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Abstract

The increasing water demand and the worldwide shortage of clean water call for
new technologies for wastewater treatment, of which adsorption is a simple and efficient
method to remove organic and inorganic pollutants from contaminated water. Conjugated
polymers, particularly for polyaniline, polypyrrole, polythiophene and their
derivatives/analogues, have been widely applied in wastewater purification due to their
unique properties, such as easy synthesis, porous structure, tunable morphology, good
electrorheological properties, unique redox chemistry, non-toxicity, etc. This review
summarizes potential solutions to wastewater treatment by utilizing conjugated polymer
composites as adsorbents. The adsorption phenomenon is briefly introduced, followed by
its mechanism investigation techniques. Detailed discussions are focused on the
adsorption advantages of polyaniline, polypyrrole and polythiophene based composites to
conventional materials. The remaining challenges are also mentioned.

Key words: polyaniline, polypyrrole, polythiophene, conjugated polymer, water

purification
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Introduction

Water is of vital importance to human beings. However, as reported by Encyclopedia
Britannica, the directly accessible fresh water to human beings only occupies about
0.007 % of all water on the Earth, which makes the clean water scarcity a worldwide
issue. Currently, 2.0 billion people lack of clean drinking water, which may reach 4.6
billion in 2080, according to the World Bank report.> The generation of huge amount of
hazardous chemical waste from various industries (e.g. effluents from paper, textile,
fertilizer or petrochemical industries, electroplating plants, tanneries and slaughterhouses)
and its improper disposal further exacerbate the water crisis. The statistical data from the
UN water organization indicate that in most of the developing countries, about 90 % of
the polluted water is directly discharged into rivers, lakes or coastal shores without any
purification treatment.? These contaminants include conventional pollutants (e.g. heavy
metal ions and distillates), micro-pollutants (e.g. microcystins and antibiotics) and dyes
(e.g. methylene blue, methyl orange, rhodamine B, etc). Those contaminants are major
threat for human health, food security and access to safe drinking water. All of these
problems call for the suitable water purification techniques, employing various
mechanical, biological and chemical purification methods. Biological methods use
bacteria to decompose the pollutants or to oxidize/reduce toxic chemicals into non-toxic
compounds whereas mechanical methods utilize settling techniques to accumulate and
separate the pollutants. In contrast, the chemical methods involve ion exchange, chemical

oxidation/reduction and chemical adsorption techniques. The ion exchange is performed
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to soften the water by exchanging the hard sodium cation with soft magnesium or
calcium cations. Similarly, during the chemical oxidation/reduction process, pollutants
undergo structural modifications and transform into less toxic or even non-toxic
compounds. In the past, conjugated polymers, particularly those based on polyaniline
(PANI), polypyrrole (PPy), polythiophene (PT) and their derivatives/analogues, have
gained popularity as chemical adsorbents due to their ease of synthesis, porous structure,
tunable morphology, good electrorheological properties, unique redox chemistry,
non-toxicity, insolubility in water and reversible ion (especially cation)
sorption/desorption capability.>*® However, despite much progress, challenging issues
still exist, such as their low adsorption capacity, poor recyclability, high cost and
difficulties in porosity control, to name a few. Recently, efforts have been devoted to
combine the conjugated polymers with conventional organic/inorganic adsorbents (e.g.
activated charcoal, carbon black, carbon nanotubes, graphene/graphene oxide, sawdust,
husks, silicates, clays, zeolites and so on) to form composite adsorbents."?* These
composites combine specific advantages of both partners and display enhanced
purification response to the involved physical/chemical adsorption as well as adsorption
processes. Despite the extensive reviews on the properties and applications on PANI,2%%
PPy**3 and PT,**® the applications in wastewater treatment have not been reviewed. In

this review, the conjugated polymer based composites will be discussed for their

applications in adsorptive purification of polluted water.
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1. Adsorption phenomenon

Adsorption is a binding process of a gas or liquid solute to accumulate on the surface
of a solid or a liquid (adsorbent) with the formation of a molecular or atomic film (the
adsorbate). Different from adsorption, absorption requires a substance to permeate or
dissolve into a liquid or solid. A combination of adsorption and absorption is called
sorption and the reverse of adsorption is called desorption. A schematic representation is

depicted in Figure 1.
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Figure 1: Schematic illustration of absorption (a) and adsorption (b) phenomenon.

The widely application of adsorption technique involves the physical, chemical and
biological systems, as well as the industrial applications. Depending on the adsorbed
nature of binding, the adsorption process can be classified as physisorption and
chemisorption. Physisorption binds adsorbates via van der Waals interactions, while
chemisorption forms covalent bonds between the adsorbates and adsorbents. Most of the
conjugated polymer composites take advantage of physisorption by either ionic exchange
of doping/reversible redox reaction or molecular interactions, such as hydrophobic effects,

n-1t interaction, hydrogen-bonding, electrostatic interactions, etc. The driving force of
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adsorption is the reduction of interfacial tensions between the adsorbates and adsorbents,
which can be influenced by the surface area, pore size/size distribution, surface
affinity/wettability and so on. The efficiency of adsorption is often described by
isotherms, kinetics and thermodynamics.
1.1 Adsorption isotherms

To understand the adsorption mechanism, an adsorption isotherm is often applied to
describe the adsorbed adsorbates versus the equilibrium concentration, which illustrates
the efficiency of the adsorption, how the adsorption system proceeds, etc. Several
adsorption isotherms have been proposed, and the experimental data are often used to
follow these isotherms to investigate the adsorption mechanisms.
1.1.1 Langmuir adsorption isotherm

The Langmuir theory describes the quantitatively formation a monolayer adsorbate
on the outer surface of the adsorbent without further adsorption.® *° This model assumes
an adsorption homogeneity, which includes the equally available adsorption sites,
monolayer surface coverage and no mutual interactions. The equation of Langmuir

adsorption isotherm is expressed in Equations (1).

_Ki-4,-C,

= 1
% 1+K,-C, @)
After transformation, Equation (1) can be converted into a linear Equation (2):
& = 1 +& (2)
d. KL ‘0, 0,

where C. is the equilibrium concentration of the adsorbate remained in solution (mg/L),
6
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e is the adsorbed amount (mg/g), qm (Mg/g) is the maximum adsorption capacity, which
stands for the amount of the adsorbate at complete monolayer coverage, and K. (L/mg) is
a Langmuir constant that relates to the adsorption rate. The essential features of the
Langmuir isotherm can be expressed as R, a dimensionless constant used to express as

separation factor or equilibrium parameter (Equation (3)).*

1
b 14K, -C, 3)

where Cy is the initial concentration of the adsorbate (mg/L), R is the Langmuir constant
related to the energy of adsorption, which can be unfavorable (R_ > 0), linear (R_ = 1),
favorable (0 < R_ < 1) or irreversible (R = 0).
1.1.2 Freundlich adsorption isotherm

The Freundlich isotherm model is usually applied to the heterogeneous surfaces. It is
an empirical relationship, implying the binding energies of the adsorbate related to the

adjacent sites. This model has the following form, Equation (4).***

g = KeC/ )
A linear form can also be expressed in Equations (5), as shown below.
logqg, =log K. +nlogC, (5)

Ke (mg*™ L" g™) and n are the Freundlich constants, representing the adsorption capacity
when the adsorbate equilibrium concentration equals to 1, and the adsorption intensity,
respectively.

1.1.3 Dubinin—-Radushkevich adsorption isotherm

7
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Dubinin—Radushkevich (D-R) isotherm model is more applicable than the
Freundlich isotherm since it is not limited by the heterogeneous surface and constant
adsorption potential assumption. The D-R equation has the general expression as
Equation (6):*

0, =0y, -exp(-p¢°) (6)

The expression in a linear form is shown as Equation (7):
Ing, =Ing, — B¢° (7
where ge and gn are defined as above, g represents the activity coefficient related to the
average adsorption energy (mg®kJ?), and ¢ is the Polanyi potential, which can be

calculated from Equation (8):

¢=RT In(L+ Ci)
¢ 8

It should be mentioned that the D-R isotherm model is temperature-dependent,
which means that when plotted Inge versus & at different temperatures, all suitable data
will lie on the same curve, called characteristic curve.

1.1.4 Tempkin adsorption isotherm

The Tempkin isotherm describes the adsorbent-adsorbate interactions, which
assumes that the adsorption heat decreases linearly rather than logarithmic as the
coverage proceeds.”® Besides, the derivation of this adsorption is characterized by a
uniform distribution of binding energy, which can up to some maximum binding energy.

The equation for this model is expressed as Equation (9):

8



RSC Advances

g, = % In(k,C.) 9)
A linear expression can be obtained as Equation (10):
g. =BInk,+BInC, (10)
where B = ﬂ,
b
ki and B can be calculated by plotting g. versus InCe. k; is the Tempkin constant and B is
related with the heat of the adsorption.

Among various isotherms, Langmuir and Freundlich are found to be the two most
popular models. It is important to point out that the above isotherms are often applied to
the adsorptions case by case. One model may be suitable for particular
“adsorbent-adsorbate-dispersion medium” system whereas deviates for other systems.
However, by plotting the suitable terms to obtain linear lines, the regression constants can

be obtained such that the higher regression constant for particular model indicates its

more suitability towards the concerned system.
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Figure 2: Langmuir isotherm (a) and Freundlich isotherm (b) for Cr(l1l) adsorption by

pure PANI, its rice husk and sawdust based composites. Reprinted from reference *’ with
9
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permission from Sociedad Chilena de Qu mica (2014).

Table 1: Isothermal and thermodynamic parameters for Cr(lll) adsorption. Reprinted

from reference *’ with permission from Sociedad Chilena de Qu fica (2014).

Langmuir isotherm parameters | Freundlich isotherm parameters | Thermodynamic parameter
Adsorbent
R? | gm(mglg) | K. (L/mg) R? Ke n AG* (kJ/mol)
PANI 0.988 0.165 16 0.989 0.0053 2.381 -10.245
PANI/rich husk | 0.990 4,739 10 0.982 0.057 0.888 -11.410
PANI/sawdust | 0.988 5.128 150 0.976 0.877 1.345 -4.700

Fox example, Figure 2 showed the linear plots of PANI, its sawdust and rice husk
based composites for Cr(ll1) removal under Langmuir and Freundlich adsorption
regimes.*” The corresponding linear regression parameters (Table 1) revealed that the
Freundlich isotherm model fitted better than Langmuir when isolated PANI was used as
an adsorbent, which can be ascribed to the multilayer physiosorption of Cr(I11) on PANI.
In contrast, Langmuir isotherm model fitted better for PANI/sawdust and PANI/rice husk
composites, indicating the homogeneous distribution of active sites on the composite
surface, which resulted in chemisorption of Cr(111) on the adsorbent.

Compared with PANI/sawdust and PANI/rice husk composites, PANI/graphene

oxide composites exhibited better linear regression parameters, as shown in Table 2.%

10
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Both PANI and PANI/graphene oxide followed Langmuir isotherm model with high

regression coefficients of 0.995 and 0.998, respectively.

Table 2: Isothermal parameters for Cr(V1) adsorption. Reprinted from reference *® with

permission from The Royal Society of Chemistry (2013).

Langmuir isotherm parameters Freundlich isotherm parameters
Adsorbent
Jn (mg/g) Ki (1/mg) R? Ke n R
PANI 490.2 0.19 0.995 79.25 2.04 0.937
PANI/graphene oxide 1149.4 0.042 0.998 123.59 222 0.976

Other examples involve the adsorption isotherms of PPy/saw dust composites. It was
observed that the adsorptions of carmoisine,*® methylene blue,” and phosphate™ fitted
the Langmuir model, while Cr(V1)*? and Zn(11)*® adsorption was suitable for Freundlich
isotherms. The D-R isotherm model was also applied in some cases, such as the
adsorption of fluoride® and Cr(V1)*® by polypyrrolium chloride complex, which also

followed the Freundlich isotherms.

1.2 Adsorption kinetics
As a fundamental method to monitor the adsorption efficiency, the adsorption Kinetic

is often used to predict the adsorption characteristics and mechanisms. The Kinetic

11
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5 and

models involve pseudo-first order,®® pseudo-second order,”” Elovich®®
intraparticle®® ' diffusion model, of which the pseudo-first and pseudo-second order

equations are listed as Equations (11) and (12), respectively.

In(g, -q,)=Ing, -k, (11)
l: L +l (12)
g k0. q,

where ge and g: (mg/g) are the amount of adsorbates at equilibrium and at time t,
respectively, while k; (h™) and k, (g/(mg-h)) are the rate constants for pseudo-first and

pseudo-second order models.

60, 61

The equations for the Elovich® *° and intraparticle model can be written as

Equations (13) and (14), respectively.

_In@-p) _Int
B

g, =k, t*°+C (14)

(13)

where o and f are the constants during the adsorption process, and kip (9/mg-h®®) is the
intraparticle diffusion rate constant. A plot of g; vs. Int should give a linear relationship
for its applicability with a slope of (1/B) and an intercept of (1/B)In(a). The intraparticle
diffusion model often involves two or more stages in the adsorption process, and any
stage can be the rate-controlling stage.

Similar as the adsorption isotherms, the validity of the kinetic models can also be
verified by plotting linear lines with a comparison of the regression constants. A higher

linear regression constant indicates the more suitable model, and a faster equilibrium can
12



RSC Advances

Page 14 of 57

be reached with a larger value of the rate constant. Currently, most adsorption processes

fit well with pseudo-second order over the other models.

The adsorption of methylene blue by PANI/silica nanotube composite is a typical

example, as depicted in Figure 3 and Table 3.%* The corresponding linear regression

parameters indicated that pseudo-second order kinetic equation was more suitable than

pseudo-first order and intraparticle diffusion kinetics.
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Figure 3: The pseudo-first order (a), pseudo-second order (b) and intraparticle diffusion

kinetic plot for methylene blue adsorption by PANI/silica nanotube composite. Reprinted

from reference ® with permission from Elsevier (2012).

Table 3: Kinetic parameters for methylene blue adsorption by PANI/silica nanotube

composite. Reprinted from reference ® with permission from Elsevier (2012).

Models Model parameters R?
Pseudo-first order ge = 2.69 mg/g R?*=0.952
ky = 0.69 min™

13
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Pseudo-second order 9. = 5.7 mglg R?=0.999

k. = 0.09 g/(mg min)

Intraparticle diffusion kip = 0.9 mg/(g min) R?=0.977
t%% = 3.55 min

C =1.659 mg/g

Other examples involve the adsorptions of Cr(VI)*® and Congo red® by PANI/PPy
composite, Hg(11)®® by PANI/humic acid composite and so on. Pseudo-first order model
is also observed with an example of the competitive adsorption of reactive orange 16 and

reactive brilliant blue R by PANI/bacterial extracellular polysaccharide composite.

1.3 Adsorption thermodynamics

Thermodynamic investigations can also give useful information about the adsorption
nature. The related constants, Gibbs free energy change (AG), enthalpy change (AH) and
entropy change (AS), illustrate the thermodynamic feasibilities and the spontaneous
nature of the process. By investigating the reaction at different temperatures, different

equilibrium constants (kq) can be obtained via the following Equation (15):

C
ky === 15
‘7T, (15)

where C. and C¢o (mg/L) are the equilibrium concentration adsorbed on adsorbent and
the equilibrium concentration of adsorbate in the solution, respectively. With different kq

at various temperatures, the Gibbs free energy change, enthalpy change and the entropy

14
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change can be obtained as from Equation (16) and (17).

AG® =-RT Ink, (16)
AS®  AH°
In kd :?_ﬁ (17)

By plotting Inky versus 1/T, the enthalpy and entropy change can be obtained, as well as
the Gibbs free energy change. A negative value of Gibbs free energy and enthalpy
indicates a spontaneous adsorption and an exothermic process. Most adsorption processes
are spontaneous with minor exceptions.

The sorption of Cr(VI) by PPy/FesO4 nanocomposite is a typical example.®” The
pseudo-first order and pseudo-second order kinetic models were listed in Figure 4, as
well as the thermodynamic parameter plot, with the corresponding linear regression
parameters in Table 4, which revealed that the pseudo-second order kinetic model gave
better correlation than pseudo-first order kinetic model. The change in enthalpy and
entropy were determined by the thermodynamic parameter plot of 43.4 kJ/mol and
147.73 Jimol/K, respectively. The Gibbs free energy changes, calculated from Equation
(16), were —0.565, —2.04 and —3.51 kJ/mol at 298, 308 and 318 K, respectively,

indicating a spontaneous and endothermic adsorption process.
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Figure 4: Pseudo-first order (a) and pseudo-second order (b) kinetic models, as well as
thermodynamic parameter plot, for Cr(VI1) adsorption onto PPy/FesO, nanocomposite.

Reprinted from reference ®” with permission from Elsevier (2011).

Table 4. Kinetic parameters for Cr(VI) adsorption onto PPy/FesO, nanocomposite.

Reprinted from reference ®" with permission from Elsevier (2011).

Pseudo-first-order model Pseudo-second-order model
Co (mg/L)
K (1/min) Qe (Mg/g) R? K (g/mg/min) Qe (Mg/g) R?
50 0.188 4.15 0.987 0.037 50.00 1.00
100 0.028 4.39 0.935 0.003 63.29 0.999
150 0.019 6.03 0.950 0.0007 87.71 0.996

Other negative Gibbs free energy changes involve the removal of Cr(VI1)®" and
fluoride® by PPy/magnetic Fe;04 and the Zn(11)*® and nitrate® removal by PPy/saw dust
with either positive or negative values of enthalpy or entropy. The exceptional positive
Gibbs free energy was also observed for the adsorption of trichloroacetic acid by

PPy/Th(IV) phosphate.”

2. PANI related composites in water purification
PANI is one of the earliest known synthetic polymers, which can date back to 1835

as “aniline black” for any products produced by the oxidation of aniline. The interest

16
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toward PANI increased significantly over the past decades due to its low cost, easy
preparation, high conductivity, mechanical flexibility, environmentally stability and
unusual doping/dedoping chemistry. Besides, PANI also has three distinct oxidation states
with different colors, naming leucoemeraldine, emeraldine and pernigraniline.

The application of PANI as adsorbents for water purification is due to its large
amount of amine and imine functional groups, which are expected to interact with
inorganic ions and organic compounds, such as Hg(ll),”* Cr(VI),”* methylene blue* *
antibiotic drugs, and diclofenac sodium.” However, bare PANI particles can easily
aggregate due to the inter- and intra-molecular interactions, which significantly reduce
the surface area, resulting lower adsorption abilities. Other functional materials, including
silica, sawdust, carbon nanotubes, graphene/graphene oxide, cellulose acetates, inorganic
salts and organic molecules, are combined with PANI to generate PANI based composites
to improve its surface area and to change its surface morphology. Depending on the
nature of the incorporating functional materials, the PANI based composites can be
discussed as PANI/inorganic material composites and PANI/organic material composites.
2.1 PANI/inorganic composites

The inorganic materials involve the silica, montmorillonite, attapulgite, Fe3Oa,
ZnCl,, CuCly, etc. The as-prepared composites can adsorb various organic and inorganic
pollutants from aqueous solutions.

Different silica crystalline forms were utilized to fabricate unique PANI/silica

composites for wastewater purification. PANI were coated on silica gel to modify its
17
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I”® and acid green 25"

surface morphology and to improve its capacity for pheno
adsorption from aqueous solutions.

The SEM images of PANI and PANI/silica composite is illustrated in Figure 5. PANI
was 100 to 300 nm in diameter and 2 to 40 uM in length with visual noticeable cavities.
However, the PANI/silica composite appeared as cluster spots with increased surface area,
which in turn helped to increase the adsorption rate toward acid green 25.”* The
adsorption process was revealed to be pseudo-second order kinetic model and Langmuir
isotherm, as shown in Figure 5. The regression constants were 0.9894, 0.9995, 0.9961

and 0.9945 for pseudo-first, pseudo-second order kinetic models, the Langmuir and

Freundlich isotherms, respectively.

18
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Figure 5: SEM images of PANI nanotube (a) and PANI/silica composite (b); pseudo-first
(c), pseudo-second (d) order adsorption kinetics, and the Langmuir (e) and Freundlich (f)

isotherms of PAN|/silica composite to acid green adsorption. Reprinted from reference

with permission from Springer (2012).

Hexagonally ordered silica, SBA-15, were also fabricated with PANI to prepare
PANI/hexagonally ordered silica nanocomposite, which was used to extract polycyclic
aromatic hydrocarbons from aqueous solutions, including naphthalenes, biphenyl,
acenaphthene, anthracene, and pyrene.”” The same nanocomposite exhibited selective

adsorption toward 2,4-dinitrophenol in aqueous solution in the presence of phenol with an
19
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adsorption capacity of 55.0 mg/g.”® Chemical oxidation of aniline on hexagonal
mesoporous silica (HMS) was carried out to generate PANI/HMS nanocomposite for
Ni(1l) elimination from aqueous solutions.”” This process was spontaneous and
endothermic, and can be applied to Freundlich isotherm and a pseudo-second order
kinetic. The removal efficiency was 99.87% for 50 mg/L Ni(ll) solution, and the
maximum sorption capacity reached up to 253.17 mg/g at 300 mg/L Ni(ll) solution.
Desorption of Ni(ll) from PANI/HMS nanocomposite was also investigated by using 0.1
M H,SO,4 solution with a maximum desorption efficiency of 86%. After a three
adsorption/desorption cycles, the removal efficiency was reduced less than 10 %.
2,6-dichlorophenol can also be selectively removed from aquatic environment by
PANI/silica gel composite.” A spontaneous and endothermic process was also observed
with a Langmuir isotherm.

Magnetic PANI/Fe;04 nanocomposites were prepared via emulsion polymerization
to remove nitrate ions,”® which gave linear correlation to Freundlich isotherm with a
pseudo-second order kinetic mechanism. The optimum sorption condition was found to
be a 4.0 g/L sorbent solution with a contact time of 10 min at pH 7.0. PANI doped ZnCl,
and CuCl, were used for sodium dodecyl benzene sulfonate (SDBS) removal in a
spontaneous and exothermic process.?’ Toxic metallic cations, such as Cr(VI1) and Hg(l1),
can also be adsorbed by the as-prepared composites. Flake-like PANI/montmorillonite
nanocomposites for Cr(VI) removal were fabricated by in situ chemical oxidation.* A

much lower desorption efficiency (12.3 %) was observed, which was ascribed to the
20
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reduction of adsorbed Cr(VI) to Cr(I11). Hg(ll) removal by PANI/attapulgite composite
was also observed.?? The maximum adsorption capacity on Hg(ll) was over 800 mg/g,
which was predominantly controlled by chemical process and can be desorbed by a
solution of 75% acetic acid and 1% thiocarbamide. The adsoption capacity is maintained
at 93 % even after the fifth adsorption/desorption cycle.

Besides magnetic PANI/FesO, nanocomposites, PANI/CoFe, O, magnetic
photocatalysts were also fabricated by in situ oxidative polymerization to remove various
dyes, which included anionic dyes, methyl orange (MO), weak acid light yellow G (AY),
weak acid black BR (AB), reactive black 39 (RB), and reactive yellow 145 (RY), neutral
dye of neutral dark yellow GL (NY), and cationic dyes of methylene blue (MB) and
Rhodamine B (RhB).%% No obvious adsorption was observed for CoFe,O, particles, while
the PANI/ CoFe,O4 magnetic photocatalysts exhibited significant adsorption capacities to
the anionic and neutral dyes, which were attributed to the electrostatic interactions
between the negative charged dyes and the positive charged PANI backbone. The
electrostatic repulsion between cationic dyes and positive PANI resulted in poor
adsorption, as observed in Figure 6. Based on the correlation coefficient, this adsorption
process belonged to the Langmuir isotherm and the pseudo second-order adsorption

kinetics model (Table 5).

21
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Figure 6: Adsorption capacity of various dyes with time in the presence of (a) CoFe,Q,,
(b) PANI/CoFe,0., and (c) PANI. Reprinted from reference ® with permission from The

Royal Society of Chemistry (2012).

Table 5. Kinetic parameters for the adsorption of various dyes by PANI/CoFe,0,.

8

Reprinted from reference ® with permission from The Royal Society of Chemistry

(2012).
Langmuir isotherm The second-order model
Dye
Um R Qe ksQe? R?

MO 0.124 0.999 0.0418 0.0539 0.999
AB 0.120 0.998 0.0424 0.0238 0.999
AY 0.0915 0.999 0.0424 0.0238 0.999
NY 0.0804 0.999 0.0422 0.0282 0.999
RB 0.0726 0.999 0.0435 0.0177 0.998
RY 0.0779 0.999 0.0430 0.0219 0.999
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2.2 PANI/organic composites

Natural occurring sawdust, polysaccharides and carbon related materials have been
fabricated with PANI and widely applied in wastewater purification.

PANI/sawdust composites have been applied to adsorb diclofenac sodium,*
cd(11),*2 cu(1)® and Cr(V1).% The average adsorption capacity for Cu(ll) was report as
high as 58.23 mg/g,®* while Cd(I1) was removed by pseudo-second order kinetics and a

Freundlinch model.*?

Acidic condition (pH < 2) was required for Cr(VI) removal and the
mechanism was proposed via an anion exchange process.®

As for PANI/polysaccharide composite, PANI/extracellular composite had
successfully applied in anionic reactive dyes removal, such as reactive brilliant blue R
and reactive orange 16.%® The electrostatic interactions between dye anions and cationic
ammonium in the composite were ascribed to the adsorption process with the maximum
adsorption capacities of 0.5775 mmol/g and 0.4748 mmol/g for reactive brilliant blue R
and reactive orange 16, respectively. The effect of substituted aniline to the adsorption
efficiency was investigated by synthesizing several poly(alkyl-substituted
aniline)/chitosan composites.?® Poly(N-ethylaniline)/chitosan composite exhibited the
highest removal ability to Cr(V1) of 229.8 mg/g. This process was mainly controlled by
physical adsorption. The fabrication of PANI/cellulose acetate composite for gold-iodide
complex removal was comprehensively investigated.®” ® The Aul,” was proposed to

exchange with the CI" during the adsorption (Figure 7). This process can adsorb 94 %

Aul,” with a solid/liquid ratio of membrane of 40 g/L. The advantageous adsorption
23
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ability of PANI-hydroxypropylcellulose/quartz composite to sulfate groups was compared
with activated carbon and anionic exchanger, where the concentration of sulfate group

decreased from 131.67 to 5.62 ppm.
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Figure 7: Proposed anionic exchange of Aul,” with CI for Aul,™ adsorption. Reprinted

from reference ®® with the permission from Wiley InterScience (2009).

Carbon related materials, such as activated carbon, carbon nanotubes, graphene,
graphene oxides, are known to have a large surface area and have been investigated in
wastewater treatment for decades.®*®® A combination of polyaniline and carbon related
materials are supposed to enhance the adsorption abilities.

Hierarchical nanocomposites of polyaniline (PANI) nanorods array on graphene
oxide (GO) nanosheets were successfully generated by chemical oxidation
polymerization in dilute solution under —20 °C, as illustrated in Figure 8. The removal of
Cr(V1) by PANI/graphene oxide exhibited a superb capacity of 1149.4 mg/g.*® This high
capacity was due to the strong binding affinities of oxygen and nitrogen-containing

functional groups on the PANI/graphene oxide surface, as characterized by AFM, TEM
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and SEM in Figure 9. Bare graphene oxide can easily agglomerate to form a 2D
nanosheet morphology. After decorated with PANI, the graphene oxide surface was
covered by PANI nanorods uniformly, forming a rough surface and a free-standing

sheet-like morphology of PANI/graphene oxide composite.

y Polymerizati
GO Q sPolymerizati
>z
‘
Nucleahon

Fu rther Growt ”
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Figure 8: Schematic illustration the growth mechanism of PANI/graphene oxide.

Aniline
anions

e
[ |

Reprinted from reference *® with the permission from The Royal Society of Chemistry

(2013).

Figure 9: AFM images of graphene oxide (a, b), SEM images of bare PANI (c), graphene
oxide (d), PANI/graphene oxide composites (e, f), TEM images of bare graphene
with

oxide (g), and PANI/graphene oxide composites (h, i). Reprinted from reference “®
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the permission from The Royal Society of Chemistry (2013).

0 120}
a
w0 @) P P )
Sa PANLGO
o0 L // *— PANI ED ook /-\--.____“
—w— G0 =
0 | J/'/ . .-g | -
~ o =
% 400 '/ Y \j 1000 |- /
= 00 b .- e S
] 'r"//“’ :{5
R0 e L . 1 L 1 1 1 1 1
] 1 1 1 1 1 2 4 0 L3 10 12 14
] 50 10k 150 200 ] 30 .
Time (min) tﬂ?t'lllll\"l[.uﬂif’
1000 1000
1 ® ~@- PANI/GO @ PANIGO P
. o
ook \ —-PANI g0 |- PANI
800 . ,‘/r

0 | T s '

@ 600 - ‘t——l—-—g____.@&llll
&b | l\l»\‘\\ °E'-"
E 400 - =
ClP =

—a
200+
"(c) (d)
HI 3 4 5 6 ] 20 40 60 L1 100 120
pH C(mg/L)
1200
1200 |-
(E) 1000
1000
00
=0 800
EEh Other pert ofpolynir-hased adsybents =
= 600
E A0 £
: N |=
&J = 410 =
5 400
200 | = - E wm+
£
Adsorbents ! 1 2 3 5 5

4
Cyveles

Figure 10: The effect of contact time on Cr(VI) removal (a), the Cr(VI) removal capacity
by PANO/graphene oxide nanocomposites synthesized by different mass ratios of aniline

to graphene oxide (b), the effect of pH on Cr(VI) removal (c), the adsorption isotherm of
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Cr(VI) removal (d), comparison of Cr(VI) with other polymer adsorbents (e) and seven
cycles of Cr(VI) adsorption capacity by PANI/graphene oxide nanocomposites (f).
Reprinted from reference “*® with the permission from The Royal Society of Chemistry

(2013).

The adsorption capacities of PANI/graphene oxide nanocomposites were screened
by the contact time, different ratios of aniline to graphene oxide, pH value effects and the
adsorption isotherm (Figure 10a, b and c¢). The maximum capacity condition can be
reached at the longest contact time of 200 min for PANI/graphene oxide, the best mass
ratio of aniline to graphene oxide at about 9.3 : 1 and an optimal pH around 2.0-3.0. The
high removal efficiency at low pH values was reasoned as the strong electronstatic
interactions between the protonated PANI surface and the negatively charged major
species of HCrO4. The adsorption isotherm (Figure 10d) fitted well with Langmuir
isotherm model with a calculated maximum adsorption capacity to be 1149.4 mg/g,
which is the highest capacity as compared with other polymer based adsorbents (Figure
10e, Table 6). Besides, the adsorption capacity had no obvious reduction even after seven
adsorption/desorption cycles (Figure 10f).

The adsorption of U(VI), Eu(lll), Sr(ll), and Cs(l) was also investigated by
PANI/graphene oxide, which followed the Langmuir isotherm model with maximum
capacities to be 1.03, 1.65, 1.68, and 1.39 mmol/g, respectively.*

The magnetic PANI/carbon nanotube composite was prepared by plasma induced
27
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polymerization technique (Figure 11). An enhanced adsorption ability was observed for
Pb(Il) adsorption with a maximum capacity of 22.2 mg/g, which was attributed to the
amine and imine functional groups.”” After adsorption, the magnetic PANI/carbon
nanotube composite can be easily separated and recovered by magnetic separation from
aqueous solutions. A similar PANI/carbon nanotube composite was also applied for
malachite green removal with the equilibrium adsorption amount and removal ratio to be

13.95 mg/g and 88 %, respectively.*®

Electron  lons

'“"~-.E3Iasma

..‘ I >

i -/ Molecule
Polymer solution _Pump

Figure 11: The equipment of plasma induced reaction and the reaction mechanism.
Reprinted from reference * with permission from WILEY-VCH Verlag GmbH & Co.

KGaA, Weinheim (2010).

Doping dodecyl-benzene-sulfonic-acid (DBSA) into PANI/carbon nanotube
composite led to the PANI/carbon nanotube-DBSA nanocomposite.'® The preparation, as
well as the Cr(VI) adsorption, is depicted in Figure 12 with a pseudo-second order
Kinetics, the Freundlich isotherm model and a maximum monolayer adsorption capacity
of 55.55 mg/g. Electrostatic interactions between PANI and Cr(VI) anions were the

predominant driving forces for this adsorption process. Desorption efficiency increases
28
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with increasing concentration of NaOH solution. However, only 20.77 % Cr(VI) can be
desorbed by 1.0 M NaOH solution, which may be attributed to the strong chemical bond
formed between Cr(VI1) and amino/imine groups of polyaniline and/or the adsorption of

Cr(V1) into porous carbon nanotube.
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Figure 12: Schematic representation of PANI/carbon nanotube-DBSA nanocomposite
preparation and Cr(V1) adsorption. Reprinted from reference ® with the permission from
Elsevier (2013).

Granular activated carbon was modified by polyaniline to prepare PANI/activated
carbon composite, which reduced arsenate concentration from 120-1910 ppb to less than
10 ppb by reducing the arsenate to arsenite.'*

Moreover, a variety of other PANI/organic composites were investigated in
wastewater purifications. Examples involved the Congo red® and Cr(VI)*® removal by
PANI/PPy composite, PANI/humic acid for Hg(ll) adsorption with a maximum capacity
of 671 mg/g,® Zn(l1) by PANI/rice husk nanocomposite with a monolayer adsorption of

24.3 mgl/g,’%% and p-toluenesulfonic acid or camphorsulfonic acid doped PANI for the

adsorption of various cationic and anionic dyes, such as orange-G, methylene blue,

29
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malachite green, Rhodamine B, Alizarine cyanine green, Coomassie brilliant blue R-250

and so on.®

3. PPy related composites in water purification

Polypyrrole (PPy) is one of the most extensively studied conducting polymers
because of the unique properties of pyrrole monomers, such as easy oxidization, water
solubility, commercial availability, environmental stability, good redox properties and
high electrical conductivity."® The first examples of PPy were reported in 1963 as a
highly conductive material by Weiss and coworkers.'%®

Due to the high conductivity, thermal and environmental stability and relative easy
synthesis, the as-prepared PPy had been applied as biosensors, antistatic coatings,
microactuators, functional membranes, etc. The adsorption abilities in wastewater
purification were also investigated because of the abundant amino groups, which can
interact with organic and inorganic molecules, such as Cr(V1),>> Cu(11)*® and pyrrole
monomers.’”” However, the widely application as adsorbents was limited by its poor
mechanical strength, low processability, and particularly the insolubility in common
solvents. The improvement to these properties can be achieved either by forming
copolymers or by fabricating PPy composites or blends with other functional materials,
such as sawdust, rice husk ash, magnetic Fe3O,4, carbon nanotubes, graphene oxides,
polysaccharides, and so on. The modified PPy composites or blends can also be divided

into PPy/inorganic material composites and PPy/organic material composites, depending
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on the nature of the incorporating functional materials.

3.1 PPy/inorganic composites
Magnetic Fe3O4 is widely doped with PPy to fabricate PPy/magnetic FezO4

composite for wastewater treatment, thanks to the advantage of easy magnetic separation

of the composite from aqueous solution. The pollutants involved HCrO,,%" 1% K,Cr,0,**

19 and F.% Onyango group carried out a comprehensive investigation toward the Cr(V1)
removal.®” 1% PPy was coated on magnetic FesO, via in situ chemical oxidation by FeCls.
The SEM images of Fe3O,4 and PPy/magnetic FesO4 composite, as well as TEM image of
PPy/magnetic FesO, composite, were collected in Figure 13. FesO,4 nanoparticles were
agglomerated because of the high surface area and magneto dipole-dipole interactions
between Fe3O, particles (Figure 12a). The PPy/magnetic Fes04 composite had larger size
after precipitating PPy moieties onto Fe3O4 particles with a core-shell structure. The
as-prepared PPy/magnetic Fe3O4 composite can almost quantitatively remove Cr(VI) with
a 200 mg/L Cr(VI) aqueous solution at pH 2.0 (Figure 14a). The adsorption process was
spontaneous and endothermic, and followed a pseudo-second order kinetic model (Figure
14b, ¢ and d). The mechanism involved the Langmuir isotherm model and an ionic
exchange process (Figure 14e and f). Compared with quantitative removal efficiency of
Cr(V1), only 14 % of the adsorbed Cr(VI) was desorbed by 0.5 M NaOH solution. A
further treatment with 2.0 M HCI solution could desorb the rest reduced Cr(lll). The

original adsorption capacity can maintain for at least two recycles.
31
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Figure 13: SEM images of Fe;O, particles (a) and PPy/magnetic Fe;O, composite (b),
and TEM image of PPy/magnetic Fes0, composite. Reprinted from reference '* with

permission from Elsevier (2013).

32



100

8O

BO

40

Y ol Cr (VD) removal

[

[

lagla, ¢ )/ imyg)

13

16

14

(1%

€49, (L)

(117

04

m3

RSC Advances

{a] Initial concentration= 200 ngl 15 b (b}
[ Temperal.un-z.'ngc ]
’\_“
——FFy
b Fslod B
——rroespl
“u-_\_‘ p* ™~
=
- ~ 1£
\x‘_ﬁ.\ A Ld
= T -
\~\ os |
= .‘. L
e
1 1 L - * = = a =
i) 2 4 B a 0 12 nomil 00031S 00032 000325 00033 000335 00034
pH uT
L) 1 I Ll T 8 ’
(c) e -
s
¥ B - /
_\\ * \-\\1 & /l’ f/
\' N s 2 .1 Py
= "\ S | Eh i ,ﬁ’
¥ i \"‘-.. - aa ~ r’;
\ v‘\-\! Ny 3 4f FP P
$ ‘\,\' ‘\\\ = /.f b /
B \\\ ' - :‘3 3 /‘/ /’/
l\ et = [ P ]
\ "\_1\ - = o ’./’
- \b \v y e —.;—5;;,.9-1_
100 ML
I’%u"‘,ﬁ —— 130 i, ]
—— "5l mglL : ; . y
0 0 10 6l &0 102 120 L0 §:11] 0 200 200 SC0 350 400
L/ minule Lf mimate
[e}. :/‘ 35 .[ﬁ-;- T T --|r-‘;;|
- f/ 54 b / ]
i /'/ ] 5 //"/ SO
’ . /v/
r x 1 - v
/ Ll & T :
* d = 22
i / il 2 ’ / ‘ / ]
L7 S i
_ // — T L // -
T // T =23
- « ——a5%¢ aull . /"‘ —— v
r'/ —4-—450(_.
t : : a3 1% ! ! ]
] 50 o150 W0 0 300 " i o N 4 " P
C iGmg/D) InCe
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Freundlich isotherm model (f) of Cr(VI) removal by PPy/Fe;O, nanocomposites.
Reprinted from reference ®” with permission from Elsevier (2011).

FesO4 can also serve as an oxidant for PPy/Fes;O, nanoclusters fabrication as
reported by Cui group.!® The as-synthesized PPy/Fe;O4 nanoclusters demonstrated a
maximum K,Cr,O7 removal ability of 3.47 mmol/g at pH 5.0, which was much higher
than PPy and activated carbon composite.

Other PPy/inorganic composites involved the removal of humic acid by PPy/glass

111

beads composite, adsorption of polyoxometalate SiMo0:1,04" by PPy/In,O;

composite,"> Cr(V1) removal by PPy/montmorillonite clay composite,** and the

PPy/Al,03 composite for Cd(I1) removal.***

3.2 PPy/organic composites

Compared with limited PPy/inorganic composites, a variety of organic materials
were combined with PPy, which included sawdust, polysaccharides, carbon related
nanomaterials, rice husk ash, etc. This can be attributed to the natural compatibility and
the easy covalent bonding abilities of PPy.

PPy/sawdust composites were synthesized by in situ FeCl; oxidation and had
applied to remove Cr(V1),°* Zn(11),> phosphate,”® nitrate,*® carmoisine,* and methylene
blue.®® All the adsorption processes were spontaneous and obeyed the pseudo-second
order Kinetics. The adsorption of Cr(VI), Zn(ll) and nitrate followed the Freundlich

isotherm model, and the phosphate, carmoisine and methylene removal fitted with
34
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Langmuir isotherm model. The surface morphology change was illustrated in Figure 15.
PPy particles were coated both outside surface and inside of the sawdust, forming a

uniform morphology with increased surface area and adsorption ability.

'l pn'utw.b'wol——"——{ 20pm ¢ 0
‘,ow4o lnoox"gt 46 82
gt ¥

Figure 15: SEM images of sawdust (left) and PPy/sawdust composite (right). Reprinted
from reference ®° with permission from Elsevier (2012).

Cellulose acetate membrane'®® and cellulose fiber''®

were coated on PPy to remove
gold iodide and Cr(VI), respectively. lonic exchange was ascribed for gold iodide
removal and the reduction of Cr(VI) to Cr(lll). A covalently immobilized
heparin-PPy/poly(ethylene glycol) methacrylate composite was also fabricated for
biological applications to reduce the protein and thrombus formation.**’

Similar to PANI, the carbon related materials, activated carbon, carbon nanotube and
graphene oxide, were also doped with PPy to fabricated PPy/carbon related composites
for wastewater treatment. PPy/impregnated porous carbon was prepared by vapor
infiltration polymerization technique to obtain a mesoporous structure.''® The as-prepared

composite exhibited an improved adsorption ability to remove heavy metal ions, such as

Hg(ll), Pb(ll) and Ag(l) due to the amino groups of PPy. PPy/carbon nanotube
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composites can be prepared by grafting from technique either chemically or
electrochemically. The chemical fabricated PPy/carbon nanotube composite can
effectively remove heavy metals, anions and chemical oxygen demand from paper mill
waste.'® The electrochemical synthesized PPy/carbon nanotube provided a simple and
highly effective method for CIO, removal via electrically switched ion exchange

technique (Figure 16).'%°
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Figure 16: Schematic illustration for the polymerization of PPy and the anion exchange

120 with the permission from American Chemical

process. Reprinted from reference
Society (2006).

The PPy/reduced graphene oxide composite was also investigated to remove
Hg(11),2* 22 Pb(11)*?® and Cr(V1).*** The chemical oxidation polymerized PPy/reduced
graphene oxide composites showed a higher selective Hg(ll) removal capacity, as
compared with Pb(11), Cd(I1), Zn(l1), and Cu(Il) from aqueous solutions, as well as a high

desorption capacity of up to 92.3 %.'** The same composites were synthesized from a

electrochemical polymerization methods, which exhibited a similar selectivity to detect
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Hg(”)-122
The removal of Cr(VI) by PPy/graphene oxide nanosheets were produced by
sacrificial-template  polymerization, utilizing MnO, nanoslices as both the

sacrificial-template and the oxidant.'?

The as-prepared PPy/graphene oxide
nanocomposites exhibited a doubled adsorption capacity than the conventional PPy
nanoparticles. The color change from light yellow to almost transparent further confirmed
the adsorption of Cr(VI), as shown in Figure 17a. The effect of the Cr(VI) initial
concentration on Cr(VI) removal by the PPy/graphene oxide was screened from 0.38
mmol/L to 1.97 mmol/L. With increasing the Cr(VI) initial concentration, longer
equilibrium time was required, as well as decreased adsorption efficiency, which might
due to the rigorous competition for the adsorption sites (Figure 17c). This adsorption
process fitted well with Langmuir isotherm model and obeyed the pseudo-second-order

kinetics (Figure 17b and d). The maximum adsorption capacity was calculated to be

497.1 mg/g, which is much higher than most of the other nanocomposites (Table 6).

Table 6. Comparison of adsorption capacity of PPy/graphene oxide with other adsorbents

for Cr(VI) removal.

Adsorbents Om (MY/g) Equilibrium time (h) Optimum pH Ref.
PANI nanorods/graphene oxide nanosheets 1149.4 2.67 3.0 “
PPy/wood sawdust 3.4 0.16 5.0 52

PPy/PANI nanofibers 227 3.0 2.0 &

37
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PPy/Fe;0, magnetic nanocomposite 2439 3.0 2.0 &7
1D PANI nanowire/tubes 84.8 1.0 5.0 &
PANI/montmorillonite nanocomposite 167.5 1.0 2.0 8
Poly(N-methylaniline)/chitosan composite 192.4 - 42 8
Poly(2-ethylaniline)/chitosan composite 148.7 - 4.2 8
Poly(N-ethylaniline)/chitosan composite 229.8 - 4.2 8
PANI/carbon nanotube-DBSA nanocomposite 55.55 10 2.0 100
PPy/Fe;0, nanocomposite 237.17 - 2.0 108
Orange-like Fe;0,/PPy composite microspheres 209.2 12 2.0 o
PPy/montmorillonite clay composite 119.34 - 2.0 m
PPy/graphene oxide composite nanosheets 497.1 24 3.0 124
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Figure 17: The Cr(VI1) removal capacity of PPy/graphene oxide versus PPy (a), linear
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correlation to Langmuir isotherm model (b), the Cr(VI) removal capacity of
PPy/graphene oxide with different Cr(\V1) initial concentration (c) and the pseudo-second
order model for Cr(VI) adsorption by PPy/graphene oxide nanocomposite. Reprinted
from reference ** with the permission from PLOS One (2012).

Eisazadeh group fabricated PPy/rice husk ash composites to remove a variety of
inorganic ions from aquatic environments, such as Zn, Fe, Cu, Mn, CI", S*, SOs* and so
on.'?* % Electropolymerized PPy/SDBS composite was applied to remove bovine serum
albumin and fibrinogen.*?” PPy/nylon 6,6 granules can adsorb humic acid from aqueous
solutions and regenerated by washing with 1.0 M NaOH, 1.0 M HCI solution and distilled
water consecutively.?® Pb(I1), Cd(I) and Ni(ll) can be enriched by PPy/melanine or

PPy/poly(styrene-sulfate) composites.?

4. Miscellaneous conjugated polymer composites in water purification

Polythiophenes (PT) are stable in their oxidized and neutral states. The ease of
substitutions at the third position can produce versatile modified PT with different
stability, solubility and conductivity. Compared with PANI and PPy, PTs have even lower
solubility in common solvents, which call for the incorporation of other functional
materials to fabricate PTs composites for water purification.

Poly(3-methyl thiophene)/sawdust was fabricated by in situ chemical oxidation with
FeCl; to remove methylene blue. The adsorption capacity can reach 191 mg/g, which was

seven times higher than sawdust.”*® The increased surface area may be ascribed to the
39
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high adsorption capacity, as observed from the change of surface morphology. Sawdust
had a smooth surface and layer structure, while poly(3-methyl thiophene)/sawdust
composite had heterogeneous morphology with porous surface area. The adsorbed dyes
can be desorbed by washing with 0.10 M HCl/ethanol solution, and the adsorption
efficiency remained 93 % after three recycles.

The same composite was also applied in Ag(l) removal from aqueous solution.™*!
The influencing factors, including pH, initial concentration, sorbent dosage and exposure
time, on Ag(l) removal were investigated (Figure 18). The sorption efficiency was
proportional to the increasing pH values, initial concentration, sorbent dosage and the
contact time. The sorption isotherm indicated that both the Langmuir isotherm and the
Freundlich isotherms can be applied in this system. Desorption studies revealed that the
maximum recovery can reach 40 % and 42 % by 0.5 HNO3 and 1.0 M ammonia solutions,

respectively.
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Figure 18: The influence factors of pH (a), initial concentration (b), sorbent dosage (c),
contact time (d), the Freundlich isotherm (e) and the Langmuir isotherm (f) of Ag(l)

adsorption by sawdust (m) and poly(3-methyl thiophene)/sawdust composite (A).
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m reference *** with permission from Wiley InterScience (2009).
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adsorb protein. A two-layer composite of polystyrene and PT was prepared to reduce the

protein and bacterial cell adsorptions.**

Other conjugated polymers, such as polyacetylenes, poly(phenylenevinylene) (PPV),
poly(p-phenylene) (PPP), etc, may also be applied as composites in wastewater treatment.
However, due to the lack of heteroatoms for the functional group interactions with

pollutants, their practical applications are still not reported yet.

5. Conclusion

Current investigations indicated the successful removal of various pollutants from
aqueous solution by versatile conjugated polymer based composites. Different composites
exhibited different selectivities to adsorb diverse pollutants, ranging from inorganic
heavy metals to organic aromatic molecules. One noticeable problem is that current
composites are only effective to a narrow range of pollutants, thus, new composites that
are capable of removing more broad spectrum of pollutants are highly required since
wastewater usually contains multiple pollutants. The practical applications are also
impeded by other factors, such as the overall adsorption efficiency, economic issue,
adsorption/desorption efficiency, and so on, which call for the development of new
cost-effective and high efficient composites for large scale applications.

We have reviewed the conjugated polymer based composites that are often

fabricated from the easy-prepared functionalized materials with unique surface
42
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modifications. However, compared with the extensive and delicate fabrication of
counterpart composites used in conducting material studies, the discussed composites (i.e.,
PANI, PPy and PT) are far less developed, which are mainly sourced by blending with
limited inorganic materials (i.e., silica and Fe3O4) or organic materials (cellulose,
activated carbon, carbon nanotube and graphene/graphene oxide). More types of novel
composites are required for new applications in wastewater purification, such as
poly/clay composite, which is a promising type of composite with multiple
microstructures.

The morphologies of the discussed composites are not well controlled, which may
limit the surface area for the maximum pollutant adsorption. Future research to fabricate
precise and delicate controlled composite morphology is desirable. For example, hollow
fiber materials can be blended with current polymers to fabricate composites with high
specific surface area and tough self-hold structure.

The composites discussed in this review were predominantly produced by physical
blending with few covalent bonded polymers. More efforts are required to make covalent
bonded composites. One recommendation involves the cross-linking chemistry.
Cross-linking is a simple and effective modification method to improve the plasticisation
resistance, stability of composites to stand harsh conditions. More importantly, this
technique can fabricate both structural and morphological homogenous composites to
improve the adsorption capacities. Moreover, theoretical investigation in water

purification is also needed. Theoretical investigations to the adsorption mechanism and
43
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kinetics can also provide useful guidance to design and optimize composite fabrication.
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