply. Its type was UNI-T, Kowloon made in Hong Kong. All experiments of EME were performed at room temperature. Upon the
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Fig. 2. Effect of extraction time. Feed solution: deionized water; initial cobalt concentration: 15 ppm; pH: 5; SLM: 1-octanol with DEHP (1 % v/v);
voltage:60 V; stirring rate: 1000 rpm; acceptor solution: 0.1 M HCIL.

completion of each run, each of donor and acceptor solutions were placed on 100 mL beakers separately. To ensure accurate mea-
surement of cobalt concentration by atomic absorption spectroscopy (AAS) without potential interference from the solvent (1-octanol)
employed for the Supported Liquid Membrane (SLM), the collected solutions underwent complete evaporation. Subsequently, the vials
were refilled with deionized (DI) water in the same evaporated volume, followed by cobalt concentration measurement using AAS
[30].

2.3. The analysis and measurements

The quantification of cobalt (Co) concentration was executed with a high degree of precision employing the state-of-the-art an
atomic absorption spectroscopy type-AA-7000, SHIMADZU. This advanced instrument was meticulously configured with a specialized
air-acetylene flame setup, ensuring a high level of precision in the analysis process. For the accurate determination of Co"2+ levels
through Atomic Absorption Spectroscopy (AAS), a specific and well-optimized wavelength of 240.7 nm was judiciously selected,
further enhancing the accuracy of the measurements. To precisely assess and monitor pH values throughout the experimental pro-
cedures, a portable pH meter of exceptional quality, procured from HANNA, a trusted source based in Romania, was deployed. This
sophisticated pH meter was instrumental in delivering accurate and reliable pH measurements, an integral aspect of the meticulous
experimental process. This pH meter consistently provided accurate and dependable pH measurements throughout the entirety of the
experimental procedures. To calculate the efficiency of cobalt removal, Equation (1) was adopted as the standard methodology [29,31,
32]:

RE(%) =S - S w100 @
Where C; symbolizes the initial Co concentration (ppm) in the donor phase while C¢ represents the measuring Co concentration in ppm
at the end of electrolysis (At).

3. Results and discussion
3.1. Selection the time of removal

The duration of the extraction process emerged as a pivotal factor significantly influencing the efficiency of cobalt removal. In the
course of this study, the impact of time was methodically investigated, spanning a range between 1 and 9 h. Fig. 2 provides a vivid
illustration of the findings. These outcomes demonstrated a progressive decline in cobalt concentration during donor phase, ultimately
reaching a very low level of 2 ppm, while also producing a peak removal efficiency at an astounding rate of 87%, particularly at the 6-h
mark. However, surpassing this critical 6-h threshold, a noteworthy phenomenon was observed, wherein the cobalt concentration
experienced a discernible resurgence, ascending to 4.5 ppm at the 9-h mark. This intriguing observation signifies a diminishment in
EME stability as the extraction duration being higher than 6h of the extraction period. Long extraction times could potentially start the
dissolution and release of some SLM from its two sides into the surrounding solutions within the cell’s chambers. This phenomenon
could be caused a decrease in SLM thickness, which could possibly hinder the complete segregation between the doner and acceptor
phases. Consequently, this could inadvertently facilitate the undesired transfer ions in a reverse direction from the acceptor to the
donor phase. Similar observations and supporting evidence for this hypothesis have been previously documented by Davarani et al.
[23,33]. Furthermore, Meng et al. [34] in their investigation of Cadmium (Cd) electromembrane extraction highlighted the impact of
membrane thickness on mass transfer, specifically under the influence of terminal current intensity. In our own study, the current rose
from 20 mA at 6 h to 100 mA at 9 h, which would cause the membrane thickness to significantly decrease after 6 h. These findings
underscore the pivotal role played by membrane thickness in shaping the dynamics of the extraction process. The same phenomena
was observed by Balchen et al. [35] in their work for isolation of peptides from plasma by EME where a sudden increase in current was
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Fig. 3. Impact of carrier type on Co removal. Feed solution: deionized water; initial cobalt concentration: 15 ppm; pH: 5; voltage:60 V; stirring rate:
1000 rpm; acceptor solution: 0.1 M HCI; extraction time: 6 h.

occurred beyond 600s resulting in a bubble formation with a partial evaporation of the acceptor causing EME system being an
unstable.

Based on present results, a time of extraction equal to 6 h is preferred since effective cobalt removal by EME was achieved. Hence, 6
h was fixed as an extraction time in studying the impact of other variables.

3.2. Carrier type selection

Within the process of transfer facilitated by an electric field, the using of carriers assumes a pivotal and catalytic role. These carriers
are strategically to organic solvents and play a fundamental role within the intricate transfer mechanism. Notably, a prominent shared
characteristic among these carriers is their inherent hydrophobic nature, which defines their modus operandi inside the solution via
diffusion facilitated by the organic solvent. It is hypothesized that a proton-driven process serves as the primary basis for the effective
transportation of heavy metal cations across these carriers. Analyte and proton ions are exchanged between the acceptor solution and
carrier in a well planned procedure that is the basis for this transport mechanism. Then, analyte and proton ions are exchanged be-
tween the donor solution and carrier [36]. Importantly, the using of electric current serves to enhance and optimize the intricacies of
this mechanism, thus elevating its efficiency and effectiveness [27]. Hence, choosing a suitable carrier is a vital step that initially
should be determined in the EME process [37].

In this study, two types of compounds, namely bis(2-ethylhexyl) phosphate (DEHP) and tris(2-ethylhexyl) phosphate (TEHP), were
examined after dissolving in 1-octanol to remove Co from solutions. For every carrier, a concentration of one percent (v/v) was chosen.
Based on earlier studies that demonstrated 1-octanol’s greater water immiscibility and effectiveness in extracting heavy metal cations,
it was selected as the solvent [27,34]. This property confirms that 1-octanol stays within the pores of membrane with preventing its
dissolution towards the acceptor or donor phases along stirring [38]. The effect of carrier type on CO elimination during a 6-h period is
depicted in Fig. 3.

The results indicated that DEHP (bis(2-ethylhexyl) phosphate) outperformed TEHP (tris(2-ethylhexyl) phosphate) in terms of
cobalt removal efficiency, achieving an impressive removal rate of 87 %, compared to the 66.67 % achieved with TEHP. This trend
aligns with same observation noted during cadmium removal by EME achieved by Meng et al. [39]. Additionally, it is noteworthy that
a body of prior research studies has consistently affirmed and substantiated the remarkable extraction capabilities of DEHP (bis
(2-ethylhexyl) phosphate). DEHP has demonstrated its exceptional efficacy in the extraction of a diverse array of metal ions, spanning
the spectrum from bivalent to trivalent ions. This empirical evidence underscores the versatility and effectiveness of DEHP as a carrier
in various extraction processes, further solidifying its significance in the field of analytical chemistry and metal ion separation
methodologies [40,41]. Additionally, Davarani et al. [42] found that DEHP enhanced the transport of some cations while TEHP
enhanced the other so they tried different ratios of theses carriers and observed that an improved result was obtained when utilizing a
ratio of 1:1 for DEHP and TEHP during extraction of different heavy metals. Bhatluri et al. [25] used DEHP as a best carrier in removal
of lead and cadmium from synthetic solution.

3.3. Impact of applied voltage

EME operates based on the utilization the electric field to increase transmission through SLM. The electric field strength, in turn, is
determined by the applied voltage, which significantly influences the movement of ions [43]. In this study, five different voltage values
ranging from 20 to 60 V were tested to assess their impact on cobalt removal using EME. The effect of applied voltage on cobalt
removal is shown in Fig. 4.

The findings unequivocally show that a decrease in the final Co concentration at the donor phase, which drops from 7.2 to 2 ppm
after a 6-h extraction time, is correlated with an increase in voltage values, which range from 20 to 60 V (see Fig. 4A). Furthermore, this
elevation in voltage levels leads to a corresponding enhancement in the efficiency of cobalt removal, with the removal efficiency (RE%)
surging from 52 % to an impressive 87 % (refer to Fig. 4B). These findings underscore the pivotal role of the applied voltage in
enhancing the mass transfer of cobalt across both phases and within the DEEHPA-Co(II) complex within the selective liquid membrane
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Fig. 4. The impact of voltage on parameters: A) Co concentration at the donor solution, B) Efficiency of Co removal, C) current, D) Co concentration
at the acceptor, E) donor pH, and F) acceptor pH. The Feed solution: deionized water; initial cobalt concentration: 15 ppm; pH: 5; SLM: 1-octanol
with DEHP (1 % v/v); acceptor solution: 0.1 M HCI; stirring rate: 1000 rpm; extraction time: 6 h.

(SLM).

A similar pattern of behavior was observed in the study conducted by Meng et al. [34] during removal of cadmium via EME, where
they found that 60V is the optimal applied voltage. In their work, higher voltages were found to induce selective liquid membrane
(SLM) instability. Conversely, Davarani et al. [23] found that a reduction in cadmium extraction efficiency as the voltage being higher
than 60V. This decline was ascribed to membrane instability and hydrogen bubbles liberation on the cathode, as the potential of the
cathode increased with higher applied voltages. Additionally, Kuban et al. [27] discovered that the removal efficiency of cobalt
exhibited a linear increase with the incremental elevation of applied voltage, up to 75V. Beyond this optimal threshold, a reduction
was observed in the removal efficiency. Hence, the choice of right extraction voltage is of paramount importance in achieving efficient
cobalt removal, as excessively high voltages beyond the optimum value may lead to membrane instability and a reduction in the
removal efficiency.

The relationship between voltage and electric current flowing through the cell in EME is graphically depicted in Fig. 4C. Notably,
there is a discernible increase in electric current with the elevation of the applied voltage. This observation provides valuable insight
into selecting the most suitable voltage values for this system. A similar trend was observed by Davarani et al. [23] and Meng et al.
[39].
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Fig. 5. Impact of initial donor pH on parameters: A) Co concentration at donor phase, B) removal efficiency of cobalt, C) current, D) Co con-
centration at the acceptor, E) donor pH, and F) acceptor pH. Feed solution: deionized water; initial cobalt concentration: 15 ppm; SLM: 1-octanol
with DEHP (1 % v/v); voltage:60 V; stirring rate: 1000 rpm; acceptor solution: 0.1 M HCI; extraction time: 6 h.

Furthermore, the impact of applied voltage on Co concentration at the acceptor chamber is depicted in Fig. 4D. The data illustrates
that at lower voltages (<40V), the cobalt concentration in the acceptor chamber exhibits a linear increase over time. Conversely, when
the voltage surpasses 40V, the cobalt concentration in the acceptor chamber reaches a level where a plateau is observed, after which
the concentration continues to increase with time. These observations emphasize the pivotal role played by voltage in adjusting Co
concentration inside the chamber of acceptor. Hence, voltage management can effectively be used to control the transport of Co ions
and accumulating them at the acceptor phase.

During EME operation, two primary electrochemical processes occurred on the cathode and anode in the acidic solution. These
reactions are as follows [44]:

At Cathode

2H"(aq) + 2e— — Hy(g) (Ey = +0.0Vvs.SHE) )
At Anode

H,0 (1) »2H"(aq) + 1/20,(g) + 2e— (E o = +1.23Vvs SHE) 3)



N.R. Kadhim et al. Heliyon 9 (2023) 22343

The accumulation of cobalt ions within the acceptor chamber is an intricately choreographed process characterized by the
simultaneous interplay of multiple transfer rates, which collectively and intricately effect on Co concentration profile inside the
acceptor chamber. As the fundamental mechanism, cobalt ions embark on a journey from the donor phase to the acceptor phase,
traversing SLM propelled by their interfacing with DEHP [34]. Concurrently, a counterflow phenomenon unfolds, involving the
migration of H' ions from the acceptor phase back to the donor phase. It is of paramount significance to note that the rate of cobalt ion
transfer experiences a remarkable acceleration with increasing in the applied voltage. Moreover, H' ion generation rate undergoes
augmentation, a consequence of the electrochemical process of oxidation water transpiring at the anode, as elucidated by Eq. (3). This
intensified generation of H ions consequently lead to a marked increasing in the levels of acidity at the donor phase, further
accentuating the intricate interplay of electrochemical factors governing the cobalt ion transfer process.

inside the acceptor phase, two pivotal reactions happened namely the electrodeposition of cobalt and the generation of Hy (as
defined by Eq. (2)). The transfer rates of both cobalt and H+ ions towards the cathode are intricately dependent on parameters like the
potential of electrode, pH levels, and Co concentrations. Accordingly, cobalt accumulation rate at the acceptor phase is contingent
upon the collective interplay of all these multifaceted transfer processes transpiring within acceptor phase. At low voltages, the
concentration profiles shown in Fig. 4-D indicate that initially, the rate of cobalt electrodeposition is lower than cobalt transfer rate
across the membrane. Nevertheless, with progressing time, Co electrodeposition rate increases and surpasses Co transfer rate through
SLM. This causes a decrease in the cobalt concentration within the chamber, resulting in the observed peak in the concentration profile.

Conversely, the concentration profiles shown in Fig. 4-D at high voltages show that during the EME operation period, the co-
deposition rate is consistently lower than the co-transfer rate across SLM. This can be ascribed to the influence of H; generating
rate that competes with cobalt electrodeposition. The cobalt reduction potential (Eg = —0.277V vs. SHE [29]) is above Hy generating
potential, therefore, cobalt concentration increases over time at the acceptor chamber due to that most of current goes to hydrogen
generation not for cobalt electrodeposition. This novel finding has not been previously reported in existing research.

One of new main results of this study relates to the observed pH profiles within both the donor and acceptor chambers during the
EME operation, as graphically depicted in Fig. 4-E and 4-F. Notably, a substantial alteration in pH values was discerned for each phase
(donor and acceptor) with the augmentation of applied voltage. As the extraction process progressed, a conspicuous increase in H+ ion
generation was observed, culminating in heightened acidity within the phase of donor, as visually evidenced in Fig. 4-E.

At the phase of acceptor, an intricate competition unfolded between the generation of Hy and Co reduction. Results indicate that
lower voltage levels induce a more alkaline solution compared to the pH at higher voltage, as demonstrated in Fig. 4-F. Hence, this
phenomenon underscores that acceptor solution pH is intricately affected by the equilibrium between Hy evolution and cobalt
reduction, a balance that hinges on the applied voltage.

Based on the insights garnered from the results, it can be concluded that an applied voltage of 60 V yields the highest removal
efficiency of cobalt when utilizing EME system. Accordingly, 60 V was chosen as the optimal value in further studying effects of other
experimental parameters.

3.4. Impact of initial donor pH

Cobalt ions could be remained soluble in water up to pH 9 since the solubility product constant (Ksp) of cobalt hydroxide is 5.92 x
10715 [45]. To confirm the effectiveness of the process in line with previous works [23,34], pH range for runs was chosen to be between
3 and 8, since values below 3 are not recommended.

According to Pedersen-Bjergaard et al. [46], the enhancement of ion transport and flow through SLM can be achieved by main-
taining a balance. In our study, the acceptor solution was kept at a constant pH value of 1, which was achieved by using 0.1 M HCL.
Choosing acceptor medium based on HCI was grounded on previous observations [23]. Howvere, other studies utilized HNO3 as the
acceptor medium [34].

Fig. 5 clearly illustrates how the pH donor affects the extraction of cobalt and removal efficiency by showing changes in a number of
critical parameters, including cobalt removal efficiency, cobalt concentration at the donor, cobalt concentration at the acceptor, pH of
the donor, and pH of the acceptor, all of which change over time with respect to the initial pH of the donor. Fig. 5-A provides in-
formation about the profile of cobalt concentration in the donor solution, and Fig. 5-B illustrates how pH affects the effectiveness of
cobalt removal. Results unveiled in this analysis underscore that the highest efficiency of Co removal is achieved at a pH of 5. However,
it is noteworthy that this efficiency experiences a marked decline, plummeting to approximately 60 %, when the pH strays beyond 7 or
decreases below 4. This implies that within the pH range of 4-7, the interaction between cobalt and DEHP is maximally efficacious.
Conversely, at pH lower than 4, DEHP suffers heightened protonation, obstructing its active attachment with ions [27]. At elevated pH
levels, cobalt ions (Co(II)) have the tendency of forming complex species that can notably influence their transport through the
membrane.

According to these findings, pH 5 was chosen for further investigation of the influence of other factors to ensure the DEHP stability.
Meng et al. [34] also found the same behavior in removal of Cd by EME, although their removal efficiency stayed unchanged above pH
of 5. On the other hand, Davarani et al. [23] preferred medium with high alkalinity when using a mixture of TEHP and DEHP. Similar
value of pH was taken as the best by previous works [25,26].

Fig. 5-C shows how pH affects the current flow through the cell. It is observed that deviating from pH 5 by decreasing it, leads to a
reduction in the current flowing through the cell. The counter-transfer of H" and Co®" ions play a significant role in controlling the
value of current across the SLM.

The effect of initial donor pH on Co concentration at the acceptor is illustrated in Fig. 5-D. It is evident that at all pH values, the
concentration of the acceptor increases initially, reaching a plateau region, and then starts to increase. This trend could be explained by
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Fig. 6. Impact of initial Co concentration on parameters: A) Co concentration at the donor, B) the efficiency of cobalt removal, C) current, D) Co
concentration at the acceptor, E) donor pH, and F) acceptor pH. Feed solution: deionized water; SLM: 1-octanol with DEHP (1 % v/v); voltage:60 V;
stirring rate: 1000 rpm; acceptor solution: 0.1 M HCI; extraction time: 6 h.

looking for the net transfer of cobalt at the acceptor phase. At initial stage, the rate of electrodeposition is lower than the Co transfer
rate across SLM. Consequently, with progress in time, Co electrodeposition rate increases and surpasses Co transport rate, resulting in a
plateau region. This particular finding has not been mentioned in previous research.

As seen in Fig. 5-E, the donor pH shows a progressive decline over time, finally settling around a value near 1 at most initial donor
pH levels. The fact that all donor pH values—aside from pH 3—saw a significant decline in pH within the first hour is very noteworthy.

Moreover, Fig. 5-F illustrates the impact of the donor’s initial pH on the acceptor pH and shows an interesting pattern. The pH of the
acceptor increases initially and then starts to fall. But it’s important to note that when the initial donor pH is set at 5, the acceptor pH
decreases in the last phases, albeit less dramatically.

3.5. Impact of initial Co concentration

The impact of varying the initial Co concentration on the EME system was investigated in this study, ranging from 5 to 25 ppm.
Fig. 6 illustrates the results obtained from this investigation, highlighting the effect of different cobalt concentrations on the EME
system. Fig. 6-A shows the profile of Cd concentration versus time at different initial Co concentration where increasing the initial Co
concentration led to getting higher final concentration of Co.



N.R. Kadhim et al. Heliyon 9 (2023) 22343

Table 1

Comparison the removal of cobalt by EME with the case of removal without applied voltage.
Time(hr.) 0 1 2 3 4 5 6
EME: Co (II), ppm 15 10 8 6.5 5.3 4 2
ME: Co (II), ppm 15 14.3 13.6 12.3 11.5 10.0 9.6

Experimental results shown in Fig. 6-B, offer insights into the intricate relationship between the initial Co concentration and its
removal efficiency during EME operation. The findings elucidate that as the initial concentration of Co (II) increases, there is a
concurrent decrease in removal efficiency. Precisely, the efficiency of removal diminishes to 68 % at concentration of 25 ppm while it
was87 % at concentration of 15 ppm. Notably, it is important to mention that at Co concentrations lower than 15 ppm, a little decrease
in the Co removal efficiency is detected when compared to cases with higher concentrations. Remarkably, these behaviors in the line
with prior research findings by Swain et al., even without accounting for the current effects [47]. Furthermore, the removal rate shows
a more pronounced initial phase when confronted with cobalt concentrations above 15 ppm. This is in contrast to a linear trend
observed at lower concentrations. This particular behavior serves as compelling evidence of the efficient diffusion transfer of Co(II)
across the membrane, which is a direct result of the judicious choosing DEHP for the EME system. Additionally, it’s noteworthy that as
the cobalt concentration increases, there is a proportional rise in the current flowthrough the cell, as convincingly demonstrated in
Fig. 6C.

Fig. 6-D furnishes a captivating perspective into the intricate relationship between the initial Co concentration at donor with Co
concentration at acceptor phase. The findings unveil distinctive behaviors contingent upon the initial concentration of cobalt. In the
initial stages, the Co(II) concentration within the acceptor phase experiences a noticeable ascent, achieving a plateau after approxi-
mately 2-4 h, after which it embarks on an ascending trajectory once more. It is worth noting a particular exception in the case of an
initial concentration of 5 ppm, where a unique peak is conspicuously observed at the 3-h mark. This intriguing behavior can be
attributed to the nuanced interplay and competition between the rates of cobalt ion transfer from the donor chamber to the acceptor
chamber via SLM. Within this complex dynamic, some of these cobalt ions undergo a process of electrodeposition on the cathode, while
others persist within the acceptor phase. Consequently, this intricate competition between these two concurrent processes engenders
the observed concentration dynamics, shedding light on the multifaceted nature of the cobalt ion transfer mechanism in the context of
EME. At the begin of EME process, donor pH undergoes a quick decline, particularly evident in the initial stage. Following that, it
shows a gradual reduction over time, as shown in Fig. 6-E. The acceptor pH profile behaves indistinguishably for all starting con-
centrations. As seen clearly in Fig. 6-F, the pH increases at first before starting on a downward track.

3.6. Comparison with membrane extraction without applied voltage

According to results of present work, the optimal conditions for cobalt removal by EME were an acceptor solution with pH of 5
containing cobalt ions at a concentration of 15 ppm, an acceptor solution containing 0.1 M HCl, SLM composed of DEHP (1 % v/v)
dissolved in 1-octanol, a stirring rate at1000 rpm, a voltage of 60 V, and an operation time of 6 h. Two runs were performed for
evaluating the role of voltage on extraction process via SLM. Both of them at the same optimum conditions except the second without
applied voltage. The results are shown in Table 1. It was observed that applying the voltage has an essential role on the mass transfer
hence increasing the removal efficiency where it was raised from 51 % in case of no voltage to 87 % in case of applying 60 V. This
enhancement is compatible with the Meng et al. [34] observations where they reported a rise in Cd removal from 81 % in case of no
voltage to 99.9 % in case of applying 60 V after 9 h. It should be noted that Meng et al. [34] achieved a cadmium concentration of 1
ppm after 6 h. While in the present work, a minimum concentration of cobalt (2 ppm) was achieved at 6 h. Hence to reduce the
concentration below this value, the SLM showed be replace with fresh one (see Fig. 1) and continuing the electrolysis for further time to
the desired level of cobalt.

The electrical energy consumption (EEC) in kWh/m3could be estimated using the following equation [48]:

Ixt
pre- U1t @

Where (I) represents the applied current in ampere and U denotes the cell voltage in volt (V), While v is the volume of solution in liter.

It is important to mention that during the application of 60 V, the required current is very small during EME in milliampere and it
was increased from 5 mA to 20 mA during 6 h resulting in of average electrical energy consumption of 45 kWh/m? (based on Eq. (4))
which is lower than the traditional electrochemical methods [49,50].

3.7. Comparison of present work with previous studies

Table 2 shows a comparison of the present method with tradition solid liquid membrane method used for cobalt extraction. A few
works were published regarding removal of cobalt by tradition SLM. It was cleared that applying electrical field give an enhancement
in removal of cobalt from feed phase at lower extraction from a lower concentration of cobalt in comparison with previous works.
Besides using cheap solid membrane material with available solvent and carrier has another advantage in comparison with previous
works. This comparison indicates the important of EME as a valuable separation process for heavy metals.
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Table 2
Comparison with traditional SLM.
Type of process Conditions Removal Ref.
efficiency
SLM with microporous [Colfeed = 10 mol/m?, feed pH = 6.00, [Cyanex272] memp. = 750 mol/m> 50 % at7 h 47
hydrophobic PVDF film [Hz SO4 Istrip = 100 mol/m® 99.99 % at 24
h
SLM with millipore Durapore Feed phase: 0.01 g/1 cobalt (II) at pH 4.75. Membrane phase: (10 % v/v DP8R + 10 % v/ 77.9 % at 4 h [511
GVHP4700 PVDF vAcorga M5640) in Exxsol D100. [ Hy SO4 lstrip = 25 g/L
SLM with Millipore Durapore 0.265 kg/m3 cobalt(Il) solutions in 0.2 M acetate buffer, pH 5, 3491 %at2h [52]
GVHP 10 Membrane phase: 10 % solution of CYANEX 272 in commercial paraffin
Hj SO4 Istip = 0.2 M
EME with SLM polypropylene SLM: 1-octanol with DEHP (1 % v/v), feed solution: 15 mg/1 cobalt (II) in deionized water; 87 %at6h Present
membrane sheet acceptor solution: 0.1 M HCI; stirring rate: 1000 rpm; voltage: 60 V; pH: 5 work

4. Conclusion

In this study, our primary objective was to harness the capabilities of Electromembrane Extraction (EME) technology to effectively
eliminate cobalt from aqueous solutions. Through the strategic application of an electric field, cobalt ions were successfully trans-
ported from the donor phase, traversing SLM, and ultimately attainment the acceptor phase. The critical choice of the appropriate
carrier proved instrumental in ensuring the efficient and effective transport of cobalt ions in this process. Our research outcomes
unveiled a compelling insight: when employing bis(2-ethylhexyl) phosphate (DEHP) as the carrier, there was a notable 20 % increase
in the removal efficiency of cobalt Iin comparison with the using of tris(2-ethylhexyl) phosphate (TEHP) as the carrier. This obser-
vation indicates a robust and effective complexation between cobalt and DEHP during the transfer process across the selective liquid
membrane (SLM). It’s imperative to underscore that even when TEHP was utilized as the carrier, it still outperformed the scenario in
which no electric current was applied. This underscores the substantial impact of implementing the EME system, resulting in a
remarkable increase in cobalt removal efficiency, with an approximate 50 % difference compared to scenarios where voltage was not
applied. These results highlight the powerful potential of EME technology to improve cobalt removal efficiency, which represents a
noteworthy development in the field of metal ion extraction from aqueous solutions.

If the system is run at a pH of 5, the voltage was shown to be the primary parameter governing cobalt mass transfer by SLM. If the
pH is changed to be less than or greater than 5, no discernible improvement will be possible. The following carefully considered
parameters were found to be the best for the EME process: using 1-octanol as the carrier and 1.0% v/v DEHP concentration, applying a
carefully calibrated voltage of 60 V, keeping the pH at 5, using 15 mg/L of cobalt as the beginning concentration, extracting the
material for 6 h, and making sure to stir continuously at 1000 rpm. Remarkably, under these highly precise and fine-tuned conditions,
an exceptionally impressive removal efficiency of 87 % was remarkably achieved. Compared with traditional SLM method, the present
system gives better performance. Hence using of EME offered several advantages in terms of requiring less reagents, consuming lower
energy, and involving low number of steps to achieve higher Co(II) removal from low concentrations, in addition to reduce the risk of
secondary contamination. Hence, this technology could be recommended on a pilot scale aimed at removing various heavy metals from
diverse wastewater sources.
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