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ABSTRACT

Effluents from industries include high levels of toxic heavy metals and are considered to be one of
the serious sources of water pollution. Galvanizing, electroplating, tannery, textile, and dye industries
are the major sources of heavy metal contaminants. To protect the environment from the toxic effects
of the effluents, it is highly necessary to treat this industrial effluent before discharging it into the
water bodies. This paper focuses on the critical analysis of conventional separation processes such
as adsorption, chemical precipitation, coagulation and flocculation, and membrane separation pro-
cesses for the separation and recovery of zinc from wastewater. This paper deals with the analysis
of effective separation technologies for the removal of zinc from industrial effluent. The advantages
and limitations of the technologies for the separation and recovery of zinc have been compared and
critically analyzed. This paper also provides the outline of hybrid membrane technology in the ultra-
filtration process known as complexation-enhanced ultrafiltration for the separation and recovery

of zinc from the aqueous stream.
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1. Introduction

water is the source of life and vitality for millions of
people around the world. One of the persistent issues we
have today is water pollution. The rapid growth of indus-
trialization and population has created a polluted environ-
ment. One of the major concerns related to rapid industri-
alization is the generation of a huge volume of wastewater
contaminated with heavy metals which is directly dis-
charged into the water bodies without proper treatment
[1]. Electroplating, pigment, textile and leather industries,
paper and pulp industries, galvanizing sectors, petrochem-
ical, and refineries are the main sources of wastewater.
Metal finishing industry waste, medical trash, electronic
scraps, battery waste, and other industrial wastes are the
few sources of wastewater. Heavy metal pollutants, unlike

* Corresponding author.

organic contaminants, are not biodegradable, hazardous,
and tend to accumulate in living organisms. Due to their
poisonous or carcinogenic effects and accumulation through
the food chain, heavy metal contamination of aquatic organ-
isms is a global environmental concern [2-5]. These heavy
metal ions, however, can be transformed into less hazardous
compounds. The proper separation and recovery of heavy
metals could produce value added compounds. Toxic metals
such as mercury, nickel, zinc, copper, lead, chromium, iron,
etc., can persist in either chemical or mixed forms, making
their removal from wastewater a challenging task. However,
at the trace level, these heavy metals are required by living
beings for metabolic activities. But when present in higher
concentrations, these metals can affect human health irre-
versibly. Heavy metals in open water kill aquatic life, deplete
oxygen, and produce algae blooms. When heavy metals
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are dumped into rivers or any water bodies, they become
hydrated ions, which are significantly more dangerous than
metal atoms. These hydrated ions disturb the enzyme pro-
cess, causing absorption to speed up [6,7]. The World Health
Organization (WHO) has established the standards for the
maximum allowable limits of certain heavy metals in pota-
ble water and industrial wastewater to be discharged into
water resources, as well as the repercussions for human
health if these limits are exceeded. The tolerance limit of
the toxic heavy metals is shown in Table 1.

Zinc is one among the heavy metals, and it reacts mod-
erately with oxygen and a few non-metallic compounds
to produce hydrogen, and dilute acids. But presently, the
concentrations of zinc are rising at an abnormal rate as a
result of human-induced addition. Huge quantities of zinc
are being consumed during industrial processes such as
mining, burning of coal, fossil fuel combustion, burning of
waste, fabrication of steel, steel galvanization to the produc-
tion of the negative plate in electrical batteries, alloy prepa-
ration, smelting, etc. It is used in the galvanizing industry,
electroplating industry, as a pigment in the plastic indus-
try, etc. It is also employed in rubber manufacturing as a
catalyst and also as a heat disperser in the finished prod-
uct [8]. Hence, the effluents from these processes contain
an enormous volume of zinc. Since it possesses excellent
antioxidant properties, which can protect the human body
from premature aging, almost every single tablet contains
it. It has a significant impact on human health when it is
consumed at a trace level. High concentrations of zinc can
cause health hazards such as gastrointestinal diseases, lung
disorders, risk of cancer, irritation stomach cramps, and so
on [9]. The issue with the pollution related to heavy metals
in water and aquatic organisms, especially fish, requires con-
tinuous monitoring and surveillance because these elements
do not disintegrate and tend to biomagnify human beings
through the food chain. So, it is very important to remove

Table 1

heavy metals from the industrial effluent, before discharg-
ing the effluents into the water bodies. In this context, in
recent years research and development are being focused
on industry-specific methods and technologies for sepa-
ration as well as recovery of zinc from wastewater.

This review paper aims to provide an overview of the dif-
ferent technologies adopted for the separation and recovery
of zinc from industrial effluent. This study critically analy-
ses the existing technologies, and recent practices as well as
research work that are involved in the removal and recov-
ery of zinc. Separation or removal efficiency is measured
in terms of percentage removal, rejection, or retention.

Various separation technologies have been utilized for
the separation of zinc from industrial wastewater. Chemical
based separation processes such as precipitation, coagula-
tion, flotation, adsorption, ion exchange process, electro-
chemical process, and physicochemical processes such as
membrane separation process, electrodialysis, etc., have
been reported in the literature for the separation of Zn(II)
from the effluent. In recent years, carbon nanomaterials are
gaining importance for the separation of heavy metal ions
from the effluent. There is tremendous progress in the syn-
thesis of innovative carbon nanotubes for effluent treatment.
The emerging technologies utilize zeolite-based compos-
ite materials for effluent treatment due to their successful
employability as an adsorbent as well as an excellent pho-
tocatalyst [10]. This paper highlights the emerging tech-
nologies with their feasibility and also drawbacks for the
removal of Zn(II) from the effluent.

2. Separation processes
2.1. Chemical precipitation

Chemical precipitation is a simple and easily mech-
anized treatment process. This is one of the commonly
used techniques for the removal of Zn(Il) from industrial

Toxic heavy metals tolerance limits and their impact on human health [1,74]

Heavy Permissible limit for
metal ions drinking water (mg/L) wastewater (mg/L)

Permissible limit for Major sources

Health hazards

brass manufacture

Metal plating, refineries, Skin irritation, anemia, nausea, vomiting,

damage to the nervous system, dermatitis
Oral ingestion, issues in the gastrointes-

Pesticides, batteries,
paper industry

Metallurgical industry,
electroplating industry
Mine, mineral sources
Automobile emissions,
coal burning, pesticides,

Metal smelters, pesti-
cides, fungicides.

Zn 3 2-5
Hg 0.006 0.05
Cu 2 1
Cr 0.05 0.05
Pb 0.01 0.01
paints
Ni 0.02-0.07 0.02
Cd 0.003-0.005 0.003

Welding, fertilizer, elec-
troplating, pesticides.

tinal, damage to the nervous system, and
kidney, and increases the incidence of
some benign tumors

Liver and kidney damage, anemia, gastro-
intestinal effects, irritation in the stomach
Causes cancer, mainly lung cancer

Fatal infant encephalopathy, chronic
damage to the nervous system, liver,

and kidney.

Difficulty in sleeping, irritability,

nausea, vomiting

bone marrow, lung disease,

bone defects, lung cancer




E. Kavitha, A. Gopika / Desalination and Water Treatment 291 (2023) 131-143 133

wastewater. This process requires a huge quantity of chemi-
cals to reduce the concentration of Zn(Il), which is one of its
drawbacks. This also leads to the generation of a huge vol-
ume of secondary pollutants such as sludge. In the chemical
precipitation process, the precipitant added with the effluent
reacts with Zn(II) and converts it into an insoluble precip-
itate. To separate these insoluble precipitates, the effluent
has to undergo additional separation processes like sedi-
mentation, filtration, or/and membrane separation processes
[11,12]. The process flow diagram is shown in Fig. 1.

In chemical precipitation processes, impurities from a
solution are separated as sediment, which can subsequently
be filtered, and centrifuged. The precipitate is a complex
compound that forms between the precipitation agent and
heavy metal ions, which lowers the metals bioavailability.
pH is one of the most essential factors in chemical precip-
itation. The type and concentration of metal ions, the pre-
cipitation reagent utilized, the presence of additional chem-
icals, and reaction circumstances are all factors that can
affect the effectiveness of chemical precipitation processes
[13]. The conventional methods of chemical precipitation
for the separation of heavy metals involve metal hydroxide
precipitation and metal sulfide precipitation [13]. Various
precipitating agents such as calcium hydroxide (Ca(OH),
[14], calcium carbonate (CaCO,) [13], soda ash (Na,CO,)
[15], sodium sulfide (Na,S), calcium oxide (CaO) [14,16],
sodium hydroxide (NaOH) [17], potassium hydroxide [17],
hydrogen sulfide [18], oxalic acid [19], ethylene diamine
tetraacetate [20] have been reported in the literature for
the separation of Zn(II).

The mechanism involved in the metal hydroxide
precipitation is as follows:

M?** +2(OH) <« M(OH), )
The dissolved metal ion (M*) in the effluent stream

reacts with the precipitant (OH") and produces insolu-
ble metal hydroxide precipitate M(OH) [13]. In the case of

Precipitating
agent / Coagulant

s

Wastewater

pH adjustment

& v

metal sulfide precipitation, sulfide is added to the effluent
to produce the insoluble metal sulfide precipitate.

Ray et al. [21] investigated a two-step treatment method
that involves electro-Fenton treatment for chemical oxygen
demand reduction and then zinc removal through chem-
ical precipitation. Zn* was precipitated in Zn(OH), form
from treated wastewater after the electro-Fenton experi-
ment by adding calcium oxide (CaO). Separation efficiency
was found to be 99.3% at pH 10. The formation of the main
negative soluble species was reduced when the pH was
increased beyond 10.

Chen et al. [15] studied the efficiency of precipitating
agents such as Ca(OH),, Na,S, and Na,CO, for the removal
of metal ions Zn, Cu, and Pb. Particle size variations and
chemical phase conversion of precipitates were given spe-
cific attention. Copper and zinc were successfully removed
from the aqueous solute ions with the three precipitants,
while lead was more efficiently separated by sodium
sulfide with a removal efficiency of 99.75%.

Oncel et al. [22] examined the separation of Cu(II) and
Zn(Il) using precipitating agents such as NaOH, Ca(OH),,
and Na,CO,. The separation was found to be more than
90%. Zinc and copper were precipitated as amorphous
hydroxides in the sludge product, including Zn(OH),, and
Cu(OH),. The volume of sludge generated was found to
be quite low. As a result, drying processes could be eco-
nomical for sludge treatment. Soda ash could be used as a
cost-effective precipitating agent for Cu(ll) and Zn(Il) from
industrial wastewater. Shah et al. [23] studied the selec-
tive separation of Cu(ll) and Zn(II) followed by the recov-
ery of zinc as zinc oxide using precipitation stripping. The
recovery of zinc was reported to be more than 90%.

However, due to certain limitations such as huge volume
of chemical consumption, sludge handling and disposal
problems and limited possibility of recovering the metal
ions and precipitating agent, chemical precipitation lacks
in the full fledge application for the separation of heavy
metal ions.

Filter Outflow
N water
N
Thickener
Water
Dewatered
solids

¥ 3ludge

Fig. 1. Process flow diagram of conventional heavy metal precipitation.
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The separation of Zn(II) by metal hydroxide precipitation
is a simple technique and depends on the pH of the solution.
However, this process generates a huge volume of sludge
which is difficult to dewater [13]. Metal sulfide precipitation
lacks due to the low solubility, colloidal precipitate forma-
tion, and possibility of toxic hydrogen sulfide generation.
In recent years, to overcome these limitations, the research
has been focused to employ alternate precipitation methods
such as precipitation using chelating agents, dithiocarba-
mate compounds, etc., for the separation of Zn(II) from the
effluent [13].

2.2. Coagulation and flocculation

Coagulation is a process that involves the formation of
large aggregates from insoluble particles. The coagulants
such as aluminium sulfate [24], magnesium chloride [24],
poly aluminum chloride [24], and ferric chloride — polyacryl-
amide [25] were reported in the literature for the separation
of Zn(Il). In the flocculation process, flocculants bind with
the target metal and form huge agglomerates which can be
separated by sedimentation, filtration, etc. Natural and syn-
thetic polymers which are water soluble have been reported
in the literature. Synthetic water polymers have attracted
attention due to their ability to create stable and large
agglomerates. However, they lack in their implementation
due to their non-biodegradability. In recent years, functional-
ized bioflocculants have been investigated for the separation
of Zn(Il). The functionalized bio flocculants such as
starch-graft-P[acrylamide-acrylicacid], starch-graft-P[acryl-
amide-2-acacrylamido-2-methyl-1-propanesulfonicacid]
[26], were utilized for the separation of Zn(II).

Amuda et al. [25] have investigated the separation of
Zn(Il) from beverage industry effluent using ferric chloride
in combination with polyacrylamide as a coagulant. This
work was focused on the separation efficiency using ferric
chloride and polyacrylamide independently, and the com-
bination of ferric chloride-polyacrylamide. It was observed
from the experimental findings that the combination of fer-
ric chloride-polyacrylamide could yield better separation
when compared to the ferric chloride and polyacrylamide
combination.

Hankins et al. [27] studied the separation of Zn(II) which
involves the binding of Zn(II) with humic acid, followed by
coagulation and flocculation using poly diallyl dimethyl

Table 2

ammonium chloride. The effect of parameters such as poly-
electrolyte dose, pH, the concentration of humic acid, and
Zn(Il) was evaluated. To isolate the free metal ions from the
solution ultrafiltration was carried out. The percentage sep-
aration Zn(Il) was found to increase with coagulation—floc-
culation of humic acid by poly(diallyldimethylammonium
chloride).

In spite of the highlights of the coagulation—flocculation
process such as simple and easy to adopt, there are certain
limitations such as consumption of chemicals, increased
sludge volume, handling, and treatment of sludge, need
for secondary treatment processes. The recently carried out
works in this area attempt to overcome all these limitations
and recover Zn(Il) as a value-added component to success-
fully implement the process on a large scale. The various pre-
cipitating agents, coagulants, and flocculants employed for
the removal of Zn(II) are shown in Table 2.

2.3. Adsorption

Adsorption is a widely employed technology for the
removal of heavy metal contaminants from wastewater. Ease
of operation, low operational cost, high separation efficiency,
and feasibility of regeneration of adsorbents were all the
noted benefits of this process. When it comes to heavy metal
removal from the effluent, adsorption by activated carbon is
the widely adopted technology because of its higher surface
area and affinity towards heavy metals. This review elabo-
rates on the removal of Zn(Il) from industrial wastewater
through the adsorption process. A variety of adsorbents have
been developed for the removal of Zn(Il) with promising
results. Although activated carbon, is a popularly used absor-
bent for heavy metal removal, its use is restricted due to its
high cost and limited regeneration potential. In the past few
decades, researchers have been working towards the syn-
thesis of low-cost novel adsorbents as a potential alternative
to activated carbon to achieve equivalent efficiency [7,28].

2.3.1. Adsorbents

Carbon-based adsorbents were employed widely for the
separation of Zn(II). The functional groups of adsorbents
such as phenyl, and carboxyl can boost the surface charges
to facilitate the separation process. But these carbon-based
adsorbents are very expensive due to their complexity in

Review of different precipitant/coagulant/flocculent for the removal of Zn(II)

Separation method Precipitant/coagulant/flocculent pH Removal percentage References
Chemical precipitation CaO 9-10 99.3 [21]
Ca(OH), 11 99.65 [15]
Chemical precipitation Na,S 10 98.9
Na,CO, 9 99.69
Chemical precipitation NaOH 10 99.89 [75]
FeCl 7 36
Coagulation—flocculation €5 [76]
Flocculant 7 42
PAX-215 - 33
C lation—fl lati 77
oagulation—flocculation Chitosan _ 51 [77]
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synthesis, which limits their implementation in indus-
trial applications [29,30].

In the past few years, chitosan has attracted attention
as a feasible adsorbent for the separation of heavy metal
ions from aqueous effluent. It is a natural biopolymer that
has an affinity for the metal ions in wastewater. This affin-
ity towards the metal ions is mainly due to the amino and
hydroxyl groups present in it. Despite its distinctive char-
acteristics, it has minimal mechanical durability and low
regeneration capability. Due to the lower surface area, mass
transfer resistance, high crystallinity, and low porosity, it is
very difficult to apply chitosan in powder or flake [31,32].

Several adsorbents synthesized from natural minerals
such as zeolite and clay have been employed for the separa-
tion of Zn(Il) from the wastewater due to excellent stability,
selectivity, adsorption capacity, surface charge, and hydro-
philicity, and high swelling capacity [33,34]. Furthermore,
acid washing, pillar bearing, and thermal treatment can
enhance the size of the pores, their volume, and specific
surface area, which results in a significant boost in the effec-
tiveness of adsorption. Natural minerals may be more cost-
effective. However, after a few cycles, the removal efficiency
may drop. As a result, various modification procedures,
such as calcination and impregnation, have been proposed
to improve the adsorption capacity [35,36].

Another category of adsorbents includes magnetic adsor-
bents, mainly magnetic nanoparticles like Fe,O,. Carbon,
chitosan, starch, polymers, or biomass could be the base
materials. Magnetic field, redox activity, and surface charge
all influence the adsorption process. Iron oxides such as
hematite a-Fe,0, maghemite y-Fe,O, magnetite FeO,
zero-valent iron nanoparticles, and spinel ferrites are some
magnetic adsorbents proposed in the literature [37]. The
adsorbents utilized for the separation of Zn(II) from the
aqueous stream are shown in Table 3.

Mo et al. [38] reported the review on the functional-
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highlighted the impact of the functionalization of zeolite,
the potential application of the adsorbent for the separation
of Zn(Il) and other heavy metals, mechanism of separation.
Zhang et al. [34] investigated the adsorption study on the
separation of Zn(Il) from sewage using NaP zeolite devel-
oped from coal fly ash as an adsorbent. The concentration
of Zn(Il) in the feed solution was 100 mg/L, the optimum
pH was found to be 5 and the maximum adsorption capac-
ity was found to be 40 mg/g. The separation mechanism was
described by pseudo-second-order kinetics and Langmuir
adsorption isotherm.

Zeolite-based polymer composite materials are also
emerging as novel adsorbents for the separation of heavy
metal contaminants from aqueous streams due to their
mechanical and chemical stability, surface area, flexibil-
ity, etc [10]. The blend of organic and inorganic composite
materials could very effectively separate Zn(Il) from the
aqueous stream as compared to either organic or inorganic
compounds as adsorbents. Zeolite-based nanocompos-
ite materials are synthesized by incorporating metal oxide
nanoparticles, and carbon-based compounds [10]. It could
be employed for the removal of both cationic and anionic
pollutants from the aqueous stream owing to their pore size,
photoactivity, physiochemical stability, and ease of operation
[10,39,40]. The functional modification of zeolite could be
done by acid/base treatment, ultrasonic and thermal modifi-
cation to increase the pore volume and diameter [10]. Panek
et al. [41] investigated the simultaneous separation of Zn(II)
and Pb(II) using zeolite as well as zeolite-carbon compos-
ite as an adsorbent. The results exhibited the higher sepa-
ration efficiency of natural zeolite with Zn(II) due to their
ion exchange capability. Due to the smaller ionic radius, the
movement of Zn(II) towards the actives sites of the adsor-
bent was much faster than Pb(II). The ionic interaction was
explained by the following equation:

ized zeolite for the separation of Zn(Il). Their review work Zn(z;luﬁm) +2Na, i) = 20 egiie) F 2NAion) ()
Table 3
Brief review of the adsorbents employed for the separation of Zn(II) from wastewater
Adsorbents pH  Percentage adsorption/Adsorption capacity =~ References
Cork powder 6.5 92 [78]
Natural clinoptilolites 8 97
Conditioned clinoptilolites CC, 48 99 [79]
G, 48 997
CC, 48 97
Powdered fish bones 5 98 [80]
Activated carbon derived from oil palm empty fruit bunches - 98 [81]
Bagasse fly ash 4 100 [82]
Nanostructured cedar leaf ash - 94 [83]
Bentonite of Mostaganem 9 86.3 [84]
Kaolin 81.4
Egyptian oil shale - 99 [85]
Ulva fasciata sp. 5 76.42 [86]
Natural zeolite - 656 mg/g [41]
Zeolite-carbon composite - 600 mg/g
Fe,O,-5i0, - 119 mg/g [87]
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Substantial percentage desorption was observed with
hydrochloric acid treatment of the adsorbent [41]. However,
a great challenge lies in the reusability of the adsorbent.

The adsorption process has proven to be a promis-
ing methodology for the separation of heavy metal ions.
However, due to the cost of adsorbents, and limitations in
the recoverability of adsorbents, this process lacks appli-
cations in large-scale operations. In recent years, low-cost
adsorbents and nanocomposite adsorbents have been for-
mulated and applied successfully for separation studies
on a lab scale and pilot scale.

2.4. Membrane separation process

During the 1980s, membrane separation processes
advanced at a breakneck speed. When compared to the other
conventional processes, membrane separation technologies
have merits such as (i) better separation, (ii) less energy
requirements in the case of low-pressure membrane separa-
tion processes, (iii) less chemical usage, (iv) easy to operate
and compact, (v) ambient operational conditions, and (v) can
be combined with other conventional methods [12]. Because
of these applications, membrane processes find applications
in the food and beverage industry, biotechnology, waste-
water treatment, and eventually for the treatment of heavy
metals containing wastewater. The performance of the mem-
brane can be influenced by a variety of factors. Membrane
material, pore size, and contact angle are the essential char-
acteristics. Materials should be selected in such a way that
they aid in membrane fabrication with excellent chemical
resistance and less fouling. Membrane fabrication involves
the use of a variety of materials, including metallic, ceramic,
and composite materials. Other innovative fabrication of
membranes involves incorporating catalytic nanoparticles
in the membrane structure. The characteristics of pressure
driven membrane processes are shown in Table 4.

Polymers are a popular choice in membrane fabrication
due to their low cost and porous nature. Some of the most
widely employed polymeric membrane materials are cel-
lulose acetate, polyvinylidene fluoride (PVDEF), polyacrylo-
nitrile (PAN), polypropylene (PP), polyethersulfone (PES),
and polysulfone (PSU). In some circumstances, ceramic
materials outperform polymeric materials, due to their small
pore size distribution, and great thermal, mechanical, and
chemical resilience. Ceramic membranes are made using alu-
mina, silica, titania, zirconia, oxide mixes, sintered metals,
etc [11].

2.4.1. Microfiltration

Microfiltration (MF) is considered to be one of the oldest
commercially adopted pressure-driven membrane separa-
tion processes. MF can retain suspended particles, proteins,
yeast cells, and significant pathogens. MF is a versatile mem-
brane process since it can reject a wide spectrum of large-
scale pollutants [42]. Because of the vast range of pore sizes,
this pressure-driven membrane process can be used in a vari-
ety of fields such as pharmaceuticals, food [43], desalination
[44], biotechnology, and wastewater treatment [45]. Because
of its low efficiency, the application of MF for the separa-
tion of heavy metal has received only trivial consideration.

However, by modifying the membrane materials and also
through pre-treatment of the effluent MF could be adopted
significantly for the separation of heavy metals [28]. In recent
years, complexation followed by MF has been widely adopted
as a promising technology for the separation of heavy metal
ions from the aqueous phase. This process involves the for-
mation of metal complexes with polymer ligands followed
by the separation using the MF membrane. A variety of syn-
thetic polymers such as polyvinyl alcohol, poly acrylic acid,
polyethylenimine, and biopolymers such as chitosan and
pectin were employed as complexing species in this process
[46]. The schematic representation of complexation followed
by the MF process is shown in Fig. 2.

Trivunac et al. [46] studied the efficiency of sodium car-
boxymethyl cellulose (Na-CMC) as a complexing agent for
the removal of zinc ions from water through MF complex-
ation processes. The studies were carried out in a stirred
dead-end cell. The generated polymer-metal combina-
tion was separated using versapor membranes. The study
showed that the usage of Na-CMC for the removal of zinc
is quite promising, with higher rejection coefficients of 99%.
The high rejection of metal ion was observed at pH 7 and 8
owing to the higher ionic strength. Sekulic¢ et al. [47] studied
the complexation microfiltration process for the removal of
Pb, Cd, and Zn using two water-soluble derivates of cellu-
lose. In this paper, the artificial neural network (ANN) tool
was employed to predict the rejection efficiency by MF. The
results showed that ANN could be employed successfully for
predicting the percentage rejection of heavy metals. Mavrov
et al. [48] selected synthetic zeolite P as a bonding agent for
the removal of Zn, Cu, and Ni through a hybrid process
combining flotation and submerged microfiltration.

2.4.2. Hybrid ultrafiltration processes

Ultrafiltration, one of the widely employed pres-
sure-driven membrane processes, employs porous mem-
branes with a molecular weight cut-off (MWCO) of
1-300 kDa with a pore diameter of 2-100 nm. Ultrafiltration
(UF) is applied for concentrating macromolecule solutions
by allowing only solvent molecules and low MW solutes to
pass across the membrane [49]. This paper mainly focuses
on the removal of zinc. One of the drawbacks of applying
the ultrafiltration process for heavy metal removal is that
the size of the heavy metals is relatively smaller than the
pores of the UF membrane, such that these heavy metal ions
could easily pass through the UF membrane which led to the
idea of hybrid ultrafiltration processes such as complexation
enhanced ultrafiltration (CEUF), micellar-enhanced ultrafil-
tration (MEUF), etc. In these methods, the size of the target
molecules (heavy metals) has been enhanced through com-
plexing species such as N-N-N-triethylammonium chitosan
(TEAC) [50], carboxymethyl chitosan (CMCh) [6], polyeth-
yleneimine (PEI) [51], poly(N,N-dimethylaminoethyl meth-
acrylate) (PDMAEMA) [52], carboxymethyl-B-cyclodextrin
(CM-B-CD) [53], unmodified starch [54], acacia gum (AG)
[55], polyvinylamine (PVAm) [56]. In MEUF, the addition of
enhancing agent results in the formation of precipitates that
could bind with metal ions to form a macromolecular struc-
ture of metal and surfactant complex. During the separa-
tion process, the UF membrane retains the macromolecular
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Table 4
Characteristics and solutes retained by MF, UF, RO, and NF [88]

137

Pressure driven Molecular weight

membrane processes cut-off (kDa)

Membrane type

Solutes retained

Microfiltration 100-500 Porous, asymmetric, or symmetric Suspended solids, bacteria
Ultrafiltration 20-150 Asymmetric, microporous Suspended solids, virus, bacteria
Nanofiltration 2-20 Thin film composite, Multivalent ions, suspended solids,
asymmetric, tight porous virus, bacteria
Reverse osmosis 0.2-2 Semi-porous, thin film All the contaminants including
composite, asymmetric monovalent ions
Effluent Bonding
agent
Micro filtration
Lo

L

Treated water
_

Pump

Recycle
water

Reject water

Fig. 2. Schematic representation of complexation followed by microfiltration process.

structure and non-complexed species only will flow through
the UF membrane. High retention of the metal-surfac-
tant complex can be achieved when a cationic surfactant
is employed for the removal of anionic metal ions and an
anionic surfactant is employed for the removal of cationic
metal ion.

Innocenzi et al. [57] performed the MEUF process for the
separation of Zn(Il) and yttrium from simulated wastewa-
ter. They employed sodium dodecyl sulphate as a surfactant
and performed the separation studies in a mono-tubular
ceramic UF membrane with molecular weight cut-off of
210 and 1 kDa. The percentage retention of the metal ions
(99%) was excellent with a UF membrane of 1 kDa MWCO.
The chief limitation of MEUF is that it results in the gener-
ation of secondary pollutants if the metal-surfactant is not
properly disposed of.

CEUF is a form of water-soluble polymeric agent-
based ultrafiltration purification technique. The polymeric
agents bind to metal ions to form macromolecule, which
gets retained by the membranes. Since this process greatly
depends on the solution pH, the metal ions and polymers
could be recovered by altering the solution pH and can be
reused [58]. There are only a few papers reported in the lit-
erature on the separation of zinc ions through CEUF. The
CEUF process has advantages like high selectivity, because

of the selective bonding between the metal ion and polymer
ligands, minimal energy requirements, and no limitation of
osmotic pressure. Also, the fouling problem is minimum due
to the possibility of backwashing of the membrane. The pres-
sure-driven membrane separation processes such as reverse
osmosis and nanofiltration suffer the problem of limitation
of osmotic pressure which restricts the absolute separation
of metal ions by these processes. The schematic representa-
tion of the CEUF process is shown in Fig. 3. A brief litera-
ture review of the different complexing species employed
for the removal of Zn(Il) from wastewater is shown in
Table 5. The mechanism of complexation-enhanced ultrafil-
tration is shown in Fig. 4. The separation is by ionic interac-
tion of metal ion with polymer ligands as well as chelation.
The separation mechanism is represented in Fig. 5.

Kavitha et al. studied the separation and recovery of
heavy metal ions by CEUF, also known as size-enhanced
ultrafiltration. The percentage retention of metal ions Cu(Il),
Ni(II), Pbl), and Zn(II) was observed to be more than 95%
and the recovery of metal ions was observed to be more than
75%. The results revealed that the complexation was more
pronounced at basic pH due to the high affinity of OH-
present in the polymer ligands to complex with the metal
ions. It was also observed from the results that the percent-
age retention was quite high even at neutral pH. Hence,
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Fig. 3. Complexation-enhanced ultrafiltration process.

Table 5

Treated water

Ultrafiltration

Retentate

(e
9

Brief review on different complexing species for the removal of Zn(II)

Metal ions Complexing species Membrane material Molecular weight cut-off (kDa) Rejection percentage (%) References
Zn* Polyacrylic acid 99.1
Polyethersulf 1

Nt (PAA) olyethersulfone 0 % [89]
Zn* 99

dium dodecyl
car f"lf:t‘?(s[;’s;’cy Polyethersulfone - 97 [90]
Pb* . 99
Zn* 87
Cu* 100
Ni2 CMCh Polyethersulfone 50 100 [6]
Pb* 90
Zn* SDS PAN-MEOF 30 84.67 [91]
Zn* 87.82
Pb? . Polysulfone hollow 83.86
o Unmodified starch fibre 10 8774 [92]
Cr* 92.06
Zn* PAAS Polyethersulfone 30 95.3 [93]
Zn* Unmodified starch  Polyethersulf 10 % [94]
Pb2 nmodified starc olyethersulfone 66

without much altering the pH of the effluent the separa-
tion could be achieved by CEUF.

Mehenktas and Arar performed CEUF using sodium
lignosulfonate as a complexing species for the separation
of Zn(Il) from both synthetic and electro-plating effluent.
The maximum percentage retention of 90% was observed
at pH in the range of 3-7. There was no impact of monova-
lent ions present in the solution for the separation of Zn(II)
and observed a significant impact of divalent ions. With the
electroplating effluent, the percentage retention of Zn(II)
was observed to be 80%. Substantial separation of Zn(II)
from the effluent is feasible without much altering the ini-
tial pH and with a minimum quantity of complexing species.
Hence, CEUF is a promising methodology for the separation
as well as recovery of Zn(II) from the aqueous stream.

2.4.3. Nanofiltration

Nanofiltration is a well-known pressure-driven mem-
brane-based filtration technology. The pore diameter of
nanofiltration membranes lies in the range of 1 to 10 nm
which is lower than the pore diameter of ultrafiltration mem-
branes. Nanofiltration (NF) activity represents a halfway
point between ultrafiltration and reverse osmosis processes.
NF is widely used in water and wastewater treatment, desali-
nation, food, biotechnology, pharmaceutical, etc [60,61].
Several studies were performed for the removal of heavy
metal ions through nanofiltration and obtained promising
results. Kocanova et al. [62] have studied the effectiveness
of the nanofiltration process for the removal of zinc from a
real industrial sample as well as a synthetic binary aqueous
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Fig. 5. Separation mechanism of Zn(II) using carboxymethyl cellulose by complexation-enhanced ultrafiltration process.

solution. AFC 40 nanofiltration membrane was employed for
the separation process of Zn(Il). The results of their studies
were found to be promising as the AFC 40 membrane showed
a high value of rejection (98%) of Zn(II) with real effluent as
well as simulated effluent. Shukla et al. [63] studied the effec-
tiveness of carboxylated-graphene oxide (GO)-incorporated
polyphenyl sulfone (PPSU) nanofiltration membrane for
the removal of Zn, Ar, Cr, Cd, and Pb. The incorporation
of carboxylated-GO resulted in better performance of the
membrane. This work exhibited that PPSU/carboxylated-GO
nanocomposite membrane is highly economically favourable
for heavy metal removal as it showed outstanding reten-
tion with acceptable volumetric flux. The rejection of metal
ion was found to be governed by the Donnan and dielectric
exclusion principle. The charge on the surface of the mem-
brane was observed to be negative due to the presence of
carboxylic groups, which could attract the cations and expel
the anions. It was found to be negligible effect of trans-
membrane pressure on the metal ion rejection.

Moradi et al. [64] fabricated a novel antifouling nano-
filtration membrane for the effective removal of metal ions.
The membrane was prepared by introducing tetrathiotere-
phthalate (TTTP) filler into the polyethersulfone (PES)
matrix through phase inversion. This work exhibited prom-
ising results as the T-PES performed better when compared
to PES. Also, T-PES embedded PES showed a high value
of metal ion rejection for Zn, Cu, and Pb. One of the major
limitations of NF membranes is severe fouling which leads
to a drop in permeate flux. To overcome this issue, we need
to do periodic cleaning of the membrane surface which is

again involving operational costs. The work carried out by
Moradi et al. [64] represented satisfactory permeate flux
with T-PES NF membranes. Hence, NF with suitable com-
posites of membrane material could enhance the feasibility
of the separation of heavy metal ions such as Zn from an
aqueous stream. In recent years many works have been car-
ried out by researchers focusing on the suitable selection of
material for the synthesis of composite NF membranes with
promising results with the retention of heavy metal ions.

2.4.4. Reverse 0smosis

The widely employed commercial pressure-driven
membrane process, reverse osmosis (RO) has been acknowl-
edged as an excellent desalination process. In recent years,
a lot of improvements have been applied in RO technology,
such as membrane material, processes, and also energy
recovery which in turn increased the interest in its com-
mercial applicability. RO process has been included in pro-
cesses like separation, selective removal, and concentration
[65]. Algureiri and Abdulmajeed [66] investigated the sep-
aration of heavy metal ions from industrial effluent by RO.
The experimental findings showed more than 95% removal
of heavy metal ions, and high productivity, involving
medium-pressure application.

Ipek [67] investigated the removal of Zn?" and Ni* from
wastewater by a RO unit by modifying several parameters
like initial solution pH and concentration of metal ions. The
effects of EDTA as an aid to the membrane process were
also investigated. Results shown were promising with a
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high rejection percentage of nearly 100% of Ni* and Zn?*,
respectively with an addition of EDTA at a concentration
of 240 ppm.

Chung et al. [68] investigated a combined RO and ferrite
process for a local metal plating wastewater treatment plant.
Wastewater containing zinc and chromium ions was simul-
taneously purified and concentrated using disc-type RO
modules. Zinc ions were recovered from RO concentrations
via ferrite reaction. 99.7% of zinc ions were recovered after
the ferrite reaction. The zinc plating waste stream containing
40 mg/L of Zn(Il) was investigated for their studies and the
concentration was reduced to 0.24 mg/L after treatment with
RO. The detailed economic study was also conducted for the
treatment of preplating rinse, zinc plating, and chrome plat-
ing wastewater. The combination of RO with ferrite process
was proposed for the existing plant from the pilot scale study
and economic analysis. As mentioned earlier, RO is a well-es-
tablished technology for the separation of heavy metal ions.
However, several works have been carried out for the past
few decades, to enhance the membrane characteristics to
minimize the fouling characteristics and also the economic
operational cost related to the operational pressure.

2.4.5. Electrodialysis

Electrodialysis (ED) has been widely adopted for the
treatment of brine and saline water. In recent years, ED has
become an emerging technology for the separation of heavy
metal contaminants. This process is based on the principle
of transfer of anions and cations across anion exchange and

cation exchange membranes. The ionic exchange membranes
will allow the selected species (anion/cation) to perme-
ate through it. This process involves the concentration and
recovery of valuable metal ions. In the case of electroplating
industries, a huge volume of wastewater containing valuable
metal ions is generated, and by adopting the ED process it is
feasible to recover those valuable species for reuse. Hence,
ED could be an effective technique not only for separating
heavy metals from the effluent stream but also for recov-
ering valuable metal ions.

Choi and Jeoung [69] investigated the separation of Zn(II)
from simulated wastewater and reported significant results.
They employed 2 cells electro dialysis unit and observed that
beyond the voltage of 10 V, there was no impact of voltage
on the separation of Zn(Il). They reported more than 97%
removal of Zn(Il). Boucher et al. [70] studied the separation
of Zn(Il) by employing commercial ED units. Buzzi et al.
[71] performed the electrodialysis for the treatment of acid
mine drainage containing the heavy metal ions Fe*, Fe*,
Zn*, Mn?%, etc. The studies were conducted with three dif-
ferent acid mine drainage samples and the current density in
the range of 1-3 mA/cm? was applied. The results exhibited
100% separation of Zn* from the effluent.

For the selective separation of heavy metal ions, emerg-
ing technology known as the selective electrodialysis process
has been employed. This mechanism utilizes pH depen-
dency, ionic charge, and chelating species for selective
separation. The schematic representation of heavy metal
separation by ED is represented in Fig. 6. Reig et al. [72]
investigated the separation of As(V), Cu(Il), and Zn(II) in

Electrolyte

= Metal + chelating
agent negatively charged

Concentrate

Feed stream

Concentrate

Fig. 6. Schematic representation of three compartment electrodialysis cell for the selective separation of metal ion.
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a three compartment electrodialysis unit employing anion
exchange, cation exchange, and monovalent ion exchange
membranes. The monovalent ion exchange membranes are
more energy efficient and their study reported 87% separa-
tion of Zn(Il) with the energy consumption of 2.6 kWh/kg. By
selective electrodialysis, they achieved 99.8% separation of
Cu(II)-Zn(II) from As(V). Hence this technology has proven
to be an effective methodology for the recovery of Zn(II)
from mining effluents.

Membrane separation processes have excellent poten-
tial for the separation of heavy metal ions since it holds a
diverse range of membrane characteristics and mechanisms.
Despite their efficiency, still, most of the studies were at the
research level and not implemented on large scale due to the
stability of membrane, and membrane fouling [73]. Future
studies should be focused on the methodology to over-
come these limitations to implement the processes on large
scale.

3. Conclusion

Environmental regulations have become more stringent
during the past few decades, calling for treated effluent to
meet the standard limits. Heavy metals containing wastewa-
ter have been treated using techniques such as adsorption,
chemical precipitation, membrane filtration, biosorption,
and coagulation/flocculation. It has been revealed from sev-
eral studies that the adsorptive separation by biosorption
and lost-cost adsorbent is effective and economical even
for lower concentrations of heavy metals. As the contami-
nated species would need significant counter ions to over-
come the limitation of solubility product, chemical precip-
itation directly may not be applicable. Membrane filtration
processes for heavy metal removal have been widely stud-
ied and are considered to have excellent metal ion rejec-
tion capability. In recent years, one of the hybrid processes
known as CEUF, an advanced process of ultrafiltration has
been studied widely for the selective removal and recovery
of zinc from industrial effluents with promising results and
is considerably better than RO and NF, and also other con-
ventional processes in terms of cost and metal ion retention
capability. By overcoming the limitations and improving
the membrane performance, there is an excellent chance for
membrane separation processes as an adaptable and alter-
native technology for the separation and recovery of Zn(II)
from the industrial effluent.

References

[1] R. Shrestha, S. Ban, S. Devkota, S. Sharma, R. Joshi, A.P. Tiwari,
H.Y. Kim, M.K. Joshi, Technological trends in heavy metals
removal from industrial wastewater: a review, J. Environ.
Chem. Eng., 9 (2021) 105688, doi: 10.1016/j.jece.2021.105688.

[2] S.Krishnan,N.S. Zulkapli, H. Kamyab, S.M. Taib, M.F.B. Md Din,
Z.A. Majid, S. Chaiprapat, I. Kenzo, Y. Ichikawa, M. Nasrullah,
S. Chelliapan, N. Othman, Current technologies for recovery of
metals from industrial wastes: an overview, Environ. Technol.
Innovation, 22 (2021) 101525, doi: 10.1016/;.eti.2021.101525.

[3] F.Fu, Q. Wang, Removal of heavy metal ions from wastewaters:
areview, ]. Environ. Manage., 92 (2011) 407—418.

[4] H.M. Zwain, M. Vakili, I. Dahlan, Waste material adsorbents
for zinc removal from wastewater: a comprehensive review,
Int. J. Chem. Eng., 2014 (2014) 347912, doi: 10.1155/2014/347912.

(5]

(6]

(71

(8]

(9]

(10]

(11]

[12]

(13]

(14]

[15]

[16]

(17]

(18]

(19]

[20]

[21]

[22]

(23]

[24]

141

U.U. Jadhav, H. Hocheng, A review of recovery of metals from
industrial waste Industrial management and organisation,
J. Achiev. Mater. Manuf. Eng., 54 (2012) 159-167.

E. Kavitha, R. Kedia, N. Babaria, S. Prabhakar, M.P. Rajesh,
Optimization of process using carboxymethyl chitosan for
the removal of mixed heavy metals from aqueous streams,
Int. J. Biol. Macromol., 149 (2020) 404—416.

K.H. Vardhan, PS. Kumar, R.C. Panda, A review on heavy
metal pollution, toxicity and remedial measures: current
trends and future perspectives, J. Mol. Liq., 290 (2019) 111197,
doi: 10.1016/j.molliq.2019.111197.

C. Gakwisiri, N. Raut, A. Al-Saadi, S. Al-Aisri, A. Al-Ajmi,
A critical review of removal of zinc from wastewater,
Lect. Notes Comput. Sci., 2197 (2012) 627-630.

K. Singh, N.A. Renu, M. Agarwal, Methodologies for
removal of heavy metal ions from wastewater: an overview,
Interdiscip. Environ. Rev., 18 (2017) 124-142.

V.Sodha, S. Shahabuddin, R. Gaur, I. Ahmad, R. Bandyopadhyay,
N. Sridewi, Comprehensive review on zeolite-based
nanocomposites for treatment of effluents from wastewater,
Nanomaterials, 12 (2022) 3199, doi: 10.3390/nan012183199.

A. Azimi, A. Azari, M. Rezakazemi, M. Ansarpour, Removal
of heavy metals from industrial wastewaters: a review,
ChemBioEng Rev., 4 (2017) 37-59.

E. Kavitha, S. Prabhakar, Review and assessment on the
separation of cesium and strontium from the aqueous stream,
Desal. Water Treat., 251 (2022) 43-56.

A. Pohl, Removal of heavy metal ions from water and
wastewaters by sulfur-containing precipitation agents, Water
Air Soil Pollut., 231 (2020) 503, doi: 10.1007/s11270-020-04863-w.
A. Reyes-Serrano, J.E. Loépez-Alejo, M.A. Hernandez-
Cortazar, 1. Elizalde, Removing contaminants from tannery
wastewater by chemical precipitation using CaO and Ca(OH),,
Chin. J. Chem. Eng., 28 (2020) 1107-1111.

Q. Chen, Y. Yao, X. Li, J. Lu, J. Zhou, Z. Huang, Comparison
of heavy metal removals from aqueous solutions by chemical
precipitation and characteristics of precipitates, J. Water
Process Eng., 26 (2018) 289-300.

K.A. Baltpurvins, R.C. Burns, G.A. Lawrance, A.D. Stuart, Effect
of electrolyte composition on zinc hydroxide precipitation
by lime, Water Res., 31 (1997) 973-980.

E. Sayilgan, T. Kukrer, N.O. Yigit, G. Civelekoglu, M. Kitis,
Acidic leaching and precipitation of zinc and manganese from
spent battery powders using various reductants, J. Hazard.
Mater., 173 (2010) 137-143.

E. Zhang, K. Zhou, X. Zhang, Y. Wu, ]. Liu, W. Chen, C. Peng,
Selective separation of copper and zinc from high acid leaching
solution of copper dust using a sulfide precipitation-pickling
approach, Process Saf. Environ. Prot., 156 (2021) 100-108.

C.L. Quintanilha, J.C. Afonso, C.A. Vianna, V. Gante,
J.L. Mantovano, Recovery of manganese and zinc via sequential
precipitation from spent zinc-MnQO, dry cells after fusion with
potassium hydrogenosulfate, J. Power Sources, 248 (2014)
596-603.

M. Aghazadeh-Ghomi, ]. Moghaddam, N.P. Ahmadji, Enhanced
selectivity of hydrolytic precipitation of Zn from Zn-Ni sulfate
solution via chelation of Ni, Trans. Nonferrous Met. Soc.
China, 28 (2018) 2566-2573.

P. Ghosh, A.N. Samanta, S. Ray, Reduction of COD and removal
of Zn* from rayon industry wastewater by combined electro-
Fenton treatment and chemical precipitation, Desalination,
266 (2011) 213-217.

M.S. Oncel, A. Muhcu, E. Demirbas, M. Kobya, A comparative
study of chemical precipitation and electrocoagulation for
treatment of coal acid drainage wastewater, J. Environ. Chem.
Eng., 1 (2013) 989-995.

K. Shah, K. Gupta, B. Sengupta, Selective separation of copper
and zinc from spent chloride brass pickle liquors using solvent
extraction and metal recovery by precipitation-stripping,
J. Environ. Chem. Eng., 5 (2017) 5260-5269.

FM. Pang, P. Kumar, T.T. Teng, A.K. Mohd Omar, K.L. Wasewar,
Removal of lead, zinc and iron by coagulation-flocculation,
J. Taiwan Inst. Chem. Eng., 42 (2011) 809-815.



142

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

E. Kavitha, A. Gopika / Desalination and Water Treatment 291 (2023) 131-143

O. Amuda, I. Amoo, K. Ipinmoroti, O. Ajayi, Coagulation/
flocculation process in the removal of trace metals present in
industrial wastewater, J. Appl. Sci. Environ. Manage., 10 (2006)
1-4.

X. Xiao, Y. Sun, J. Liu, H. Zheng, Flocculation of heavy
metal by functionalized starch-based bioflocculants: chara-
cterization and process evaluation, Sep. Purif. Technol., 267
(2021) 118628, doi: 10.1016/j.seppur.2021.118628.

N.P. Hankins, N. Lu, N. Hilal, Enhanced removal of heavy
metal ions bound to humic acid by polyelectrolyte flocculation,
Sep. Purif. Technol., 51 (2006) 48-56.

N.A.A. Qasem, R.H. Mohammed, D.U. Lawal, Removal of
heavy metal ions from wastewater: a comprehensive and
critical review, npj Clean Water, 4 (2021) 36, doi: 10.1038/
s41545-021-00127-0.

M. Karnib, A. Kabbani, H. Holail, Z. Olama, Heavy metals
removal using activated carbon, silica and silica activated
carbon composite, Energy Procedia., 50 (2014) 113-120.

I. Demiral, C. Samdan, H. Demiral, Enrichment of the surface
functional groups of activated carbon by modification
method, Surf. Interfaces, 22 (2021) 100873, doi: 10.1016/j.
surfin.2020.100873.

U. Upadhyay, I. Sreedhar, S.A. Singh, C.M. Patel, K.L. Anitha,
Recent advances in heavy metal removal by chitosan based
adsorbents, Carbohydr. Polym., 251 (2021) 117000, doi: 10.1016/j.
carbpol.2020.117000.

W.S.W. Ngah, S. Fatinathan, Adsorption of Cu(Il) ions in
aqueous solution using chitosan beads, chitosan-GLA beads
and chitosan-alginate beads, Chem. Eng. J., 143 (2008) 62-72.

F. Gao, L. Wang, ]. Wang, H. Zhang, S. Lin, Nutrient recovery
from treated wastewater by a hybrid electrochemical sequence
integrating bipolar membrane electrodialysis and membrane
capacitive deionization, Environ. Sci. Water Res. Technol.,
6 (2020) 383-391.

Y. Zhang, Y. Chen, W. Kang, H. Han, H. Song, C. Zhang,
H. Wang, X. Yang, X. Gong, C. Zhai, J. Deng, L. Ai, Excellent
adsorption of Zn(II) using NaP zeolite adsorbent synthesized
from coal fly ash via stage treatment, J. Cleaner Prod.,
258 (2020) 120736, doi: 10.1016/j.jclepro.2020.120736.

Y. Li, L. Li, J. Yu, Applications of zeolites in sustainable
chemistry, Chem, 3 (2017) 928-949.

T. Zhang, W. Wang, Y. Zhao, H. Bai, T. Wen, S. Kang, G. Song,
S. Song, S. Komarneni, Removal of heavy metals and dyes by
clay-based adsorbents: from natural clays to 1D and 2D nano-
composites, Chem. Eng. J., 420 (2021) 127574, doi: 10.1016/j.
ej.2020.127574.

M. Hua, S. Zhang, B. Pan, W. Zhang, L. Lv, Q. Zhang, Heavy
metal removal from water/wastewater by nanosized metal
oxides: a review, J. Hazard. Mater., 211-212 (2012) 317-331.

Z. Mo, D. Tai, H. Zhang, A. Shahab, A comprehensive review
on the adsorption of heavy metals by zeolite imidazole
framework (ZIF-8) based nanocomposite in water, Chem. Eng.
J., 443 (2022) 136320, doi: 10.1016/j.cej.2022.136320.

Z. Ren, E. Kim, S.W. Pattinson, K.S. Subrahmanyam,
C.N.R. Rao, A.K. Cheetham, D. Eder, Hybridizing photoactive
zeolites with graphene: a powerful strategy towards superior
photocatalytic properties, Chem. Sci., 3 (2012) 209-216.

H. Li, F. Zheng, ]. Wang, J. Zhou, X. Huang, L. Chen, P. Hu,
J. Gao, Q. Zhen, S. Bashir, ].L. Liu, Facile preparation of zeolite-
activated carbon composite from coal gangue with enhanced
adsorption performance, Chem. Eng. J., 390 (2020) 124513,
doi: 10.1016/j.cej.2020.124513.

R. Panek, M. Medykowska, M. Wisniewska, K. Szewczuk-
Karpisz, K. Jedruchniewicz, M. Franus, Simultaneous removal
of Pb* and Zn*" heavy metals using fly ash Na-X zeolite and
its carbon Na-X(C) composite, Materials (Basel, Switzerland),
14 (2021) 2832, doi: 10.3390/ma14112832.

S.F. Anis, R. Hashaikeh, N. Hilal, Microfiltration membrane
processes: a review of research trends over the past decade,
J. Water Process Eng., 32 (2019) 100941, doi: 10.1016/j.
jwpe.2019.100941.

C. Rouquié, L. Dahdoubh, J. Ricci, C. Wisniewski, M. Delalonde,
Immersed membranes configuration for the microfiltration

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

of fruit-based suspensions, Sep. Purif. Technol., 216 (2019)
25-33.

S.F. Anis, R. Hashaikeh, N. Hilal, Reverse osmosis pretreatment
technologies and future trends: a comprehensive review,
Desalination, 452 (2019) 159-195.

P. Saini, VK. Bulasara, A.S. Reddy, Performance of a new
ceramic microfiltration membrane based on kaolin in textile
industry wastewater treatment, Chem. Eng. Commun.,
206 (2019) 227-236.

K. Trivunac, Z. Sekuli¢, S. Stevanovié, Zinc removal from
wastewater by a complexation-microfiltration process,
J. Serbian Chem. Soc., 77 (2012) 1661-1670.

Z. Sekuli¢, D. Antanasijevi¢, S. Stevanovi¢, K. Trivunac,
Application of artificial neural networks for estimating Cd, Zn,
Pb removal efficiency from wastewater using complexation-
microfiltration process, Int. ]. Environ. Sci. Technol,
14 (2017) 1383-1396.

T. Erwe, V. Mavrov, H. Chmiel, Characterization of a synthetic
zeolite P as a heavy metal bonding agent, Chem. Pap., 57 (2003)
45-49.

G. Crini, N. Morin-Crini, N. Fatin-Rouge, S. Déon, P. Fievet,
Metal removal from aqueous media by polymer-assisted
ultrafiltration with chitosan, Arabian J. Chem. 10 (2017)
53826-53839.

E. Kavitha, A. Sowmya, S. Prabhakar, P. Jain, R. Surya,
M.P. Rajesh, Removal and recovery of heavy metals through
size enhanced ultrafiltration using chitosan derivatives and
optimization with response surface modeling, Int. J. Biol.
Macromol., 132 (2019) 278-288.

S. Chakraborty, J. Dasgupta, U. Farooq, ]. Sikder, E. Drioli,
S. Curcio, Experimental analysis, modeling and optimization
of chromium(VI) removal from aqueous solutions by
polymer-enhanced ultrafiltration, J. Membr. Sci., 456 (2014)
139-154.

J. Sanchez, C. Espinosa, F. Pooch, H. Tenhu, G. del C. Pizarro,
D.P. Oyarzun, Poly(N,N-dimethylaminoethyl methacrylate)
for removing chromium(VI) through polymer-enhanced
ultrafiltration technique, React. Funct. Polym., 127 (2018) 67-73.
E. Kavitha, M.P. Rajesh, S. Prabhakar, Removal and recovery
of heavy metals from aqueous solution using b-cyclodextrin

polymer and optimization of complexation conditions,
Desal. Water Treat., 122 (2018), 219-230.
N.H. Baharuddin, N.M.N. Sulaiman, M.K. Aroua,

M.G.M. Nawawi, M.A. Kassim, M.R. Othman, I. Dahlan, Starch
as novel water soluble biopolymer in removal mixtures heavy
metal ions via polymer enhanced ultrafiltration, AIP Conf.
Proc., 2124 (2019) 030012, doi: 10.1063/1.5117134.

Y. Manawi, G. McKay, N. Ismail, A. Kayvani Fard, V. Kochkodan,
M.A. Atieh, Enhancing lead removal from water by complex-
assisted filtration with acacia gum, Chem. Eng. J., 352 (2018)
828-836.

Y. Huang, J.R. Du, Y. Zhang, D. Lawless, X. Feng, Removal of
mercury(Il) from wastewater by polyvinylamine-enhanced
ultrafiltration, Sep. Purif. Technol., 154 (2015) 1-10.

V. Innocenzi, M. Prisciandaro, F. Tortora, G. Mazziotti di Celso,
F. Veglio, Treatment of WEEE industrial wastewaters: removal
of yttrium and zinc by means of micellar enhanced ultra
filtration, Waste Manage., 74 (2018) 393—403.

C.F. Carolin, PS. Kumar, A. Saravanan, G.J. Joshiba, Mu.
Naushad, Efficient techniques for the removal of toxic heavy
metals from aquatic environment: a review, J. Environ. Chem.
Eng., 5 (2017) 2782-2799.

C. Mehenktas, O. Arar, Removal of zinc (Zn*) through
biopolymer-enhanced ultrafiltration, ]. Polym. Environ.,,
31 (2023) 1373-1382.

ZF. Pan, L. An, Removal of Heavy Metal from Wastewater
Using Ion Exchange Membranes, Inamuddin, M. Ahamed,
A. Asiri, Eds., Applications of Ion Exchange Materials in the
Environment, Springer, Cham, 2019, pp. 25-46. Available at:
https://doi.org/10.1007/978-3-030-10430-6_2

E. Wallace, J. Cuhorka, P. Mikuldsek, Characterization of
nanofiltration membrane and its practical use for separation
of zinc from wastewater, Waste Forum., 3 (2018) 314-325.



[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

(71]

[72]

(73]

[74]

[75]

[76]

[77]

(78]

[79]

E. Kavitha, A. Gopika / Desalination and Water Treatment 291 (2023) 131-143

V. Kocanova, J. Cuhorka, L. Dusek, P. Mikulasek, Application of
nanofiltration for removal of zinc from industrial wastewater,
Desal. Water Treat., 75 (2017) 342-347.

A K. Shukla, J. Alam, M. Alhoshan, L.A. Dass, F.A. Ahmed Ali,
M.R. Muthumareeswaran, U. Mishra, M.A. Ansari, Removal
of heavy metal ions using a carboxylated graphene oxide-
incorporated polyphenylsulfone nanofiltration membrane,
Environ. Sci. Water Res. Technol., 4 (2018) 438-448.

G. Moradi, S. Zinadini, L. Rajabi, Development of the
tetrathioterephthalate filler incorporated PES nanofiltration
membrane with efficient heavy metal ions rejection and
superior antifouling properties, J. Environ. Chem. Eng., 8 (2020)
104431, doi: 10.1016/j.jece.2020.104431.

LG. Wenten, Khoiruddin, Reverse osmosis applications:
prospect and challenges, Desalination, 391 (2016) 112-125.
AH. Algureiri, YR. Abdulmajeed, Removal of heavy metals
from industrial wastewater by using RO membrane, Iraqi J.
Chem. Pet. Eng., 17 (2016) 125-136.

U. Ipek, Removal of Ni(Il) and Zn(IlI) from an aqueous
solutionby reverse osmosis, Desalination, 174 (2005) 161-169.
S. Chung, S. Kim, J.O. Kim, J. Chung, Feasibility of combining
reverse osmosis-ferrite process for reclamation of metal
plating wastewater and recovery of heavy metals, Ind. Eng.
Chem. Res., 53 (2014) 15192-15199.

K.H. Choi, T.Y. Jeoung, Removal of zinc ions in wastewater by
electrodialysis, Korean J. Chem. Eng., 19 (2002) 107-113.

M. Boucher, N. Turcotte, V. Guillemette, G. Lantagne,
A. Chapotot, G. Pourcelly, R. Sandeaux, C. Gavach, Recovery
of spent acid by electrodialysis in the zinc hydrometallurgy
industry: performance study of different cation-exchange
membranes, Hydrometallurgy, 45 (1997) 137-160.

D.C. Buzzi, LS. Viegas, M.A.S. Rodrigues, A.M. Bernardes,
J.A.S. Tendrio, Water recovery from acid mine drainage by
electrodialysis, Miner. Eng., 40 (2013) 82-89.

M. Reig, X. Vecino, C. Valderrama, O. Gibert, J.L. Cortina,
Application of selectrodialysis for the removal of As from
metallurgical process waters: recovery of Cu and Zn, Sep. Purif.
Technol., 195 (2018) 404—412.

M. El Batouti, N.F. Al-Harby, M.M. Elewa, A review on
promising membrane technology approaches for heavy metal
removal from water and wastewater to solve water crisis,
Water (Switzerland), 13 (2021) 3241, doi: 10.3390/w13223241.
M. Ghorbanpour, A. Varma, Eds, Medicinal Plants and
Environmental Challenges, Springer, Cham, 2017, pp. 1-413.
M.C. Benalia, L. Youcef, M.G. Bouaziz, S. Achour, H. Menasra,
Removal of heavy metals from industrial wastewater by chem-
ical precipitation: mechanisms and sludge characterization,
Arabian J. Sci. Eng., 47 (2022) 5587-5599.

M.S. Oncel, A. Muhcu, E. Demirbas, M. Kobya, A comparative
study of chemical precipitation and electrocoagulation for
treatment of coal acid drainage wastewater, J. Environ. Chem.
Eng., 1 (2013) 989-995.

A]. Hargreaves, P. Vale, . Whelan, L. Alibardi, C. Constantino,
G. Dotro, E. Cartmell, P. Campo, Impacts of coagulation-
flocculation treatment on the size distribution and
bioavailability of trace metals (Cu, Pb, Ni, Zn) in municipal
wastewater, Water Res., 128 (2018) 120-128.

S.M. Kanawade, R.W. Gaikwad, Removal of zinc ions from
industrial effluent by using cork powder as adsorbent, Int. J.
Chem. Eng. Appl., 2 (2011) 199-201.

S. Coruh, The removal of zinc ions by natural and conditioned
clinoptilolites, Desalination, 225 (2008) 41-57.

(80]

(81]

(82]

(83]

(84]

(85]

(86]

(87]

(88]

[89]

[90]

1

[92]

(93]

[94]

(93]

[96]

143

HXK. Lim, T.T. Teng, M.H. Ibrahim, A. Ahmad, H.T. Chee,
Adsorption and removal of zinc(Il) from aqueous solution
using powdered fish bones, APCBEE Procedia, 1 (2012) 96-102.
AJ. Omotayo, Production of Activated Carbon From Oil
Palm Empty Fruit Bunches for Removal of Cadmium, Thesis,
Kulliyyah of Engineering, International Islamic University
Malaysia, Gombak, Selangor, 2010.

V.K. Gupta, S. Sharma, Removal of zinc from aqueous solutions
using bagasse fly ash - a low cost adsorbent, Ind. Eng. Chem.
Res., 42 (2003) 6619-6624.

L.D. Hafshejani, S.B. Nasab, R.M. Gholami, M. Moradzadeh,
Z. Izadpanah, S.B. Hafshejani, A. Bhatnagar, Removal of zinc
and lead from aqueous solution by nanostructured cedar leaf
ash as biosorbent, J. Mol. Liq., 211 (2015) 448-456.

M. Larakeb, L. Youcef, S. Achour, Removal of zinc from water
by adsorpion on bentonite and kaolin, Athens J. Sci., 4 (2017)
47-58.

E. Nassef, Y. Eltaweel, Removal of zinc from aqueous solution
using activated oil shale, J. Chem. 2019 (2019) 4261210,
doi: 10.1155/2019/4261210.

Y. Prasanna Kumar, P. King, V.SR.K. Prasad, Adsorption of
zinc from aqueous solution using marine green algae-Ulva
fasciata sp., Chem. Eng. J., 129 (2007) 161-166.

M. Emadi, E. Shams, M.K. Amini, Removal of zinc from aqueous
solutions by magnetite silica core-shell nanoparticles, J. Chem.,
2013 (2013) 787682, doi: 10.1155/2013/787682.

E.O. Ezugbe, S. Rathilal, Membrane technologies in wastewater
treatment: a review, Membranes (Basel), 10 (2020).

G. Borbely, E. Nagy, Removal of zinc and nickel ions by
complexation-membrane filtration process from industrial
wastewater, Desalination, 240 (2009) 218-226.

J. Huang, F. Yuan, G. Zeng, X. Li, Y. Gu, L. Shi, W. Liu,
Y. Shi, Influence of pH on heavy metal speciation and removal
from wastewater using micellar-enhanced ultrafiltration,
Chemosphere, 173 (2017) 199-206.

S.H. Lee, S. Shrestha, Application of micellar enhanced
ultrafiltration (MEUF) process for zinc(II) removal in synthetic
wastewater: kinetics and two-parameter isotherm models,
Int. Biodeterior. Biodegrad., 95 (2014) 241-250.

N.H. Baharuddin, N.M.N. Sulaiman, M.K. Aroua,
M.G.M. Nawawi, M.A. Kassim, M.R. Othman, I. Dahlan, Starch
as novel water soluble biopolymer in removal mixtures heavy
metal ions via polymer enhanced ultrafiltration, AIP Conf.
Proc., 2124 (2019) 030012, doi: 10.1063/1.5117134.

S.Tang, Y. Qiu, Removal of Zn(II) by complexation-ultrafiltration
using rotating disk membrane and the shear stability of
PAA-Zn complex, Korean J. Chem. Eng., 35 (2018) 2078-2085.
N.H. Baharuddin, N.M.N. Sulaiman, M.K. Aroua, Removal of
zinc and lead ions by polymer-enhanced ultrafiltration using
unmodified starch as novel binding polymer, Int. J. Environ.
Sci. Technol., 12 (2015) 1825-1834.

E. Kavitha, M.P. Rajesh, S. Prabhakar, A. Sowmya, M.A. Raqeeb,
S. Sriram, P. Jain, Size enhanced ultrafiltration: a novel hybrid
membrane process for the removal and recovery of heavy
metal contaminants, Res. ]J. Pharm. Biol. Chem. Sci., 8 (2017)
191-200.

J-M. Arana Juve, FM.S. Christensen, Y. Wang, Z. Wei,
Electrodialysis for metal removal and recovery: a review,
Chem. Eng. J., 435 (2022) 134857, doi: 10.1016/j.cej.2022.134857.



	baut0005
	bau005

