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Over the past five years, a lot of research activities in polymer composites were done in order to improve environmental
sustainability and to present advantages for commercial applications of water treatment and desalination. Polymers offered
tunable properties, improved processability, remarkable stability, high surface area for fast decontamination, selectivity to
eliminate different pollutants, and cost-cutting of water treatment. Hence, the development of polymeric materials is one of the
future directions to meet the environmental water standards and to supply the water requirements of the growing populations.
(is review highlighted the very recent achievements in fabrication, characterization, and applications of polymeric composites
used for water treatment and desalination. (e polymeric modifications, the addition of functional groups, and the assemblies of
nanomaterials were also discussed in detail. In particular, great attention was paid to the recent advances in polymer/polymer
composites, polymer/carbon composites, and polymer/clay composites, presenting their usage in the removal of various types of
contaminants, e.g., metal ions, dyes, and other toxic pollutants. (e review also summarized the main advantages and disad-
vantages of the different adsorbent materials. Specific attention was paid to the mechanism of adsorption, including chemi-
sorption and physisorption mechanisms. In addition, the challenges and the future perspectives were identified to reach the
optimal performance of the different adsorbents.

1. Introduction

Polymer composites are defined as a combination of
polymers with other organic or inorganic materials to
provide newmaterial with target properties, like low density,
toughness, stiffness, thermal behavior, chemical and me-
chanical stability, and other specific properties depending on
the target of use. A lot of polymer composites were intro-
duced with significant use in water treatment and desali-
nation, including graphene-based composites, carbon-based
composites, and clay-based composites [1–3].

(e polymer composite research was offered due the
need for materials with better adsorption and removal
characteristics of metal ions, dyes, and other toxic pollutants.
(e polymers used for these composites have been mainly
classified on the basis of source (natural and synthetic
polymers) and also on the basis of structure (linear,

branched, and crosslinked polymers). (is review describes
the source and the structure of these polymers and their
composites, properties, and applications in water treatment
and desalination as follows [4–8].

2. Polymer-Polymer Composites

Polymers are organic materials with a number of excellent
characteristics, namely, high mechanical strength, remark-
able flexibility, chemical stability, and high surface area.
(ese properties made polymers work as a host for different
organic and inorganic materials. (us, we became able to
synthesize different composites with target properties.
Hence, polymer composites have attracted much attention
for water treatment and desalination. Polymer-polymer
composites offered the possibility of tuning the adsorptive
properties through blending, crosslinking, and surface
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functionalizing. (e main advantages of this category of
composites are the simplicity of preparation and applica-
tions, the high chemical stability at the harsh operation
conditions, the use for the removal of a wide range of
pollutants, and the good recyclability with high adsorption
capacities. However, on the other hand, the main drawback
is still the high cost of production.

2.1. Polymer-Based Adsorbents for Dye Removal. A lot of
polymer-polymer composites were synthesized and offered
for the purpose of dyes removal from wastewater. For ex-
ample, Elkady et al. synthesized a copolymer of styrene and
acrylonitrile through a solution polymerization process. (e
obtained copolymer was fabricated to a nanofiber through
an electrospinning technique. (en, the surface of this
nanofiber was functionalized by the chemical addition of
carboxylic acid groups to improve the dyes absorptivity [9].
(e scanning electron microscopy (SEM) confirmed the
changes of the nanofiber after the functionalization process,
indicating a uniform shape for the carboxylated nanofibers
compared to the nonfunctionalized nanofibers. (ese
morphological changes affected the adsorption process of
dyes from wastewater. Specifically, the adsorption capacity
of the basic violet dye reached 67.11mg/g in less than 30min
after the surface modification of the nanofiber.

With no doubt, the low specific surface area and the lack of
surface porosity of these two polymers could not be the key
factors to achieve such adsorption. Hence, it can be said that the
charged groups created on the surface of the copolymer as well
as the morphological changes of the nanofiber structure have
played important roles to reach such high adsorption value. In
this regard, a low-cost, multifunctional, and straw based ad-
sorbent was synthesized by immobilizing ternary carboxylic
acid and acrylamide units on straw powders. As reported in this
study, the abundant carboxyl and amino groups added to the
composite structure have provided a high adsorption capacity of
dyes removal. In particular, the adsorption capacities for MB
and MO reached 120.84 and 3053.48mg/g, respectively, which
were 3 and 54 times higher than those of unmodified straw [10].

Cyclodextrin-based composites have also drawn a wide
attention as a new generation of adsorbents for dye removal
from wastewater due to their extraordinary physicochemical
properties and cavities [11–13]. (ese advanced structural
properties of cyclodextrin composites promoted the prac-
tical industrial application compared to native cyclodextrin
itself [14]. (e recent advances of these novel composite
materials were reviewed by Zhou et al. [15]. For example,
cyclodextrin polymer was crosslinked with polydopamine to
prepare an eco-friendly composite for the removal of dif-
ferent dyes. (e high adsorption efficiency of these dyes was
correlated to the new structural characteristics and the
functional groups of the polymer composite [16]. β-Cy-
clodextrin immobilized with starch showed similar behavior
for dye removal from wastewater [17]. (e obtained irreg-
ular surface and the functional groups of the β-cyclodextrin-
starch composite (i.e., COOH, NH2, and OH) played sig-
nificant roles in the dye capture and removal compared to
each of β-cyclodextrin and starch separately. It is worth

noting that the pores as well as the functional groups of the
composite have improved the interparticle diffusion and the
electrostatic interaction of the dyes. (us, a high adsorption
value was attained. In a similar study, an efficient composite
for dyes removal was successfully synthesized by grafting
cyclodextrin and amino hyperbranched polymer onto cot-
ton fibers. (is composite also showed remarkable ad-
sorption properties for dye removal thanks to the created
functional groups [18].

In the same direction, cellulose extracted from agro-
wastes was grafted with the monomers of 2-acrylamido-2-
methylpropane sulfonic acid and acrylic acid in the presence
of a crosslinker to obtain highly efficient polymer composites
for dye removal. (e SEM image of the obtained polymer
composite (Figure 1) showed smooth and long fiber-like
threads for untreated cellulose; however, in the case of the
crosslinked graft copolymers, flaky and highly thick threads
were obtained, indicating surface functionalization of cel-
lulose. (e adsorption behavior of this cellulose composite
was investigated towards the elimination of cationic (mal-
achite green and crystal violet) and anionic (Congo red; CR)
dye from aqueous medium, studying the effect of different
adsorption parameters. As discussed, the cationic dyes were
removed at pH 7.0 in 90min, while the anionic dye was
adsorbed at pH of 2.2 in 8 h. (e adsorption data fitted well
the Langmuir isotherm and the pseudo-second-ordermodel.
(is study showed that cellulose based copolymers can work
as potential adsorbents for uptake of both anionic and
cationic dyes from industrial wastewater [19]. Cellulose as a
natural polymer was also functionalized with a hyper-
branched polyethylenimine for selective removal and sep-
aration of different dyes. Specifically, polyethylenimine was
covalently linked to the backbone of cellulose molecules
through a Schiff-base formation. (e NH2 groups of poly-
ethylenimine and the CHO groups on oxidized-cellulose
were linked together, forming a polymer composite. (e
adsorption behavior of the formed composite was investi-
gated for the elimination of CR and basic yellow dyes in
aqueous media. (e maximum adsorption capacity of
Congo red dye reached 2100mg/g and 1860mg/g for basic
yellow dye. (e composite also showed selective adsorption
of different dyes, including reactive red and brilliant blue;
however, the absorptivity was very low for eosin and bright
yellow dyes [20]. It is worthy of note that the hyperbranched
structure of the polymer composite worked as a brush,
improving the interparticle diffusion of some dye molecules
into the composite (depending on the dye size). (us, a
higher adsorption capacity and selectivity is obtained.

In this regard, diethylenetriamine was incorporated with
polyacrylonitrile using the electrospinning technique to
prepare a composite with a high adsorption efficiency of
dyes. (e morphology of the prepared composite was in-
vestigated by SEM. After the composite formation, the
surface of the nanofiber became rougher compared to the
untreated fiber (see Figure 2). (is roughness was a result of
the incorporation of diethylenetriamine units. (is chemical
modification of the composite structure affected the removal
efficiency of the direct dyes. Also, it is important to note that
the amount of dye adsorbed had been affected by the ratio of
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the diethylenetriamine added to the composite, indicating
how important the composition ratio is in the composite
[21].

2.2. Polymer-Based Membranes for Desalination and Oil
Removal. Desalination process is a technique for the re-
moval of mineral components from saline water. For that
target, many polymer composites were introduced with high
potential. For example, a composite membrane of polyvinyl
alcohol, cellulose acetate, and polyethylene glycol was pre-
pared and introduced for desalination of groundwater and
extremely saline seawater. (e values of both water flux and
salt rejection were evaluated as a measure of membrane
efficiency. (e antimicrobial activity was also evaluated for
different types of bacteria.(e composite membrane showed
excellent performance for the desalination of groundwater
and the saline water. (e flux reduction was reduced sig-
nificantly when polyethylene glycol was added to the
composite structure. (e composite structure showed a
remarkable performance for antimicrobial activity [22].

In a recent study, a composite membrane was prepared
by the addition of p-nitrophenol (PNP) as a plasticizer to
cellulose triacetate. (e properties of this membrane were
tuned to improve its use for desalination as follows. (e

pristine cellulose triacetate membrane was firstly soaked in a
PNP solution and then rinsed with water to obtain the target
membrane. (is modified membrane showed a reduced salt
flux without disclosing the water flux. Accordingly, it
showed improved water-salt selectivity [23]. (e structural
characteristics of cellulose triacetate and modified cellulose
triacetate films were evaluated through photo images and
polarized optical microscopy images (see Figures 3(a) and
3(b)). Typically, the pristine cellulose triacetate film showed
whiteness and opaqueness (Figure 3(a) upper panel), indi-
cating the presence of a crystalline region as confirmed by
the birefringence of Figure 3(b) (upper panel). (is crys-
talline structure disappeared in the swelled cellulose triac-
etate film due to the presence of PNP moieties (Figure 3(a),
middle panel). (e water rinsing led to the retrieval of the
whiteness and the impermeable properties of the cellulose
triacetate film and also the birefringence (Figures 3(a) and
3(b), lower panels), indicating the recrystallization of the
cellulose triacetate polymer chains.

(e role of PNP treatment in tuning transport properties
during the desalination process was illustrated in Figure 4.
As seen from image a, untreated cellulose triacetate mem-
brane contained a large crystallite region embedded into an
amorphous region. (en when soaked into PNP
(Figure 4(b)), both the crystalline and the amorphous

(a) (b)(b)

Figure 1: SEM images of cellulose (a) before and (b) after copolymerization with 2-acrylamido-2-methylpropane sulfonic acid and acrylic
acid (reproduced with a permission from [19]).

1µm 1µm(a) (b)

Figure 2: SEM images of diethylenetriamine incorporated with polyacrylonitrile (a) before and (b) after surface modification (reproduced
with a permission from [21]).
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regions swelled where PNP worked as a plasticizer to en-
hance the chains flexibility. When the polymer matrix was
rinsed with water, a rearrangement of the cellulose triacetate
chains was obtained, leading to a recrystallization process of
the polymer chains (Figure 4(c)). (is process formed
smaller crystallites; thus, an increase in the amorphous and
crystalline regions is obtained. Hence a reduction in the
number of nonselective pathways is obtained.

Quaternary ammonium modified polystyrene resins
were prepared to improve the oil removal capability of
polystyrene. Specifically, the quaternary ammonium

surfactants were firstly ion-exchanged with the sulfonic acid
groups of polystyrene resin. (e formed composite was then
grafted with hexadecyl pyridinium, hexadecyltrimethyl
ammonium, and tetrabutyl ammonium bromides to change
the surface electrostatic and hydrophobic characteristics of
the resin. (is process made the resin more reactive for the
removal the oil droplets by the coalescence filtration process,
because a strong hydrophobic and less negative charged
resin is obtained [24]. In this regard, Xuanyi Tang et al.
prepared a composite of fibric peat modified by hex-
adecyltrimethylammonium bromide to improve the

(a) (b)

Figure 3: (a) Digital photos and (b) polarized optical microscopy images of cellulose triacetate and modified cellulose triacetate films
(reproduced with a permission from [23]).
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sorption performance of polycyclic aromatic hydrocarbons.
It is worth noting that this technique enhanced the hy-
drophobicity of the fibric peat, leading to enhancement in
the sorption rate and capacity of polycyclic aromatic hy-
drocarbons from wastewater [25].

2.3. Polymer-Based Adsorbents for Heavy Metals Removal.
(e development of the industrial technology has led to the
problem of heavy metals which are discharged to the en-
vironment through the wastes of painting and electroplating.
(e adsorption process of heavy metals using low-cost
materials is one of the most potential techniques for the
removal of heavy metals from wastewater. At present,
polymer-polymer composites are receiving a great deal of
attention, since they have potential absorptivity, improved
stability, and high mechanical feasibility. Copolymerization
of polymers is a technique in which two polymers or more
are combined together to produce a new material with a
target application. For water treatment purposes, the co-
polymerization process has provided an improvement for

the adsorption capacity of single polymers, also improving
the polymers aggregation in alkaline medium and polymer
disintegration in aqueous solution. (e removal mechanism
using copolymers is illustrated in Figure 5.(e size exclusion
mechanism of Figure 5 is the most predominant mechanism
of metals removal since the polymer composite membrane
worked as a physical barrier. One of the key factors that
control the size exclusion mechanism is the pore size of the
membrane and the particle size of the target contaminants
[26].

Very recently, Checkol et al. [27] showed a polymer-
polymer matrix of polystyrene sulfonate/3,4-ethyl-
enedioxythiophene and lignin for the elimination of heavy
metals. (e polystyrene moieties in the composite made the
copolymer work as a cation exchanger, and the sulfonate
groups and the lignin moieties enhanced the adsorption
capacity of the toxic metals due to the various binding sites
on the composite. (is study showed that lead ions were
adsorbed/desorbed on/from the polymer composite in
neutral media when a negative/positive potential was se-
quentially applied. (e adsorption capacity reached

Pristine membrane

(b)

(a)

(c)

PNP

Water

Modified membrane

Penetration of PNP
Induce plasticization
Destroy crystalline regions

(i)
(ii)

Extraction of PNP
Induce recrystallization
Form smaller crystallites
Enlarge interfacial area

(i)
(ii)

(iii)

Crystalline region
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Figure 4: A schematic illustration of desalination using PNP treated cellulose triacetate (reproduced with a permission from [23]).
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245.5mg/g by the polymer-polymer composite and almost
doubled (452.8mg/g) when lignin moieties were added to
the polymer mixture. In this regard, poly(styrene-maleic
anhydride) copolymer was modified with cyclopropane and
tetramethylenediamine to fabricate a highly adsorbent
polymer composite for the elimination of heavy metals. (e
adsorption selectivity of the metal ions was investigated by
the formulated composite at various conditions. (e com-
posite showed a high tendency for the removal of some
selected metal ions. (e affinity order of the composite was
copper (II)> zinc (II)> lead (II). (e kinetic studies indi-
cated that the adsorption onto the composite followed the
pseudo-second-order kinetics and the Langmuir adsorption
isotherm [28]. Also, in a recent study, glycidyl methacrylate
was grafted with starch. (e resultant composite was further
coated with polyamine through a cycloaddition between the
NH2 of diethylenetriamine and the epoxy groups of glycidyl
methacrylate. (is polymer composite showed improved
adsorption properties towards the heavy metal ions, in
particular Cu and Pb ions. (e adsorption behaviors were
explained by a chelation interaction [29].

Porous organic polymers show promising applications
in the area of wastewater treatment. Yu et al. introduced a
general synthetic route for the porous organic polymer
composites which have been used as efficient adsorbents of
heavy metals. Specifically, they covalently linked cyclodex-
trin and EDTA-modified chitosan by pentafluoropyridine to
obtain a porous organic polymeric composite using pen-
tafluoropyridine as an environmentally benign solvent. (e
new polymer composite showed a fast kinetic process for the
adsorption of many heavy metals. More importantly, the
composite showed five cycles of use with a 91% adsorption
capacity at the fifth cycle. (e host–guest inclusion and the
chelating effects were the reasons for the high removal ef-
ficiency of these polymers [30].

Conducting polymer-based composites are receiving a
great deal of attention owing to their potential applications
for the elimination of different metal ions. Polypyrrole is a
conducting polymer with remarkable properties for the

elimination of heavymetals because of its simple preparation
process and its biocompatibility properties [31]. Different
metal ions were efficiently removed using polypyrrole based
composites, in particular, polypyrrole-polyaniline compos-
ites, which contained both imine and amine groups that
chelated metal ions species through an electrostatic inter-
action and hydrogen bonding [31].

Understanding how the functional groups of the poly-
mer composite affect the interaction with the heavy metals is
of great interest as it will support the future studies to reach
the optimum removal efficiency of the target pollutants. For
that purpose, Zhang et al. prepared a biosorbent using pine
sawdust and citric acid to simultaneously remove the copper
ions from wastewater. (e study indicated that the func-
tional groups of the composite (hydroxyl and carboxyl) were
the reason behind the high adsorption capacity of the copper
ions. Specifically, at pH> 3, COOH groups transformed to
COO− groups. Hence, there was an electrostatic interaction
between the positive copper ions and the negative charges of
the composite. Moreover, the hydroxyl groups contributed
to the adsorption of copper ions through a hydrogen
bonding network [32].

3. Polymer-Carbon Composites

Carbon is an atom with a unique electronic structure, able to
form covalent bonds withmany other metals and nonmetals.
Carbon can exist in different molecular forms. (erefore, a
lot of different carbon nanomaterials were synthesized and
were used for different applications. Carbon at the nanoscale
has many unique properties compared to the other adsor-
bent materials, namely, high mechanical properties, high
electrical conductivity, and high thermal stability. Carbon
nanomaterials are classified into different types based on the
carbon shape and the geometrical structure. To date, acti-
vated carbon, carbon mesosphere, carbon nanotubes,
graphite, and graphene are well known carbon nano-
materials and have been used for different applications. (e
polymer composites of carbon nanomaterials are receiving a

= Heavy metals

= Water molecules

Membrane

Permeate

Rejection

Figure 5: Size exclusion/steric hindrance mechanism by low pressure membrane.
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great deal of attention in different applications, particularly
in water treatment and desalination, where the polymer
composites of carbon materials possessed excellent prop-
erties like high aqueous solubility, large surface area, and
enhanced thermal and mechanical stability. (ese remark-
able properties were favorable for the elimination of organic
and inorganic pollutants from wastewater. In the following
sections, the synthesis, characterization, and water treatment
applications of different types of polymer-carbon compos-
ites are discussed.

3.1. Polymer-Based Carbon Nanotubes Composites.
Carbon nanotube (CNT) is a form of the nanocarbon
materials with a one-dimension cylindrical nanostructure.
CNT possesses an extraordinary graphic nature with a high
surface area making it a promising candidate for water
treatment and desalination. Despite all these excellent
properties, CNTs lack surface functional groups and also
possess poor dispersibility in aqueous media. (ese limi-
tations resulted in a low adsorption performance when
CNTs are used as adsorbents. Accordingly, the surface
functionalization of CNTs is an important research target in
order to improve the water dispersibility and the adsorption
performance of CNTs.

3.1.1. For Oil Removal. In a recent study singled-walled
CNTs were added to a copolymer membrane of poly(N-
isopropylacrylamide)-co-(acrylamide) for the separation of
water-oil mixture (see Figure 6). CNT is used for that
purpose because it has an oleophilic property. (e fabricated
singled-walled CNTs-based copolymer membrane showed a
99.99% removal of oil. (e photothermal-response property
of the singled-walled CNTs-based membrane was noticed to
increase the flux of water by light illumination. [33] (ese
research results promoted the applications of CNTs-based
polymer for oil removal and stimulated the research groups
to find new polymer composites based on CNTs.

In a recent study, multiwalled CNTs were incorporated
into a block copolymer of polysulfone/polyether to form a
CNTs-polymer membrane which is used to separate oil from
water-oil mixture. (e study showed the effect of multi-
walled-CNTs ratio on the removal efficiency of oil. As no-
ticed, the increase of multiwalled CNTs up to 2.0 wt% has
improved the oil rejection of membrane from 91.4% to
99.79%.(e permeation flux has increased three times when
multiwalled-CNTs loading ratio reached 0.5 wt%. (e fur-
ther increase of multiwalled-CNTs loading ratio above 2wt%
has led to a 30% decrease in the permeate flux [34]. (ese
studies showed how CNTs are promising candidates for
enhancing the removal efficiency of oil from water-oil
mixture where CNTs offer self-cleaning and antifouling
functions to the polymeric membranes.

3.1.2. For Heavy Metal Removal. Polymer functionalization
(physical or chemical) of CNTs is considered as one of the
most effective routes to enhance not only the CNTs ad-
sorption properties, but also their hydrophilicity and water

solubility. (is kind of functionalization showed remarkable
electric conductivity and mechanical properties. CNTs were
grafted with different polymers to synthesize efficient
nanoadsorbents of heavy metals. For example, poly-
hydroxybutyrate-grafted-CNT composite was synthesized
and applied as a nanoadsorbent for the elimination of As, Cr,
Pb, Cd, Cu, Ni, Zn, and Fe metal ions from industrial
wastewater through a batch adsorption process. As proved in
this study, the polymer functionalization lowered the degree
of agglomeration of CNTs, leading to a significant en-
hancement in the adsorption characteristic of CNTs. (e
mechanisms of adsorption by this CNT-polymer composite
were ion exchange and electrostatic forces [35].

CNTs coated with polyamidoamine were also synthe-
sized as a nanoadsorbent and applied for the adsorption of
Co, Zn, and As. Notably, the adsorption capacities of the
studied metal ions were 432, 494, and 470mg/g for As, Co,
and Zn ions, respectively [36]. In another study, CNTs were
incorporated into a polymer hydrogel comprising poly-
acrylamide and sodium alginate. In this hydrogel, poly-
acrylamide worked first as flexible network, and then the
addition of sodium alginate constructed the rigid network.
(e addition of CNTs was done to reinforce the mechanical
strength and elasticity of the polymer composite structure as
well as enhancing the adsorption properties of the polymer
composite. (is composite exhibited a macroporous
structure with a very low density and a high water content,
thanks to the addition of CNTs. (e adsorption capacity of
the fabricated polymer-CNT composite was 1.28 times
higher than that of polymer composite only. Figure 7 simply
summarizes the synthetic route of this polymer-CNT
composite, its morphological structure, and its adsorptive
characteristics [37]. Also in another study, polyaniline
grafted multiwalled-CNT composite was prepared by an
oxidation polymerization process. (is composite was then
doped with para-toluene-sulfonic acid hydrophilic groups.
(e addition of such para-toluene-sulfonic acid groups
provided the polymer-CNT composite with additional
functional groups that were able to enhance the water
dispersion of the composite as well as increasing the ad-
sorption characteristics towards chromium ions which are
bound to the adsorbent via its amine, imine, and hydroxyl
functional groups [38].

3.1.3. For Dye Removal. (e composite research of CNTs
has attracted much attention to improve CNT-surface
characteristics and accordingly enhance its absorptivity of
organic pollutants, in particular organic dyes. Surface
functionalization of CNTs with polymers is a facile approach
to fabricate nanoadsorbent-based CNTs with enhanced
adsorption capability of dyes. In a recent study, multiwalled
CNTs were grafted with poly(sodium-p-styrene sulfonate).
Specifically, CNTs were first coated with dopamine and then
self-polymerized to produce polydopamine-CNTcomposite.
(e obtained functional polydopamine-CNT composite
showed remarkable water dispersibility with enhanced re-
moval of methylene blue dye at various adsorption condi-
tions.(e adsorption capacity reached 174mg/g after 25min
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[39]. Another composite based on grafting polyaniline on
the surface multiwalled CNTs was recently offered with
enhanced adsorptive properties of alizarin yellow dye. (e
composite was prepared through in situ polymerization of
surface oxidized multiwalled CNTs [40]. (e maximum
adsorption capacity for alizarin yellow dye by this polymer-
CNTcomposite was 884.80mg/g. (e data of the adsorption

behavior fitted well the pseudo-second-order and the
Langmuir isotherm models, respectively. Additionally, the
energy changes of the composite showed that the adsorption
of alizarin yellow dye was exothermic and spontaneous in
nature. Accordingly, this polymer-CNT composite could
work as a potential adsorbent for the removal of other
organic dyes.

SWCNT

Modification of
polydopamine

Polydopamine
coated SWCNT

Filtration

Functionalization of

Decoration with
Au nanorods

pNIPAm-co-AAm

H2N OH

OH

O/W nanoemulsions

Light off

Light on

Fast Slow

Figure 6: Schematic illustration of synthesis of singled-walled CNTs incorporated copolymer membrane of poly(N-isopropylacrylamide)-
co-(acrylamide) and their use in oil removal from water-oil mixture (reproduced with a permission from [33]).
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Figure 7: (a) Schematic illustration of composite formation, (b) SEM image of the freeze-dried polymer network hydrogel, (c) a magnified
area of CNT distributed in the polymer matrix, and (d) polyacrylamide-sodium alginate-CNT composite (reproduced with a permission
from [37]).
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3.2. Polymer-Graphene Composites. Graphene is a 2D car-
bon-based material with a single layer of carbon atoms.
Graphene has very interesting physicochemical properties
which make it an attractive material for many applications.
[41] Graphene-based composite materials are gaining a lot of
research interest as nanoadsorbents because such compos-
ites possess a three-dimensional structure which provides a
higher porosity and a larger specific surface area and aspect
ratio, as well as excellent electrical conductivity, mechanical
properties, and thermal stability. Hence, a higher absorp-
tivity of organic and inorganic pollutants can be easily
obtained. Graphene composites can also be fabricated into
membranes for ultrafiltration systems. (erefore, graphene-
based composites are excellent candidates for water treat-
ment and desalination.

Polymer-graphene composites are receiving significant
importance in water treatment and desalination processes
because this kind of composite materials combined the
advantages of polymers and graphene, providing a prom-
ising adsorbent that can improve the fouling resistance, the
selectivity/permeability, the chlorine resistance, and the
mechanical stress of the corresponding membranes. Poly-
mer-graphene composites can be synthesized by different
techniques depending on the required properties in the
target membrane. In the following paragraphs, the prepa-
ration techniques as well as the recent water treatment
applications of polymer-graphene composites are
highlighted.

3.2.1. Preparation Techniques of Polymer-Graphene Composites

(1) Spraying Technique. Spraying method is a technique in
which a spray-gun is used to spray the polymer-graphene
solution onto a preheated substrate. (is spraying technique
produces a large-area membrane with controllable density.
(e disadvantage of this technique is the difficulty to obtain a
uniform and homogenous membrane.

(2) Vacuum Filtration Technique. (e vacuum filtration
technique is a two-step process in which graphene is dis-
persed first and then deposited on a matrix of polymer
membrane by vacuum filtration process. (is process is very
simple and can be used to prepare a uniform polymer-
graphene membrane.

(3) Spin-Coating Technique. (is is a very common and
simple technique to prepare a membrane of polymer-gra-
phene composite. Typically, a graphene dispersion is
dropped on a rotating-spin coater to fabricate the mem-
brane. By using this technique, a uniform and sizable
membrane can be obtained with a controlled thickness.

(4) Layer-by-Layer Self-Assembly Technique. (e layer-by-
layer self-assembly is one of the most commonly used
techniques to fabricate a polymer-graphene composites
into membrane. It is an environment-friendly technique
and can be used in aqueous media. Please see the details of
Figure 8.

3.2.2. Applications of Polymer-Graphene Composites for
Water Treatment and Desalination. In a recent study,
graphene was combined with sodium alginate to prepare a
nanocomposite adsorbent. (e composite exhibited an
enlarged free volume with excellent separation performance
and high permeate flux [42]. As illustrated in Figure 9, the
hybrid possessed a well-aligned mortar and brick archi-
tecture where water channels existed. (e structural defects
and the free volume cavities of the hybrid have worked for
selectivity and permeability of water channels.

In a similar study, poly(N,N-2-ethyl amino ethyl
methacrylate) as a temperature-responsive polymer was
grafted with graphene oxide in order to prepare a nano-
membrane for ultrafiltration. In this composite, poly(N,N-2-
ethyl amino ethyl methacrylate) induced stimuli to carbon
dioxide and argon, producing a controlled pore size into the
membrane. (e amine group of poly(N,N-2-ethyl amino
ethyl methacrylate) polymer reacted with carbon dioxide in
water, protonated, and then deprotonated when argon is fed
to the medium. Such change in the morphological shape of
the polymer led to a change in separation properties of the
cast membrane (see the details of Figure 10). (is nano-
filtration membrane was tested for the rejection of

Crosslinkers

Layer-by-layer
assembly

Polymer-graphene
composite

Crosslinker-
Polymer-graphene

composite

Figure 8: A diagrammatic illustration of layer-by-layer self-as-
sembly technique of preparing polymer-graphene composites into
membrane.
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rhodamine-B and the methylene orange dyes. (e average
rejection rates for these two dyes were 98.9 and 96.5%,
respectively. In addition, the membrane had remarkable
repellency to many salts such as magnesium, calcium, and
sodium chlorides [43]. For the same target, a crosslinked (N-
isopropylacrylamide and N,N-methylenediacrylamide)
polymer was grafted with graphene (see Figure 11). (e
obtained membrane showed excellent mechanical charac-
teristics with remarkable separation performance and water
flux. (e water flux of the obtained membrane was 25.8 L/
m2h.(is value represented three orders of magnitude of the
value of the commercial cellulose triacetate membrane [44].

Adsorption capacity, oil-water selectivity, mechanical
stability, and reusability at harsh operation conditions are
essential parameters for oil-water separation technology.
(e current state of the art membranes usually sacrifices the
mechanical properties and/or recyclability versus membrane
performance, i.e., adsorption capacity and selectivity. (us,
it is important to consider all the above-mentioned prop-
erties together, in order to offer an efficient membrane for
oil-water separation. In a recent study, reduced graphene
oxide was grafted polydopamine polymer to fabricate a
carbon-based polymer membrane with a light weight and a
high separation efficiency of oil from water. (is membrane
showed an improved chemical stability at harsh operation
conditions of acidity and salt concentration. In addition, the
separation efficiency of oil reached 99.6%. (is remarkable

performance was due to the degree of oleophobicity of
reduced graphene oxide as well as the superhydrophilicity of
polydopamine polymer. (e only disadvantage of this
membrane was the instability at the alkaline conditions,
where the polydopamine polymer dissolved in the alkaline
media. [45] In a similar work, a robust and reusable sponge
membrane was synthesized by combining poly(-
dimethylsiloxane) polymer and graphene oxide nano-
materials through a chemical amidation process (see
Figure 12). In this polymer-carbon composite, graphene
oxide worked as a mechanical fortifier, contributing to the
durability of the formed sponge. (is composite was tested
for the separation of various oils and organic pollutants. (e
adsorption capacity of the sponge was 724 times its original
weight. (is study opened the door to develop porous
polymer composite membranes with high separation
characteristics of oil-water emulsion [46].

To reduce the production cost and to demolish the
negative impacts on the environment, cellulose as a natural
polymer was applied in the polymer-graphene composites to
improve the oil-water separation process. Cellulose showed
the advantages of being a low-cost biodegradable material
and having high mechanical characteristics. In another
study, cellulose-graphene composite membrane was fabri-
cated with ultralight weight and superhydrophobic prop-
erties. (e obtained aerogel composite showed an excellent
adsorption capacity, approximately 80 to 197 times

Nonoxide region

Oxide region

Ethanol molecule

Water molecule

SA matrix

GO nanosheet

Figure 9: A diagrammatic illustration of the mechanism of selective water permeation using graphene-sodium alginate blend (reproduced
with a permission from [42]).
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(oil/organic solvents) its original weight. (is performance
was obtained due to the multilayered sheet structure of the
composite and the large porosity on the composite (see
Figure 13). In addition, the composite revealed high me-
chanical stability even after 100 times of cycling-compres-
sion testing [47].

3.3. Polymer-Based Activated Carbon Composites for Water
Treatment and Desalination. Activated carbon is an amor-
phous solid carbonaceous material consisting of graphitic
lattice. It has many forms including granules, powder, fibers,
and cloths. Activated carbon is one of the carbon-based
materials used for water treatment and desalination, because
it is inexpensive, can be produced from agro-wastes, has a
high surface area and porosity. Despite these advantages,
some of the activated carbon forms, especially powdered
ones, are difficult to remove from the treated aqueous media,
because they have very fine powdered forms. Also, they
aggregate, leading to a decrease in their adsorptive char-
acteristics. Accordingly, there was a need for new techniques
of using activated carbons as potential adsorbents.

(e composite formation of activated carbon with
polymers has proved to be a promising technique for water
treatment and desalination. In a recent study, a composite of
cellulose triacetate and activated carbon was prepared by an

evaporation/precipitation technique for potential elimina-
tion of heavy metals from wastewater.

In this study, the use of a low solvent diffusion process at
a low casting temperature demolished the aggregation of
activated carbon in the matrix structure. Accordingly, a
homogenous membrane was obtained. (e addition of ac-
tivated carbon to cellulose triacetate also supported the
production of a less fragile membrane. (is cellulose tri-
acetate-activated carbon composite membrane was very
efficient for the elimination of arsenic acid from aqueous
media, achieving a very high removal value [48]. Polypyrrole
as a synthetic polymer was also used to form a composite
with activated carbon for the elimination of lead ions from
aqueous media. In that work, polypyrrole-activated carbon
composite was obtained by a carbonization process of
polypyrrole-activated carbon in the presence of a chemical
activator. (e structural and morphological characteriza-
tions supported the composite applicability as an adsorbent.
(e adsorption capacity of this composite improved with the
progress of time and the increase of initial concentration,
while it demolished with the increase of adsorbent dose. (e
adsorption equilibrium of lead ions was described by both
Langmuir and Freundlich models. (e maximum adsorp-
tion reached 50.0mg/g after 4 h at pH 5.5.(e kinetic studies
of the composite suggested that the adsorption is a chem-
isorption process rather than a diffusion process [49].

Electrostatic
interaction

Mixing
GO sheets
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Py-PDEAEMA

Py-PDEAEMA/GO

CO2

Ar
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PVDF substrate
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Figure 10: Synthetic protocol of poly(N,N-2-ethyl amino ethyl methacrylate)-graphene oxide composite for dyes and salts rejection
(reproduced with a permission from [43]).
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4. Polymer-Clay Composites

Several treatment technologies were explored for the
treatment of wastewater sources with the adsorption tech-
nique which is a favored process because of its effectiveness,
ease of operation, and efficiency. Polymers were used in a
composite structure with clays because they can be easily
manipulated and produced in a flexible structure. In this
section, polymer-clay composites are explored as potential
adsorptive materials compared to their individual
adsorbents.

Clays are low-cost natural materials, used as adsorbents
of many micropollutants. (ey have a positive or negative
layered structure with interlayered anions or cations, re-
spectively. (eir use as adsorbents depends on many pa-
rameters including porosity, surface area, and particle size.
(e drawbacks of clays as adsorbents are mainly their pH-
dependence and poor wettability. (us, clay composite
structures were offered to overcome these drawbacks and
also to improve their performance in removal selectivity of
inorganic and organic contaminants from aqueous media.
Clays worked as host matrixes to hold polymers or used as
fillers to improve the polymer mechanical properties.
Polymer-clay composites attracted attention in water
treatment because they exhibited a wide range of pore

structures, good surface areas, an ultralight weight gathered
with high stiffness, improved processability and stability,
good selectivity towards different pollutants, cost effec-
tiveness, and almost no loss on regeneration for reuse. (ey
also offered an easy process for recovering from treated
water. Polymer-clay composites can be obtained in different
forms by intercalation, coating/wrapping, flocculation, or
exfoliation (see Figure 14). In the following paragraphs, the
recent polymer-clay composites for water treatment are
highlighted.

4.1. Polymer-Cationic Clay Composites for Water Treatment
and Desalination. A polymer grafted clay composite com-
piling polyvinylpyridine as a stimuli-responsive polymer
and montmorillonite as a cationic clay was synthesized as a
novel adsorbent of pollutants with response to pH. (e
composite structure showed remarkable characteristics, i.e.,
a high polymer loading without polymer-leaching, a lower
pH/charge dependency, and a high zeta potential. (ese
enhanced properties explained the significant performance
towards the elimination of inorganic and organic pollutants,
in comparison with the commercial adsorbents. Specifically,
at low to moderate pH, the stimuli-responsive polymer
accepted protons, leading to an enhancement in the
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Figure 11: Synthetic protocol of crosslinked (N-isopropylacrylamide and N,N-methylenediacrylamide)-graphene composite (reproduced
with a permission from [44]).
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adsorption of the pollutants. However, at elevated pH, the
stimuli-responsive polymer lost the protons, leading to
desorption of the pollutants. Also, the elimination of
micropollutants, e.g., sulfentrazone, arsenate, and atrazine,
from wastewater was explored by this composite [50]. In a
similar work, exfoliated and intercalated montmorillonites
were grafted with different stimuli-responsive polymers, i.e.,
sodium 2-acrylamido-2-methylpropane sulfonate and N-
isopropylacrylamide, using a surfactant-free technique. (e
prepared composite showed excellent removal capacities
towards cobalt, nickel, and methylene blue dye. (e results
of this composite showed a reduction of surface tension
which resulted in improving the absorptivity of the clay, and
accordingly an efficient removal of the metal ions and the
dye molecules was obtained. (is composite also showed
reuse of four times with no loss in removal efficiency [51]. In
another study, a novel biocomposite was synthesized by
incorporating a modified-montmorillonite cationic clay into
a polyethylenimine-modified carboxymethyl-chitosan ma-
trix. (e composite was prepared to remove the Hg ions
from water. (e composite showed a superior removal
performance towards Hg ions from aqueous media. (e
adsorption capacity reached 1875mg/g, representing the
highest record so far among the literature polymer/clay
adsorbents of Hg ions. (is remarkable performance was
mainly due to the enhanced porosity of the composite and
the increased chelation sites onto the composite structure
[52]. For the same target, montmorillonite was complexed
with polyvinyl alcohol and poly(4-styrenesulfonic acid-co-
maleic acid) to offer efficient and cost-effective adsorbents
[53].

For dyes removal, a novel hydrogel composite of re-
sponsive polymers withmontmorillonite was prepared using
bis[2-(methacryloyloxy)ethyl] phosphate as a crosslinker.
(e composite was used for the elimination of methyl red
(MR), methylene blue (MB), and crystal violet (CV) from
wastewater. Many parameters were applied to obtain a
maximum adsorption capacity of the target dyes. Using this
composite, the dye removal reached 51% for MR, 89% for
MB, and 80% for CV at pH 7 and about 23% forMR, 93% for
MB, and 86% for CV at pH 12. (e maximum adsorption

capacity of this hydrogel composite showed 113, 155, and
176mg/g for MR, MB, and CV, respectively. (e desorption
of the dyes from the composite was simply performed in
ethanol solution [54]. For the same target, a hydrogel of
acrylamide, N-isopropyl acrylamide, and montmorillonite
was synthesized for the elimination of methylene blue (see
Figure 15).(e prepared composite showed a good swelling-
deswelling property. (e adsorption process was highly
dependent on the pH and the temperature of the medium.
(e kinetic studies showed that the adsorption behavior
follows the pseudo-second order. (e composite also
showed a good regeneration capacity with 5 cycles of
adsorption–desorption processes. In general, the composite
showed a potential use as an environment-friendly adsor-
bent with efficient absorptivity of dyes from wastewater [55].

4.2. Polymer-Anionic Clay Composites for Water Treatment
and Desalination. Anionic-clays were also applied as po-
tential adsorbents for water treatment. In a recent study, a
novel composite of magnesium-aluminum based layered
double hydroxides (LDH) with polydopamine was prepared
for the elimination of copper ions from aqueous media (see
Figure 16). (e results of this study showed a remarkable
improvement in the adsorption efficiency of copper ions.
(e composite showed a two-time higher absorptivity of
copper ions compared to pristine layered double hydroxides.
(e maximum adsorption capacity of copper ions reached
193.78mg/g using this composite. (e composite was used 4
times with no loss of adsorption capacity. (e mechanism of
adsorption was due to electrostatic interaction with copper
ions [56].

A hydrogel of Co/Al layered double hydroxide-poly-
acrylamide composite was synthesized via in situ poly-
merization of acrylamide at room temperature in the
presence of LDH. (e mechanism of hydrogel composite
formation was described by coordination and hydrogen
bonding interactions between the amide groups of acryl-
amide and hydroxyl groups of LDH sheets. (e composite
was utilized for the elimination of methyl orange from
wastewater, showing a high adsorption efficiency [57].

Intercalation Coating/wrapping Flocculation Exfoliation

+

ClayPolymer

Figure 14: A schematic illustration of polymer-clay interaction.
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5. The Mechanisms of Adsorption

Understanding the mechanism of adsorption is of great
importance, since it helps to control and to improve the
removal of the different pollutants, as well as increasing the
adsorption efficiency. In order to get in-depth insights into
the adsorption mechanism, kinetic, isothermal, and ther-
modynamic studies were performed and applied to the
adsorption behavior of the different pollutants. As reported,
various adsorption mechanisms have been proposed based

on the adsorbent and adsorbate types, sources, structures,
and forces of attraction. In this section, the different ad-
sorption mechanisms are highlighted.

5.1. Chemisorption Mechanisms. Chemisorption mecha-
nisms involve the electrostatic interaction mechanism, the
ionic exchange mechanism, the reduction/oxidation
mechanism, and the complex formation mechanism (che-
lation) (see Figure 17). (ese mechanisms can work

Figure 16: A schematic illustration of using polydopamine-LDH composite for elimination of copper ions from wastewater (reproduced
with a permission from [56]).
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separately or altogether to remove the pollutants. Specifi-
cally, the type of the functional groups present into/onto the
adsorbent determines how the adsorption process works
(see Figure 18) [49, 58, 59]. For example, if the carboxylic
acid groups, the amino groups, or even the hydroxyl groups
are present in a protonated form, they undergo a com-
plexation/chelation process to remove the pollutants, but if
they are present in a deprotonated form, they undergo an
electrostatic interaction process with the pollutants. From
the thermodynamic point of view, chemisorption mecha-
nism is usually accompanied by an exothermic process,
meaning that energy is liberated during the pollutant ad-
sorption. (e enthalpy involved in this process has usually a
negative value. (is is because of the decrease of the
movement of the pollutants when get adsorbed on the
surface of the adsorbent. Such process also involves a de-
crease in the medium entropy because the adsorption is a
spontaneous process [60].(e isothermal adsorption studies
of the chemisorption mechanism usually show a monolayer
formation of the pollutants on the surface of the adsorbent
[61]. Furthermore, the chemisorption mechanism may not
be detected at low pressure and/or temperature and it be-
came predominant only when the adsorption conditions are
changed. From the kinetic point of view, chemisorption
mechanism usually follows a pseudo-second-order process
which means that the adsorption process usually depends on
both the adsorbent and the adsorbate concentrations
[62, 63].

5.2. Physisorption Mechanisms. Physisorption mechanism
occurs between the adsorbates and the adsorbents via Van
der Waals forces. Figure 18 shows a schematic illustration of
physical adsorption mechanism (lower panel). As indicated,
the surface of the adsorbents lacks functionals groups
compared to the surface of chemisorptionmechanismwhich
contained a lot of functional groups (upper panel). (ere-
fore, the adsorbates tend to physically attach to the adsor-
bent surface through the weak Van der Waals forces.
Physisorption usually occurs at solid surfaces with weak

binding forces. (is mechanism is reversible in nature at a
certain extent and is mainly dependent on the pressure and
the temperature of the adsorptionmedium.(us, the rates of
adsorption and desorption are very fast. In the context of
kinetics, physisorption mechanism usually follows the
pseudo-second order, which means that the adsorption
process is mainly dependent on the concentration and the
structure of the adsorbents. Hence, porous materials with
high surface area are better adsorbents for the physisorption
mechanisms. In the context of thermodynamics, phys-
isorption mechanism does not require high activation en-
ergy for the adsorption to proceed.

6. Conclusions and Perspectives

As shown in this review, both natural and synthetic poly-
mers displayed remarkable adsorptive properties when
combined with different adsorbent materials, i.e., carbon-
based materials, clays, and other polymers. (e polymer
composite research opened new research route for a pol-
lution-free environment. Polymers in a composite structure
showed a simple and easy fabrication process, a good me-
chanical performance, and additional binding sites for ad-
sorption of organic pollutants. A lot of research was done to
modify the polymer structures to reach high adsorption
performance, durability, recyclability, and selectivity of
many organic and inorganic pollutants. Despite all the
reviewed research articles, polymer composites for water
treatment and desalination did not reached their optimal
performance especially for the large scale production of such
adsorptions. (e future perspectives to reach optimal per-
formance of the adsorbents are as follows:

(a) Integrating nanoadsorbent materials with bio-
sorbent carriers in a low cost

(b) Adding/increasing the number of functional groups
that are able to enhance the adsorption efficiency,
which can be done by exploring new functional
materials and/or designing hybrid technologies

(c) Searching for more agro-wastes as adsorbents to
decrease the production costs and to sustain the
adsorbent-based market

Chemisorption
mechanisms

Electrostatic
interaction

Reduction/
oxidation

Complexation/
chelation

Ionic
exchange

Figure 17: Diagrammatic illustration of the different mechanisms
involved in chemisorption process.
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Figure 18: Diagrammatic illustration of chemisorption and
physisorption mechanism.
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(d) Studying in detail the mechanism of adsorption to
understand the science behind the adsorption be-
havior and accordingly improve the impacts of the
different adsorbents at different conditions

(e) Improving the selectivity of the adsorbents through
the selection of the functional groups created on the
adsorbents

(f ) Improving the pretreatment strategies and proc-
essability of the biomass feedstock before being used
as adsorbents

(g) Decreasing the operational costs to reach the large
scale applications of the adsorbents, which can be
done by offering new techniques of pollutants
removal
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