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Abstract: Nowadays, electroplating plants are factories that use huge amounts of water in the coating
process of anti-corrosion layers. They are required to decrease the heavy metal content to very
low values before releasing the post-process water into the aquatic environment. They very often
decrease their content using coagulation combined with flocculation. However, these processes are
often not effective enough, and the concentration of a given metal does not reach a satisfactory low
level. The use of membrane techniques to purify this type of wastewater leads to a reduction in
the content of heavy metals, including nickel, to zero values. This allows for not only reducing the
negative impact on the aquatic environment but also a step toward more conscious management of
water resources—namely, the reuse of water in the electroplating process. The following review not
only describes the membrane methods used to treat the wastewater considered, e.g., nanofiltration,
ultrafiltration, or electrodialysis, but also shows the directions of development of these processes.
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1. Introduction

The process of coating steel surfaces with nickel found its application in electroplating
at the turn of the 19th and 20th centuries. Nowadays, according to the Nickel Institute [1],
the nickel-plating process uses about 150,000 tons of nickel per year, and the greatest
development of this technology has been in the last 50 years. The nickel-plating process is
an important part of the metal processing industry, but it also causes serious environmental
problems due to the massive discharge of effluents containing nickel and other heavy
metals [2]. During the nickel-plating process, two main types of effluents are generated: the
effluents from the electrolytic bath and the rinsing water. The composition and quantity of
the resulting wastewater are influenced by many factors, such as the type of bath used, the
quantity of rinse water, and the system of plant operation. The concentration of nickel ions
in rinse water is in the range of 4490 mg/L [3-5]. Nowadays, the trend in the utilization
process development of this wastewater is regeneration and then returning to the process.
The result of such actions is obtaining clean water, which is then returned to the baths with
rinsing water and a concentration of metal ions, which can fill the losses with an electrolytic
bath. This is particularly important not only because of the reduction of the negative impact
on the environment and human health but also due to the amount and value of metals lost
in the process. According to the Regulation of the Minister of Environment enclosed in
the Journal of Laws of the Republic of Poland [Dz. U. z 2014 r., poz.1800], the maximum
allowable nickel content in industrial wastewater that is removed from the factory must
have a concentration lower than 0.5 mg/L.

The reduction of high concentrations of nickel ions in wastewater entering the treat-
ment plant is also important for the proper growth and functioning of activated sludge,
which is responsible for the decomposition of organic matter. On the other hand, numerous
studies confirm that wastewater with a low Ni?* content (less than 5 mg/L) causes an
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increase in activated sludge and improves its physicochemical properties. Gikas [6], in his
work, showed that the amount of activated sludge increases with nickel concentrations,
reaching about 27 mg/L. Above this value, a decrease in activity and proliferation of
microorganisms is observed, while after exceeding 160 mg/L Ni?*, a complete lack of their
growth is noted.

Based on the above, from an economic and environmental point of view, regeneration,
purification, and recycling of water contaminated by metals (including nickel) are always
justified. Methods for appropriate wastewater treatment should be inexpensive, clean,
rapid, and environmentally safe. These methods include chemical precipitation, coagula-
tion, flocculation, filtration, ion-exchange, membrane separation processes, e.g., reverse
osmosis, or electrodialysis [7]. For cases when the concentration of NiZ* ions is higher
than 100 mg/L, coagulation and flocculation are both quite effective and cost-efficient
methods [8]. However, the final concentration usually does not reach the demanded value
(lower than 1 mg/L).

The mentioned membrane techniques, which are very popular in wastewater treatment
processes of various origins, are potentially optimal solutions. Mainly because of the lowest
environmental impact (no generation of chemical waste), high yields, and obtaining a
high-quality product. This research presents a brief overview of membrane techniques
used in the treatment of wastewater contaminated with metals, including nickel.

Membrane technics are the most promising methods for wastewater treatment and
have been developed widely nowadays. The most popular are voltage-based techniques
since nickel exists as a cation that can be transported through ion-exchange membranes.
On the other hand, it is a very small structure that, in the case of pressure techniques,
can be retained by RO membranes, at least by NF. These are completely different separa-
tion techniques, even though they use membrane structures. Putting all these different
membrane-based techniques together in one place will allow you to compare them, choose
the right techniques, and see their advantages and disadvantages.

The separation of heavy metals is also the reason for the development of complex
ultrafiltration as well as the modification of other already known methods, so the pre-
sentation of these newer solutions in this article will allow us to notice the directions of
development of membrane techniques in this area. This aims at increasing metal retention
and the stream of treated wastewater.

Many papers considered different divalent ions. Most of them are trace metals such as
Cu, Co, and Zn. Considerably fewer papers deal with the separation of nickel; however,
considering the fact that the presented methods are successful for other divalent transition
metals, it is highly probable that they will also be suitable for the separation of nickel ions
from plating processes.

2. Membrane Technics Using in the Nickel Removing Process

Membrane separation is the process of selective transport of different compounds
and chemicals through a porous or nonporous membrane structure, which separates two
phases. The driving force of the process is the pressure, concentration, or temperature
difference on both sides of the membrane. The pressure-driven membrane separation
results in two streams: a retentate containing the retained molecules, which is returned to
the process, and a permeate consisting of the purified water [9].

2.1. Nanofiltration

Nanofiltration (NF) or reverse osmosis (RO) are typically used to produce water
suitable for reuse. In addition to removing impurities, reverse osmosis strips the water
of all minerals. However, nanofiltration is more interesting for industrial researchers and
technologists because it is more cost-effective than RO. It is characterized by good efficiency,
lower than RO transmembrane pressure, and therefore low energy consumption. The
working pressure of reverse osmosis is 1.5-10.5 MPa, while the working pressure of the
nanofiltration membrane is 0.1-0.2 MPa [10]. A nanofiltration membrane is expected to
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have pore diameters in the range of 1-2 nm and a molecular weight cutoff (MWCO) for
neutral solutes in the range of 150 Da to 2000 Da [11]. Recently, many membranes have
been made by modifying ultrafiltration membranes with polymers. There are modification
methods such as interfacial polymerization (IP), physical mixing, layer-by-layer coating
(LbL), and surface grafting.

Brooms Thabo et al. [12] compared three commercially available nanofiltration mem-
branes. They chose two polyamide membranes: NFOO (MWCO = 150 Da), NF270 MWCO =
200 Da), and one polypiperazine, PP-NF (MWCO = 150 Da). Separation of heavy metal salts
at two concentrations showed that the NF90 membrane worked best, reached separating
efficiency—98% of the nickel from the feed, while the NF270 membrane retained 70% and
the PP-NF (polypiprrazine) 75%. This showed that MWCO is as relevant as membrane
material. 150 Da NF membranes rejected the nickel to different extents due to this fact. The
NF membranes cannot be sufficient sometimes to reject small compounds such as Ni?*.
The researchers try to modify the membrane’s structure to improve this aspect. Shao and
his group [13] created a positively charged membrane. The base of the NF membrane was a
polysulfone (PSU) UF membrane, modified by the addition of the polyethyleneimine (PEI)
and graphene oxide (GO) active layers. Membranes had a 70 cm? effective area and various
concentrations of GO. Using the membrane with the highest concentration of graphene
oxide (40 ppm) resulted in the highest nickel retention—96%. However, the difference
between the other membranes was not significant. Hence, the PEI-GO-enhanced membrane
surface is a good direction for nickel separation. Another NF membrane modification was
proposed by Qi and co-researchers [10]. In this work, a positively charged NF membrane
was prepared by using 2-chloro-1-methyliodopyridine as an active agent to graft polyimide
polymer onto the membrane surface via covalent bonding with surface carboxylic groups.
The results exhibited a high removal efficiency for toxic heavy metal ions. In the case of
NiCly, this value reached 95.8%. Zareei and Mohren Hosseini [14] proposed the use of
cobalt ferrite (CoFe;O4) as a nanomaterial to improve the polyethersulfone membrane (PES)
with a MWCO of 58 kDa. Membranes with different concentrations (0.05%, 0.1%, 0.5%, and
1%) of cobalt ferrite were formed using the phase inversion method. The retention of nickel
reached 92 and 87% for 0.1 and 0.5% concentrations of cobalt ferrite, respectively. The
non-modified membrane rejected the nickel at 79%. Satisfying results obtained by Chunli
Liu et al. [11] formed a poly(acrylene ether ketone) (PEAK-COOH) and polyethyleneimine
(PEI) membrane by inversion phase and ion complexation. They tested three PEI molecular
masses in these experiments and revealed that the 1 kDa mass resulted in the highest
retention of nickel—98%.

2.2. Reverse Osmosis

Reverse osmosis (RO) has become more attractive for the treatment of industrial
wastewater because of its highly efficient and easy operation. There is a lot of research on
removing heavy metals by RO. This process can depend on many factors, like pressure,
pH, temperature, and others. Using RO membranes is associated with higher operation
costs than NF due to the higher transmembrane pressure that has to be applied.

Qin et al. [15] studied the impact of pressure in the range 5-20 bar and pH 3.6-7.0 on
the removal of nickel from waste by polyamide RO membranes (with initial conductivity
rejections of 96.4, 85.4, and 90.6%). High rejection of nickel ions (93.9, 95.1, 96.7, and
96.8%) was observed for 5, 9, 15, and 20 bars, respectively. The study also revealed that
nickel retention increased significantly with increasing pH values. The drop in pH from
3.6 to 7.0 improved the rejection of nickel from 82.1 to 96.4% (TMP = 15 bar). Algureiri
et al. [16] also noticed that pH and transmembrane pressure can improve nickel retention.
Additionally, they delivered information about the temperature influence on the separation
and noticed that at higher temperatures, nickel passes through the membrane structure
more readily. A total retention rate of almost 99% was obtained. Ates et al. [17] used a RO
polyamide membrane for the removal of heavy metals from aluminum anodic oxidation
wastewaters. Tests were performed for 12 h, and nickel was almost completely removed
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(99%) after applying 10 and 20 bars. On the other hand, a relevant decrease in permeate
flux was observed at 44% for 10 bars and 40% for 20 bars, which is a disadvantage due to
the low level of permeate stream in RO separation. To prevent fouling and decrease flux,
membranes were chemically cleaned. Unfortunately, between 71 and 90% of the original
stream values were recovered. The significant drop in the permeate flux is one of the most
problematic issues in this type of separation.

Fouling prevention in RO processes is pre-treated by an ultrafiltration (UF) membrane.
This solution was used by Petrinic et al. [18]. The polyvinylidene fluoride UF membrane
(transmembrane pressure TMP—2.5 bar) was equipped as a pre-cleaning system in metal-
contaminated wastewater treatment. Additionally, besides further increasing the permeate
flux, this process removed 15% of nickel. The complex UF-RO process resulted in total
(100%) retention of nickel.

A quite innovative idea seems to be the combination of reverse osmosis with chelation.
Mohsen-Nia et al. used a disodium salt ethylene diamine tetraacetic acid (Na,EDTA)
as a complexing agent and a polyamide membrane for the removal of Cu?* and Ni?*
from wastewater. The sewage was pre-cleaned with granular activated carbon and a
polypropylene sediment filter cartridge. The addition of Na,EDTA in a 1:1 ratio with nickel
ions contributed to the removal of 99% nickel ions using 3 bar TMP [19]. Similar results
were obtained by Rodrigues et al. [20]. They also used EDTA as a complexing agent (1:1)
and a polyamide-urea membrane to treat this type of wastewater. They applied 5 bars and
removed 99% of the nickel ions. They also noticed that RO filtration with EDTA contributes
to increasing permeate flux (about 20 L/h-m? after 8 h of treatment).

In the case of both NF and RO, the obtained permeates are purified water that can be
reused in the process [21]. In addition, it is always worth considering reusing the retentate
from these purification processes, as it contains large amounts of nickel (and other metals).
Such solutions can be reused in the electroplating process or concentrated to recover a
specific metal [22].

2.3. Complex Ultrafiltration

Complexing ultrafiltration is a quite distinct membrane method used for water pu-
rification. Because of complexing compounds, it is possible to successfully separate heavy
metal ions (Cu?*, Zn%*, Cr3*, Ni?*, Pb%*, Cd?*, etc.) in ultrafiltration processes, although
these membranes are rather applied to much bigger particle separations, e.g., proteins [23].
The complex of a given polymer, e.g., polyethylenoimine and nickel, gives a greater-size
structure (Figure 1).

Figure 1. Schematic illustration of the chemical coordination of a metal ion and polietyleneimine [24].

To achieve the high efficiency of this process, it is very important to select a suitable
complexing agent. It should have good water solubility and chemical stability and be able
to form stable complexes with given ions.

Shao et al. [25] used a polyethersulfone membrane (MWCO 30 kDa) and two differ-
ent complexing agents to purify water from nickel ions at pH = 7 with a polymer:Ni?*
ratio of 5:1. The nickel rejections were received with sodium polyacrylate (99.5%) and
polyethyleneimine (93.0%) applications. Polyethyleneimine was also successfully used by
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Molinari et al. [26] to separate nickel and copper ions from aqueous solutions. They used
polyethersulfone membranes with two different MWCO values: 10 and 30 kDa. Separation
of copper and nickel ion solutions was carried out under slightly acidic conditions (pH = 6)
using polyethyleneimine at a concentration of 150 mg/L (in a ratio of 3:1 in accordance with
both metal concentrations). The total nickel rejection (100%) was achieved for a membrane
with MWCO 30 kDa. Whereas, a more suitable membrane for copper separation was
10 kDa with a rejection of 95-97% (depending on the transmembrane pressure).

These results were confirmed by another work presented by Molinari et al. [27]. In this
study, the copper ions were complexed by polyethyleneimine and separated by six different
membranes: polyethersulfone membranes with MWCO of 10, 30, and 40 kDa; polypropy-
lene fluoride membrane (MWCO—40 kDa); polyacrylonitrile membrane (MWCO—40 kDa);
and polysulphone-polypropylene (MWCO—40 kDa). The highest retention of copper was
achieved at pH = 6 for the polyacrylonitrile membrane (R = 95%). Moreover, they observed
that membrane fluxes slowly decreased with an increase in the polymer loading in the
solution, which was probably related to the viscosity of the feed.

Kochkodan et al. [28] checked the effect of the different polymer and pH conditions on
the separation of copper ions. They used dextrans with different molecular weights (10 and
70 kDa), polyethyleneimine, and sodium lignosulfonates with a copper ion/polymer mass
ratio of 1:10 and 1:1. The experiments were carried out using an UMP-20 membrane with
17 kDa MWCO. The pH of 5.1 was indicated to be most effective for polyethyleneimine
(97.7% rejection of copper). They proved that the pH solution (in the case of complexa-
tion application) was crucial. At pH 2.5, only 35% of the copper ions were chelated by
polyethylenimine, whereas after increasing pH to 5.0, the complexation of ions reached 93%.

A copolymer of maleic acid and acrylic acid is another synthetic polymer used as a
complexing agent for heavy metal ions in the work by Qiu and Mao [29]. At pH = 6, the
capacity of 1 g of this copolymer was able to complex heavy metals from 0.14 to 0.17 g.
The separation was carried out using a hollow-fiber polyvinyl butyral membrane with a
MWCO of 20 kDa. Satisfactory metal purification of the solution was achieved for each of
the test ions (Cu2* 99.8%, Zn%* 98.8%, Ni%* 99.0%, and Mn?* 99.6%). Moreover, the filtrate
flux decreased only slightly during separation—only 0.6%.

A slightly different approach involves using environmentally friendly polymers. Lam
et al. [30] used chitosan and carboxymethylcellulose, which can be alternatives to the
previously mentioned substances. The complexation ultrafiltration process was carried out
at pH 5.4 using a polyamide membrane with a MWCO of 3.5 kDa. However, the separation
results were not so satisfying in comparison to the previously applied agents. For both
natural complexing substances, it was approx. 60%. Moreover, they notice that the presence
of chitosan in the solution causes a significant flux decrease. This may be associated with an
increase in viscosity or an accumulation of the polymer on the membrane surface. The use
of more eco-friendly polymers (of natural origin) for this process is obviously better for the
environment; however, it results in worse retention (indirectly—because initially it most
likely results in a lower degree of complexation) and a greater decrease in the permeate
flux—generally worse process parameters.

The disintegration of complexes during the separation process is a challenge to over-
come. This leads usually to release ions to the solution again. The high shear forces created
by the pump connected with the membrane module often cause this. To prevent this, Gao
et al. [31] used a polysulfone membrane module (MWCO 10 kDa) with a rotating disk
to separate nickel ion complexes from wastewater. This element allows for controlling
the shear forces by adjusting its revolutions per minute. This technological solution gave
satisfying results after complexation with sodium polyacrylate, and researchers received
98% rejection of nickel ions with total stability. Similar results were obtained by Tang and
Qiu [32] during zinc ion separation (rejection above 95.3%). They also used sodium poly-
acrylate as the complexing agent and a polysulfone membrane module (MWCO 30 kDa)
with a rotating disk. In this case, the polymer-to-metal ratio was very high—25. The same
complexing agent and similar separation conditions were applied in the work of Le and
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Qiu [33] to treat wastewater from heavy metals: cadmium, zinc, and lead. In this case, the
process conditions were pH = 7, a polysulfone membrane with MWCO of 20 kDa, and a
ratio of polyacrylate to metal ions of 10. The concentrations of metals were lower than
0.1 mg/L since the initial concentrations [in mg/L]: Pb(II) 73.2, Cd(II) 163, and Zn(II) 89.1.

2.4. Liquid Membranes

Another interesting and effective type of membrane in nickel (metals) recovery are
liquid membranes. They can form self-supporting membranes as double emulsions or
be immobilized in the pores of another porous membrane (SLM—supported liquid mem-
branes). Thereby, they separate the aqueous solution with a high nickel content (treated
wastewater) from the aqueous purification solution. The membrane is usually an organic,
water-immiscible solution or ionic liquid [34]. However, their application is quid compli-
cated and, in comparison to the rest of membrane technics less efficient.

Molinari et al. [35] used the SLM system (Figure 2) and indicated the most efficient
carrier as 2-hydroxy-5-dodecylbenzaldehyde (2H5DBA) in kerosene for the copper (a metal
from the same group as nickel) separation. They compared it to other carriers such as di-(2-
ethylhexyl) phosphoric acid (D2EHPA). The experimental data showed that application of
2H5DBA gave a lower copper flux (8.67 mmol/ (h-m?) vs. 36.71 mmol/(h-m?2), a shorter
lifetime (20 h vs. 57 h), and a lower mass transfer coefficient in the film (3 x 1077 m/s
vs. 2 x 107 m/s). Summarizing, the quantity effects are better in the case of 2H5DBA;
however, higher selectivity of the separation process was received using D2EHPA.
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Figure 2. The SLM system [36].

D2EHPA in the SLM system was used by Srirachat et al. [37] as well. In this case, they
enhanced D2EHPA with TBP (tributyl phosphate) and used a polypropylene hollow fiber
microporous membrane. This combination of D2EHPA /TBP in a 1:1 ratio (M:M) made it
possible to achieve 85.7% nickel extraction from the wastewater.

The D2EHPA was quite often tested toward nickel recovery, and the researchers
tried to improve this diester efficiency or compare it to other possible recovery materials.
Yesil et al. [38] compared it to Aliquat 336 (also in the SLM system with a microporous
hydrophobic polyvinylidene fluoride (PVDF) membrane). However, in both configurations,
the metal removal efficiency was quite low and reached 27.1 & 1.3% and 46.0 = 4.3% in
the applied conditions, respectively. The same membrane (PVDF) was used by Zante
et al. [39], but with a different membrane phase—undiluted hydrophobic ionic liquid tri
(hexyl) tetradecylphosphonium chloride [Pggs14] [Cl]. Under these conditions, 86% of the
metal (cobalt in this case) can be recovered.

The SLM system is quite popular and is being investigated by scientists for issues with
liquid membranes. A different approach is the ELM (emulsion liquid membrane) system,
which usually demands surfactant to maintain the double emulsion (Figure 3).
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Figure 3. The ELM system [40].

This type of separation was investigated by Eyupoglu et al. [41]. The scheme consisted
of LIX 63 (8-diethyl-7-hydroxydodecan-6-one oxime) and 2BDA (2-bromodecanoic acid)
diluted by kerosene. As it was pointed out, this system demands surfactants to create the
membrane phase (Figure 3); the researchers used Span 80 for this purpose. The experiment
gave satisfying results. Namely, 98.5% of nickel was removed from the Cr-Ni electroplating
bath solution in 6 min. Hachemaoui et al. [42] used ELM that consisted of Cyanex 301 as
the extractant. The results of the solvent extraction showed that almost 99% of the cobalt
and nickel were extracted with 0.1 M Cyanex 301 at a pH above 2 in just 2 min. As it was
presented, the ELM system is even more effective in nickel recovery (very often near 100%),
but there is also a difficulty with increasing the scale—mostly used in the laboratory range.

2.5. Donnan Dialysis

Donnan dialysis (DD) is another useful technique for separating nickel and other heavy
metals from industrial wastewater. It uses ion-exchange membranes (anion-exchange or
cation-exchange) that separate two electrolyte solutions, allowing ions of the same valence
to exchange between them. The driving force behind the process is the chemical potential
gradient on both sides of the membrane. Ions (anions or cations) presented in the feed
solution, where their concentration is low, are transported through the membrane with the
appropriate charge to the concentrated receiving solution. To ensure the electrical neutrality
of the solutions, ions of the same valence in the receiving solution are transported in the
opposite direction. The migration of ions between solutions continues until the Donnan
equilibrium is reached [43]. Compared to other methods, Donnan dialysis is economically
and energetically favorable because it does not require high pressures or electricity [44].
Because DD separation works in a continuous system, the researchers try to develop
optimal conditions where the permeability of the metal ions is the highest.

Ersoz, M., and H. Kara [45] studied the transport of Co** and Ni?* ions through two
ICE-450 polysulfonated membranes (homogeneous, unsupported SA3S and heterogeneous,
polyester-supported SA3T) as a function of pH gradient. The H,SO, solution with a pH
range of 1-4 was used as the receiving solution. The values of the diffusion coefficients of
the studied polysulfone membranes varied from 4.8 x 107 to 6.4 x 1076 cm? /s depending
on the pH gradient. The results obtained by the authors suggest that the flux of metal
ions through the polysulfone ionic-exchange membranes increases when the pH value
decreases or when the concentration of HySO, increases. A different study was presented
by Hsu et al. [46]. The ionic permeability of Zn?*, Cu®*, and Ni?* through the Nafion 115
membrane with a sulfonate functional group was evaluated. As a result of the study, it
was found that as the concentration of the feed solution increases, the ionic permeability
increases. Moreover, the ion permeability was higher in the single solution than in the
binary mixture due to the co-ion competition for the sulfonate groups in the membrane
structure. Wan, Dongjin, et al. [47] used the GEFC-107 proton-exchange membrane for the
removal of Cu®* ions. As the counterion Na*t was selected. In this study, it was confirmed
that the transport of Cu?* from donor to receiver phase increased with increasing Na +
R/Cu? + F molarity ratio and Cu?* concentration in the feed solution. The highest Cu?*
removal efficiency was 95.31% at a molarity ratio of 20:1. It was also proven that lowering
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the pH of the feeding solution or increasing the pH of the receiving solution increases the
transport of Cu?* ions.

Another solution proposed by Koseoglu et al. [48] involves the preparation and
application of a P2FAn/PVDF composite cation exchange membrane for the removal of
Cr®* and Cu?* ions. Different dopant anions such as p-toluenesulfonate (PTS), 1,3 (6 or
7)-naphthalene trisulfonic acid (NSA), o-aminobenzen sulfonic acid (ABS), and sodium
dodecyl sulfate (SDS) were used. For all studied composite membranes, the flux of Cu?*
ions was higher than that of Cr3* jons. The highest Cu?* ion flux value was 332 mol/cm? s,
while the recovery factor reached a value of about 75% (with SDS addition).

A different approach was implemented by Wang, Jau-Kai, and C-P. Chang [49]. In
their work, the effect of the addition of a complexing agent on the selective transport of a
ternary Cu-Ni-Co ion system was investigated. Citric acid, malonic acid, and oxalic acid
were used as complexing agents, whereas Selemion CMV with a sulfonate ion exchange
group was used as the cation exchange membrane. The obtained results indicated that
the addition of complexing agents enhances the selectivity of metal ion transport in the
ternary system. Malonic acid was found to be the most suitable agent, and the optimal
values of dimensionless permeation fluxes (PCu-Na/PNi-Na/PCo-Na) were found to be
0.75/3.75/5.4.

2.6. Electrodialysis

The second membrane technic, which utilizes ion-exchange membranes, is electro-
dialysis (ED). In comparison to Donann dialysis, this process uses an electric potential
to separate ions from a feed solution. An electrodialysis apparatus consists of a nega-
tively and positively charged anode and ion-selective membranes between them. This
device can have only one pair of membranes or many (usually alternating) cation- and
anion-exchange membranes arranged in an alternating manner. Due to the charges on the
electrodes, positively charged ions will migrate towards the cathode; however, if they meet
an anion-exchange membrane on their way, they will remain in this chamber, which will
result in their concentration in this place. It is a relatively economical process, as it only
requires voltage generation. Undoubtedly, one of the major advantages of this process
is that there is no need to generate a transmembrane pressure difference. Depending on
what the main purpose of the separation is (purification, recovery, or both), it is possible to
modify the device accordingly.

Benvenuti and his group [50] focused on the selection of appropriate electrodialysis
parameters in order to remove nickel ions. In order to protect the anode, they decided to
arrange the membranes in the ACAA (A-anion exchange, C-cation exchange) configura-
tion, thanks to which they reduced the chance of nickel ions deposition on the electrode.
Ultimately, they managed to achieve 97.43% nickel removal, and the purified water could
be reused in the electroplating process.

It is also possible to use more selective membranes, as Min et al. [51]. This research
group used five pairs of membranes with a total area of 275 cm? and determined the most
optimal parameters for nickel and copper removal from aqueous solutions. At a voltage of
12V, the CMX-5B and AMX-SB membranes managed to remove over 99% of metal ions.

The disadvantage of electrodialysis is its low selectivity, since the positively charged
ions will migrate together towards the cathode. Complexing compounds are used to enable
the separation of the homonymous ions. Babilas and Dydo [52] showed in their work that
the use of citric acid allows the separation of iron from copper ions. On the other hand,
interesting results from complexing compounds were presented by Chan et al., [53]. They
showed that EDTA, depending on the pH of the solution, more willingly forms complexes
with various metal ions. In the case of nickel, this pH value is approx. 2, while for cobalt,
the pH is approx. 3. It creates the possibility of the selective removal of these ions by
choosing the appropriate pH value for the separation. The metal-EDTA complex can be
separated by reducing the pH to about 0.5, and the metal can be precipitated as hydroxide
upon addition of NaOH. However, Gmar and Chagnes showed that complexing metals
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with EDTA can reduce membrane separation efficiency [54], which is quite predictable since
the grater complexes can cause an additional fouling layer near the membrane surface.

To test the efficiency and cost-effectiveness of industrial-scale electrodialysis, Ben-
evenutia et al. [55] used ACAA electrodialysis (anion exchange membrane—Ionac MC-
3475; cation exchange membrane—Ionac MC-3470) to purify the electroplating process
wastewater. A month-long experiment showed that it was possible to create a closed water
cycle in the treatment process because the purified water had the appropriate quality to be
reused for the rinsing process. It has been estimated that the use of electrodialysis will save
about 150 m? of water per year, which will translate into a profit of USD 3800.

As it is presented in this review, almost every known membrane technic can be applied
during electroplating wastewater treatment. An application of all of them results in a drop
in nickel (and other heavy metal) concentration. Table 1 presents examples of nickel
removal efficiency for each membrane technic applied in the treatment of this type of waste.

Table 1. Comparison of membrane processes for nickel removal from wastewater.

NF RO Complex UF
1) NF90, NE270, PP-NF 1) Polyamide RO membrane
(2)  PSU-UF membrane modified by (2)  Polyamide RO membrane
PELI-GO (3)  Polyvinylidene fluoride UF-NF 8 popyehersutione UE membrane
(3)  NF membrane modified by membrane system ver
Membrane Type P . . (3)  Polyvinyl butyral UF
polyimide (4)  Polyamide membrane with membrane
(4)  PES-NF membrane modified by chelating agents 4  Pol ide UF b
cobalt ferrite (0.1%, 0.5%,) (5) Polyamide-urea membrane with olyamide membrane
(5)  PEAK-PEI NF membrane chelating agents
(1) 99.5% with polyacrylate and
93.0% as polyethylenamine as a
1) From 82.1 to 96.8% (depends on pH complex agent
8 gz,%m, 75% and TMP) @ 100% (with membrane with
o .
Retention of metal 3) 96% (;) 9(9) ({Z/ 30 kDa anii polyethylenamine
) 92 and 87% 3) 100% as a complex agent )
®) 989 4) 99% 3) 99.0% (Copolymer of maleic
° (5) 99% acid and acrylic acid)
4) 60% (chitosan and
carboxymethylcellulose)
®n 2] 1 151
@ 3] @ 07 o
Reference 3) [10] 3) [18] 3) [29]
@ (4] @ 119 W B0
G 1] (6)  [20] i
LM DD ED
1) D2EHPA/TBP in a polypropylene
hollow fiber microporous
membrane
(2)  SLM system with microporous
hydrophobic polyvinylidene (1)  GEFC-107 proton-exchange (1)  membranes in the ACAA
Memb T fluoride (PVDF) membrane with membrane configuration
emorane 1ype Aliquat 336 and D2EHPA (2)  P2FAn/PVDF composite cation (2) CMX-SB and AMX-SB
3) ELM system with LIX 63 exchange membrane membranes
(8-diethyl-7-hydroxydodecan-6-one
oxime) and 2BDA (2-bromodecanoic
acid) diluted by kerosene
4) ELM with Cyanex 301
1  8.7%
Retention/Removal/Recovery (2) 46.0 and 27.1%, respectively 1) 95.31% * 1) 97.43%
of nickel 3)  985% 2 75.0%* 2 99.0%
4  99.0%
1 371
@ 381 o 47 1 [50]
References @ 1] @ ] @ B
@ [42]

* removal of Cu?*.

All of the mentioned technics have some disadvantages and advantages (Table 2).
However, there are two most appropriate technics, due to their higher effectiveness than
others.
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Table 2. Comparison of membrane technics used in electroplating wastewater treatment.

Advantages

Disadvantages

High value of TMP (high energy consumption)

Nanofiltration High level of metal retention Scaling
Necessity of polymeric membranes application
Very high value of TMP (high energy consumption)
Revers.e Very high level of metal retention LOW. value of permeate stream
0smosis Scaling
Necessity of polymeric membranes application
High value of permeate stream
High level of metal retention
Complex Possibility of ceramic membranes application Fouling
Ultrafiltration (longer lifespan)x Necessity of complex agent application
Lower (than NF and RO) TMP (lower energy
consumption)
L. Lower than other efficiency
Liquid High selectivit Necessity of organic solutions application
membranes & y 4 5 PP

Difficulties of process performing

Donan Dialysis

Low ener gy consumption

Lower than other efficiency

Eletrodialysis

High efficiency (high stream of treated wastewater
and high retention of metal)
No pressure technics

Complex apparatus
Expensive (ion-exchange) membranes

The first is based on the possibility of forming complexes by nickel complexing
ultrafiltration, which combines relatively high permeate flux values with high selectivity.
The second, using the fact that nickel exists in the form of cations, is electrodialysis. ED,
similarly to CUF, leads to large streams of treated wastewater and a high nickel separation
coefficient.

3. Future Perspectives

As it was presented above, many different membrane technics can be successfully
applied to the wastewater derived from electroplating process treatment. One is more
efficient than the other. Based on the presented review, one can draw the conclusion that
electrodialysis and complexation ultrafiltration are the most adequate, so they are deeply
investigated by scientists. The second aspect that should be improved and developed in
detail in this issue is membrane material. The structure of it should be enhanced toward
higher nickel or nickel complex retention, higher permeate flux, or lower fouling ability.

A quite new approach to membrane preparation is the application of nanomaterials
for this purpose. Nanocomposite membranes are the most promising solution for metal re-
covery from wastewater since there is a possibility of a connection between the membrane’s
ease of operation and the high absorptive selectivity of nanoparticles.

3.1. Complexation Ultrafiltration

Pressure-driven processes such as micro- and ultrafiltration have too large pore sizes
to retain the nickel ions. However, these types of membrane separations are favorable in
industrial wastewater treatment since they generate the greatest permeate fluxes. Complex-
ation ultrafiltration is nowadays a widely developed issue. This technics connects the high
flux of ultrafiltration with the retention of nanofiltration.

Due to the huge emphasis on green technologies in every branch of industry, this
trend has recently dominated wastewater treatment as well. The complex agents should be
eco-friendly and biodegradable. Hence, the researchers try to find agents that are efficient
and not harmful to the environment at the same time. A sodium salt ethylene diamine
tetraacetic acid (Na2EDTA) [19], polyacrylic acid sodium (PAAS) [32] or polyethylene imine
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(PEI) [56] is commonly used as a chelating agent. However, they are not recognized as
eco-friendly. Now biopolymers and nature-derived agents are tested toward nickel (and
other metals) complexation, such as chitosan, alginic acid, sodium alginate, chitin, cellulose,
or carboxycelullose [57].

The newest agent developed as a green complexation component was presented
by Zebat [58]. The objective of his work was to study the removal of nickel using a
polyoxometalate (x2P2W17061) [10] as a ligand. The results have shown that if the
ligand /metal ratio of the formed complex was one, the formed complex was very stable in
an aqueous medium (with a high value of the stability constant). This direction should still
be developed and investigated—finding high-efficiency, eco-friendly complexity agents
creates stable complexes.

3.2. Nanocomposite Membranes

A completely different approach is the application of new-generation nanocomposite
membranes in nickel-contaminated wastewater treatment. During the formation of these
types of membranes, nanomaterials are introduced to the thin layer of composite membrane
(Figure 4).

")

Polysulfone layer

Frrrrrered
Fabric support

L1 1 1 1 1 1 1 1.1

Inorganic fillers

"o 010 0 g ONmS" .. ..

Polysulfone layer
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Fabric support

Ll bl b b Ll 1.l

Figure 4. Concept of nanocomposite membranes. (A) without the nanomaterials; (B) with the
introduced nanoparticles [59].

This modified surface can adsorb heavy metals; hence, the separation effect of, e.g., a
nanofiltration membrane is enhanced by adsorption [59,60]. The most popular nanoparti-
cles used in membrane surface modification are Fe,Oy, graphene oxide (GO), polyaniline,
Al>O3, and titanate nanotubes (TNT). The modified skin layer is usually prepared sep-
arately from the support phase by inversion or interfacial polymerization method [61].
Applying this approach, Moradihamedani and his research group prepared and tested
a Fe3Oy-talc nanocomposite incorporated into a polysulfone membrane that resulted in
96.2% nickel rejection from a 50 mg/L Ni** aqueous solution. Activated bentonite clay
nanoparticles embedded on polyetherimide membranes were able to reject 76.2% and 64.8%
Ni?* from 250 and 1000 ppm feed solutions, respectively [62].

3.3. Electrodialysis

The ED described above is one of the most efficient membrane processes in the case
of Ni?* and other metal recovery, since this is the most appropriate technic for the ion
separation. This separation method is already used in the wastewater treatment industry;
however, it should be improved all the time to increase the efficiency of the process. This
can be associated with the membrane itself or with a whole ED system modification. The
importance of wastewater pretreatment was highlighted to prevent the fouling of the
ED membrane surface due to organic or pollutant deposition [63]. This is an important
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consideration to make before working with real industrial effluents to enhance the lifetime
of the system and reduce operating costs [64].

A quite new approach is the selectrodialysis (SED) process, which is usually employed
in metal-contaminated wastewater treatment to selectively separate metals in different ED
compartment streams. In this section, the equilibrium of the chemical species plays a critical
role since it allows the effective separation of certain metals. This process overcomes one of
the main limitations of ED, which is its low selectivity for the recovery of specific metals.
The isolation is achieved by different pH, ionic charge, and chelating/complexation agent
applications [64]. Due to the high selectivity of the process, a highly selective membrane
should be produced. This is a very often developed issue—modification of anion-cation-
exchange membranes to improve metal separation properties.

4. Conclusions

Nanofiltration is a separation technique that uses membranes that range from RO
membranes that potentially retain nickel to UF membranes, which have too large pores for
this purpose. It means that the retention of nickel depends on the type of NF membrane,
especially its MWCO. Nickel retention can be increased by improving the adsorption
properties of the skin layer of the NF membrane (these are usually composite membranes).
NF is the most appropriate technic from the nonenhanced pressure-driven technic, since
it combines a sufficient level of flux and retention of metal, and nowadays it is the most
reasonable to apply it as a final step in electroplating wastewater treatment.

The mentioned reverse osmosis retains nickel from the electroplating wastewater,
but its use is associated with relatively low values of the permeated flux and its drop
during filtration. Using the complexing RO makes it possible to use a lower value of
transmembrane pressure (due to the lower osmotic pressure of the wastewater). The
application of this technic is reasonable if the final stream of treated wastewater is of very
high quality. Whereas, complexing ultrafiltration is one of the most promising solutions
for the treatment of water from the electroplating process. Mainly, in terms of reducing
the content of metals such as nickel, chromium, and zinc. It combines the high permeated
fluxes of classical ultrafiltration with the high selectivity of nanofiltration. The current
challenge is to find an eco-friendly complexing agent, and many researchers try to find a
naturally derived complexing agent, e.g., chitosan or carboxymethylcellulose, that will be
as efficient as these typical chemical agents, e.g., acrylic acid.

Donnan dialysis is a process typically dedicated to the separation of ions and therefore
ideally suited to the separation of nickel. Due to the fact that it is a process in which
there is a concentration difference as a driving force at the beginning, it is a low-energy
process and thus rather inefficient. The use of ion exchange membranes with a current
source (electrodialysis (ED)) significantly improves and intensifies this process, and as
a result, ED is the second most popular process in electroplating wastewater treatment.
Currently, a new direction in the treatment of this type of wastewater is the development of
selective electrodialysis (SED), which may additionally lead to the separation of a specific
metal ion, e.g., nickel. This is a more advanced approach to the treatment of electroplating
wastewater. It leads to a lower concentration of harmful substances in the output stream
and the recovery and reuse of the metal used in the main industry processes. This can
reduce the capital cost of production.
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Abbreviations

UF ultrafiltration

NF nanofiltration

RO reverse 0Smosis

ED electrodialysis

CUF complexing ultrafiltration
SED selective electrodialysis

MWCO molecular weight cut-off
PSU polysulfone

GO graphene oxide

PEI polyethyleneimine

TMP transmembrane pressure

EDTA ethylene diamine tetraacetic liquid
R retention coefficient

SLM supported liquid membranes
ELM emulsion liquid membranes

TNT titanate nanotubes

References

1. Islam, T.; Sharif, A. Transient Liquid Phase Bonding. In Harsh Environment Electronics: Interconnect Materials and Performance
Assessment; Wiley-VCH Verlag GmbH: Berlin, Germany, 2019; pp. 263-292. [CrossRef]

2. Sivaprakash, K.; Blessi, T.L.A.; Madhavan, ]. Biosorption of Nickel from Industrial Wastewater Using Zygnema sp. J. Inst. Eng. Ser.
A 2015, 96, 319-326. [CrossRef]

3.  Kobya, M.; Demirbas, E.; Parlak, N.U.; Yigit, S. Treatment of Cadmium and Nickel Electroplating Rinse Water by Electrocoagula-
tion. Environ. Technol. 2010, 31, 1471-1481. [CrossRef] [PubMed]

4.  Christensen, E.R.; Delwiche, ].T. Removal of Heavy Metals from Electroplating Rinsewaters by Precipitation, Flocculation and
Ultrafiltration. Water Res. 1982, 16, 729-737. [CrossRef]

5. Revathi, M,; Saravanan, M.; Chiya, A.B.; Velan, M. Removal of Copper, Nickel, and Zinc Ions from Electroplating Rinse Wate.
Clean-Soil Air Water 2012, 40, 66-79. [CrossRef]

6.  Gikas, P. Kinetic Responses of Activated Sludge to Individual and Joint Nickel (Ni(II)) and Cobalt (Co(II)): An Isobolographic
Approach. |. Hazard. Mater. 2007, 143, 246-256. [CrossRef]

7.  Priya, P.G,; Basha, C.A.; Ramamurthi, V.; Begum, S.N. Recovery and Reuse of Ni(II) from Rinsewater of Electroplating Industries.
J. Hazard. Mater. 2009, 163, 899-909. [CrossRef]

8. Rajoria, S.; Vashishtha, M.; Sangal, V.K. Environmental Science and Pollution Research Treatment of Electroplating Industry
Wastewater: A Review on the Various Techniques. Environ. Sci. Pollut. Res. 2022, 1, 3. [CrossRef]

9. Nath, K. Memebrane Separation Processes; PHI Learning Pvt. Ltd.: Delhi, India, 2017.

10. Qi, Y.;; Zhu, L.; Shen, X,; Sotto, A.; Gao, C.; Shen, J. Polythyleneimine-Modified Original Positive Charged Nanofiltration
Membrane: Removal of Heavy Metal Ions and Dyes. Sep. Purif. Technol. 2019, 222, 117-124. [CrossRef]

11. Liu, C; Bi, W,; Chen, D.; Zhang, S.; Mao, H. Positively Charged Nanofiltration Membrane Fabricated by Poly(Acid-Base)
Complexing Effect Induced Phase Inversion Method for Heavy Metal Removal. Chin. J. Chem. Eng. 2017, 25, 1685-1694.
[CrossRef]

12.  Thabo, B.; Okoli, B.].; Modise, S.J.; Nelana, S. Rejection Capacity of Nanofiltration Membranes for Nickel, Copper, Silver and
Palladium at Various Oxidation States. Membranes 2021, 11, 653. [CrossRef]

13.  Shao, W.; Liu, C.; Yu, T; Xiong, Y.; Hong, Z.; Xie, Q. Constructing Positively Charged Thin-Film Nanocomposite Nanofiltration
Membranes with Enhanced Performance. Polymers 2020, 12, 2526. [CrossRef] [PubMed]

14. Zareei, F.; Hosseini, S.M. A New Type of Polyethersulfone Based Composite Nanofiltration Membrane Decorated by Cobalt
Ferrite-Copper Oxide Nanoparticles with Enhanced Performance and Antifouling Property. Sep. Purif. Technol. 2019, 226, 48-58.
[CrossRef]

15.  Qin, ].J.; Wai, M.N.; Oo, M.H.; Wong, ES. A Feasibility Study on the Treatment and Recycling of a Wastewater from Metal Plating.
J. Memb. Sci. 2002, 208, 213-221. [CrossRef]

16. Algureiri, A.H.; Abdulmajeed, Y.R. Removal of Heavy Metals from Industrial Wastewater by Using RO Membrane. Iraqi ]. Chem.

Pet. Eng. 2016, 17, 125-136.


https://doi.org/10.1002/9783527813964.ch12
https://doi.org/10.1007/s40030-015-0131-1
https://doi.org/10.1080/09593331003713693
https://www.ncbi.nlm.nih.gov/pubmed/21214006
https://doi.org/10.1016/0043-1354(82)90098-7
https://doi.org/10.1002/clen.201000477
https://doi.org/10.1016/j.jhazmat.2006.09.019
https://doi.org/10.1016/j.jhazmat.2008.07.072
https://doi.org/10.1007/s11356-022-18643-y
https://doi.org/10.1016/j.seppur.2019.03.083
https://doi.org/10.1016/j.cjche.2017.06.001
https://doi.org/10.3390/membranes11090653
https://doi.org/10.3390/polym12112526
https://www.ncbi.nlm.nih.gov/pubmed/33137988
https://doi.org/10.1016/j.seppur.2019.05.077
https://doi.org/10.1016/S0376-7388(02)00263-6

Waste 2023, 1 495

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.
44.

45.

46.

Ates, N.; Uzal, N. Removal of Heavy Metals from Aluminum Anodic Oxidation Wastewaters by Membrane Filtration. Environ.
Sci. Pollut. Res. 2018, 25, 22259-22272. [CrossRef]

Petrinic, I.; Korenak, J.; Povodnik, D.; Hélix-Nielsen, C. A Feasibility Study of Ultrafiltration/Reverse Osmosis (UF/RO)-Based
Wastewater Treatment and Reuse in the Metal Finishing Industry. J. Clean. Prod. 2015, 101, 292-300. [CrossRef]

Mohsen-Nia, M.; Montazeri, P.; Modarress, H. Removal of Cu?* and Ni%* from Wastewater with a Chelating Agent and Reverse
Osmosis Processes. Desalination 2007, 217, 276-281. [CrossRef]

Rodrigues Pires da Silva, J.; Mercon, F.; Guimaraes Costa, C.M.; Radoman Benjo, D. Application of Reverse Osmosis Process
Associated with EDTA Complexation for Nickel and Copper Removal from Wastewater. Desalin. Water Treat. 2016, 57, 19466~
19474. [CrossRef]

Bodzek, M. Membrane Techniques in Wastewater Treatment. Environ. Prot. Eng. 1999, 25, 153-192.

Kul, M.; Oskay, K.O. Separation and Recovery of Valuable Metals from Real Mix Electroplating Wastewater by Solvent Extraction.
Hydrometallurgy 2015, 155, 153-160. [CrossRef]

Lech, M.; Niesobska, A.; Trusek-Holownia, A. Dairy Wastewater Utilization: Separation of Whey Proteins in Membrane and
Chromatographic Processes. Desalin. Water Treat. 2016, 57, 23326-23334. [CrossRef]

Zou, G.E; Zhao, J.; Luo, H.M.; Mc Cleskey, T.M.; Burrell, A K.; Jia, Q.X. Polymer-Assisted-Deposition: A Chemical Solution Route
for a Wide Range of Materials. Chem. Soc. Rev. 2013, 42, 439—449. [CrossRef] [PubMed]

Shao, J.; Qin, S.; Davidson, J.; Li, W.; He, Y.; Zhou, H.S. Recovery of Nickel from Aqueous Solutions by Complexation-Ultrafiltration
Process with Sodium Polyacrylate and Polyethylenimine. J. Hazard. Mater. 2013, 244-245, 472-477. [CrossRef]

Molinari, R.; Poerio, T.; Argurio, P. Selective Separation of Copper(II) and Nickel(II) from Aqueous Media Using the Complexation-
Ultrafiltration Process. Chemosphere 2008, 70, 341-348. [CrossRef] [PubMed]

Molinari, R.; Gallo, S.; Argurio, P. Metal Ions Removal from Wastewater or Washing Water from Contaminated Soil by
Ultrafiltration-Complexation. Water Res. 2004, 38, 593-600. [CrossRef] [PubMed]

Kochkodan, O.D.; Kochkodan, V.M.; Sharma, V.K. Removal of Cu(Il) in Water by Polymer Enhanced Ultrafiltration: Influence of
Polymer Nature and PH. ]. Environ. Sci. Heal. Part A Toxic/Hazard. Subst. Environ. Eng. 2018, 53, 33-38. [CrossRef] [PubMed]
Qiu, Y.R.; Mao, L.J. Removal of Heavy Metal Ions from Aqueous Solution by Ultrafiltration Assisted with Copolymer of Maleic
Acid and Acrylic Acid. Desalination 2013, 329, 78-85. [CrossRef]

Lam, B.; Déon, S.; Morin-Crini, N.; Crini, G.; Fievet, P. Polymer-Enhanced Ultrafiltration for Heavy Metal Removal: Influence of
Chitosan and Carboxymethyl Cellulose on Filtration Performances. . Clean. Prod. 2018, 171, 927-933. [CrossRef]

Gao, J.; Qiu, Y;; Hou, B.; Zhang, Q.; Zhang, X. Treatment of Wastewater Containing Nickel by Complexation- Ultrafiltration Using
Sodium Polyacrylate and the Stability of PAA-Ni Complex in the Shear Field. Chem. Eng. ]. 2018, 334, 1878-1885. [CrossRef]
Tang, S.; Qiu, Y. Removal of Zn (II) by Complexation-Ultrafiltration Using Rotating Disk Membrane and the Shear Stability of
PAA-Zn Complex. Korean ]. Chem. Eng. 2018, 35, 2078-2085. [CrossRef]

Le, H.S.; Qiu, Y.R. Selective Separation of Cd(II), Zn(II) and Pb(II) from Pb-Zn Smelter Wastewater via Shear Induced Dissociation
Coupling with Ultrafiltration. Korean . Chem. Eng. 2020, 37, 784-791. [CrossRef]

Strathmann, H.; Giorno, L.; Drioli, E. Basic Aspects in Polymeric Membrane Preparation. Compr. Membr. Sci. Eng. 2010, 1, 91-112.
[CrossRef]

Molinari, R.; Poerio, T.; Argurio, P. Selective Removal of Cu?* versus Ni?*, Zn?* and Mn?* by Using a New Carrier in a Supported
Liquid Membrane. ]. Memb. Sci. 2006, 280, 470-477. [CrossRef]

Bakonyi, P.; Kodk, L.; Rézsenberszki, T.; T6th, G.; Bélafi-Bako, K.; Nemestothy, N. Development and Application of Supported
Ionic Liquid Membranes in Microbial Fuel Cell Technology: A Concise Overview. Membranes 2020, 10, 16. [CrossRef]

Srirachat, W.; Usapein, P.; Kheawhom, S.; Pancharoen, U. Selective Separation of Trace Nickel(II) and Gold(I) Ions via Hollow
Fiber Supported Liquid Membrane Enhanced by Synergistic Extractants D2EHPA /TBP. Arab. |. Chem. 2021, 14, 103427. [CrossRef]
Yesil, H.; Tugtas, A.E. Removal of Heavy Metals from Leaching Effluents of Sewage Sludge via Supported Liquid Membranes.
Sci. Total Environ. 2019, 693, 133608. [CrossRef]

Zante, G.; Boltoeva, M.; Masmoudi, A.; Barillon, R.; Trébouet, D. Selective Separation of Cobalt and Nickel Using a Stable
Supported Ionic Liquid Membrane. Sep. Purif. Technol. 2020, 252, 117477. [CrossRef]

Bjorkegren, S.; Karimi, R.F; Martinelli, A.; Subramanian Jayakumar, N.; Hashim, M.A. A New Emulsion Liquid Membrane Based
on a Palm QOil for the Extraction of Heavy Metals. Membranes 2015, 5, 168-179. [CrossRef]

Eyupoglu, V.; Kumbasar, R.A. Extraction of Ni(II) from Spent Cr-Ni Electroplating Bath Solutions Using LIX 63 and 2BDA as
Carriers by Emulsion Liquid Membrane Technique. J. Ind. Eng. Chem. 2015, 21, 303-310. [CrossRef]

Hachemaoui, A.; Belhamel, K. Simultaneous Extraction and Separation of Cobalt and Nickel from Chloride Solution through
Emulsion Liquid Membrane Using Cyanex 301 as Extractant. Int. |. Miner. Process. 2017, 161, 7-12. [CrossRef]

Strathmann, H. Ion-Exchange Membrane Separation Processes; Elsevier: Amsterdam, The Netherlands, 2004.

Akretche, D.E.; Kerdjoud;j, H. Donnan Dialysis of Copper, Gold and Silver Cyanides with Various Anion Exchange Membranes.
Talanta 2000, 51, 281-289. [CrossRef]

Ersoz, M.; Kara, H. Cobalt(Il) and Nickel(II) Transfer through Charged Polysulfonated Cation Exchange Membranes. J. Colloid
Interface Sci. 2000, 232, 344-349. [CrossRef] [PubMed]

Hsu, C.C; Tran, T.T.V.; Kumar, S.R.; Lue, S.J. Highly Permeable Transition Metal Ions through Perfluorosulfonate Cation-Exchange
Membrane. Polym. Bull. 2019, 76, 6257-6274. [CrossRef]


https://doi.org/10.1007/s11356-018-2345-z
https://doi.org/10.1016/j.jclepro.2015.04.022
https://doi.org/10.1016/j.desal.2006.01.043
https://doi.org/10.1080/19443994.2015.1100554
https://doi.org/10.1016/j.hydromet.2015.04.021
https://doi.org/10.1080/19443994.2015.1117823
https://doi.org/10.1039/C2CS35283D
https://www.ncbi.nlm.nih.gov/pubmed/23038606
https://doi.org/10.1016/j.jhazmat.2012.10.070
https://doi.org/10.1016/j.chemosphere.2007.07.041
https://www.ncbi.nlm.nih.gov/pubmed/17825876
https://doi.org/10.1016/j.watres.2003.10.024
https://www.ncbi.nlm.nih.gov/pubmed/14723928
https://doi.org/10.1080/10934529.2017.1366240
https://www.ncbi.nlm.nih.gov/pubmed/29053931
https://doi.org/10.1016/j.desal.2013.09.012
https://doi.org/10.1016/j.jclepro.2017.10.090
https://doi.org/10.1016/j.cej.2017.11.087
https://doi.org/10.1007/s11814-018-0105-x
https://doi.org/10.1007/s11814-020-0509-2
https://doi.org/10.1016/B978-0-08-093250-7.00057-8
https://doi.org/10.1016/J.MEMSCI.2006.02.002
https://doi.org/10.3390/membranes10010016
https://doi.org/10.1016/j.arabjc.2021.103427
https://doi.org/10.1016/j.scitotenv.2019.133608
https://doi.org/10.1016/J.SEPPUR.2020.117477
https://doi.org/10.3390/membranes5020168
https://doi.org/10.1016/j.jiec.2014.02.037
https://doi.org/10.1016/J.MINPRO.2017.02.002
https://doi.org/10.1016/S0039-9140(99)00261-1
https://doi.org/10.1006/jcis.2000.7163
https://www.ncbi.nlm.nih.gov/pubmed/11097770
https://doi.org/10.1007/s00289-019-02716-z

Waste 2023, 1 496

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Wan, D.; Xiao, S.; Cui, X.; Zhang, Q.; Song, Y. Removal of Cu?* from Aqueous Solution Using Proton Exchange Membrane by
Donnan Dialysis Process. Environ. Earth Sci. 2015, 73, 4923-4929. [CrossRef]

Koseoglu, T.S; Kir, E.; Ozkorucuklu, S.P; Karamizrak, E. Preparation and Characterization of P2FAn/PVDF Composite Cation-
Exchange Membranes for the Removal of Cr(Ill) and Cu(Il) by Donnan Dialysis. React. Funct. Polym. 2010, 70, 900-907.
[CrossRef]

Wang, Y.; Tashiro, Y.; Sonomoto, K. Fermentative Production of Lactic Acid from Renewable Materials: Recent Achievements,
Prospects, and Limits. J. Biosci. Bioeng. 2015, 119, 10-18. [CrossRef] [PubMed]

Benvenuti, T.; Krapf, R.S.; Rodrigues, M.A.S.; Bernardes, A.M.; Zoppas-Ferreira, J. Recovery of Nickel and Water from Nickel
Electroplating Wastewater by Electrodialysis. Sep. Purif. Technol. 2014, 129, 106-112. [CrossRef]

Min, K.J.; Choi, S.Y,; Jang, D.; Lee, J.; Park, K.Y. Separation of Metals from Electroplating Wastewater Using Electrodialysis. Energy
Sources Part A Recover. Util. Environ. Eff. 2019, 41, 2471-2480. [CrossRef]

Babilas, D.; Dydo, P. Zinc Salt Recovery from Electroplating Industry Wastes by Electrodialysis Enhanced with Complex
Formation. Sep. Sci. Technol. 2020, 55, 2250-2258. [CrossRef]

Chan, K.H.; Malik, M.; Azimi, G. Separation of Lithium, Nickel, Manganese, and Cobalt from Waste Lithium-Ion Batteries Using
Electrodialysis. Resour. Conserv. Recycl. 2022, 178, 106076. [CrossRef]

Gmar, S.; Chagnes, A. Recent Advances on Electrodialysis for the Recovery of Lithium from Primary and Secondary Resources.
Hydrometallurgy 2019, 189, 105124. [CrossRef]

Benvenuti, T.; Siqueira Rodrigues, M.A.; Bernardes, A.M.; Zoppas-Ferreira, J. Closing the Loop in the Electroplating Industry by
Electrodialysis. J. Clean. Prod. 2017, 155, 130-138. [CrossRef]

Sikdar, S.K.; Grosse, D.; Rogut, I. Membrane Technologies for Remediating Contaminated Soils: A Critical Review. J. Memb. Sci.
1998, 151, 75-85. [CrossRef]

Sanchez, J.; Butter, B.; Rivas, B.L. Biopolymers Applied to Remove Metal Ions through Ultrafiltration. A Review. J. Chil. Chem.
Soc. 2020, 65, 5004-5010. [CrossRef]

Zabat, N. Green Complexation for Removal of Ni?* from Synthetic Effluents by a Nanomaterial Polyoxometalate. Curr. Res. Green
Sustain. Chem. 2022, 5, 100243. [CrossRef]

Nambi Krishnan, J.; Raaja Venkatachalam, K.; Ghosh, O.; Jhaveri, K.; Palakodeti, A.; Nair, N. Review of Thin Film Nanocomposite
Membranes and Their Applications in Desalination. Front. Chem. 2022, 10, 6. [CrossRef] [PubMed]

Daraei, P.; Madaeni, S.S.; Ghaemi, N.; Salehi, E.; Khadivi, M.A.; Moradian, R.; Astinchap, B. Novel Polyethersulfone Nanocom-
posite Membrane Prepared by PANI/Fe304 Nanoparticles with Enhanced Performance for Cu(II) Removal from Water. ]. Memb.
Sci. 2012, 415416, 250-259. [CrossRef]

Tembhare, S.P,; Barai, D.P,; Bhanvase, B.A.; Salunkhe, M.Y. Nanocomposite Membranes for Heavy Metal Removal. In Handbook
of Nanomaterials Wastewater Treatment Fundamental Scale Up Issues; Elsevier: Amsterdam, The Netherlands, 2021; pp. 575-603.
[CrossRef]

Moradihamedani, P; Kalantari, K.; Abdullah, A.H.; Morad, N.A. High Efficient Removal of Lead(II) and Nickel(II) from Aqueous
Solution by Novel Polysulfone /Fe304-Talc Nanocomposite Mixed Matrix Membrane. Desalin. Water Treat. 2016, 57, 28900-28909.
[CrossRef]

Itoi, S.; Nakamura, I.; Kawahara, T. Electrodialytic Recovery Process of Metal Finishing Waste Water. Desalination 1980, 32,
383-389. [CrossRef]

Arana Juve, ].M.; Christensen, EM.S.; Wang, Y.; Wei, Z. Electrodialysis for Metal Removal and Recovery: A Review. Chem. Eng. ].
2022, 435, 134857. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s12665-015-4214-0
https://doi.org/10.1016/j.reactfunctpolym.2010.08.004
https://doi.org/10.1016/j.jbiosc.2014.06.003
https://www.ncbi.nlm.nih.gov/pubmed/25077706
https://doi.org/10.1016/j.seppur.2014.04.002
https://doi.org/10.1080/15567036.2019.1568629
https://doi.org/10.1080/01496395.2019.1664582
https://doi.org/10.1016/j.resconrec.2021.106076
https://doi.org/10.1016/j.hydromet.2019.105124
https://doi.org/10.1016/j.jclepro.2016.05.139
https://doi.org/10.1016/S0376-7388(98)00189-6
https://doi.org/10.4067/S0717-97072020000405004
https://doi.org/10.1016/j.crgsc.2021.100243
https://doi.org/10.3389/fchem.2022.781372
https://www.ncbi.nlm.nih.gov/pubmed/35186879
https://doi.org/10.1016/j.memsci.2012.05.007
https://doi.org/10.1016/B978-0-12-821496-1.00017-9
https://doi.org/10.1080/19443994.2016.1193449
https://doi.org/10.1016/S0011-9164(00)86038-5
https://doi.org/10.1016/j.cej.2022.134857

	Introduction 
	Membrane Technics Using in the Nickel Removing Process 
	Nanofiltration 
	Reverse Osmosis 
	Complex Ultrafiltration 
	Liquid Membranes 
	Donnan Dialysis 
	Electrodialysis 

	Future Perspectives 
	Complexation Ultrafiltration 
	Nanocomposite Membranes 
	Electrodialysis 

	Conclusions 
	References

