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Abstract
Graft copolymerization is a distinctive approach to modify the inherently cheap natural fibers (NFs) using different initiators 
to incorporate synthetic polymer side chains allowing development of novel types of hybrid materials. This method has been 
widely applied to develop a variety of NFs based adsorbents for decontamination of toxic pollutants from the aqueous envi-
ronment. However, the development of high-performance adsorbents from NFs is steady challenged by the need to preserve 
the sustainability during graft modifications and applications. This article critically reviews the progress on modifications 
of NFs by graft copolymerization of polar monomers on NFs using various initiating methods and their applications in 
wastewater treatment. Particularly, the applications of the grafted NFs in removal of heavy metal ions, synthetic dyes, oil 
spills and extraction of precious metals from wastewater are elaborated. The critical challenges to the viability and sustain-
ability of NFs-based adsorbents with respect to functionalization by graft copolymerization and environmental impacts are 
discussed and the future research directions are also outlined.

Keywords Natural fibers · Graft copolymerization · Functionalized bio-based adsorbents · Wastewater treatment · Agro-
waste utilization

Abbreviations
AA  Acrylic acid
AAm  Acrylamide
AIBN  Azobisisobutyronitrile
AASO3H  2-Acrylamido-2-methylpropane sulfonic 

acid
AN  Acrylonitrile
AOBDEPAm  Acryloyloxy-1,3-bis
APCA  Aminopolycarboxylic acid
BA  Butyl acrylate
n-BMA  n-Butyl methacrylate
CA  Crotonic acid
CE-Cell  Cyanoethyl cellulose
β-CD  Beta-Cyclodextrin

CIGC  Chemically initiated graft 
copolymerization

CM-Cell  Chloromethyl cellulose
CPDTA  Cumyl phenyldithioacetate
CPADTB  4-Cyanopentanoic acid dithiobenzoate
CV  Crystal violet
DAOEPAm  Diethyl(acryloyloxyethyl) 

phosphoramidate
DCPAA  2,4-Dichlorophenoxyacetic acid
DETAPAA  Diethylenetriamine pentaacetic
DETA  Diethylenetriamine
DEAOEP  Diethyl(acryloyloxyethyl)phosphate
DEAOEPn  Diethyl(acryloyloxymethyl)phosphonate
DEMAOEP  Diethyl (methacryloyloxyethyl) 

phosphate
DMAOMPn  Dimethyl(acryloyloxymethyl)phosponate
DMAEMA  Dimethylaminoethyl methacrylate
EA  Ethyl acrylate
EB  Electron beam
EDA  Ethylenediamine
EI  Ethyleneimine
EGBAEETAA   Ethylene glycol–bis (2–

aminoethylether)–N,N,N′,N′-tetra-acetic 
acid
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EMA  Ethyl methacrylate
GY  Grafting yield
HA  Hydroxylamine
HCHPK  Hydroxycyclohexyl phenyl ketone
HEA  2-Hydroxyethyl acrylate
HEMA  2-Hydroxyethyl methacrylate
HEMAPA  2-Hydroxyethyl methacrylate phosphoric 

acid
IA  Itaconic acid
MA  Methyl acrylate
MAGC   Microwave-assisted graft 

copolymerization
MAA  N‐Methylolacrylamide
MMA  Methyl methacrylate
MAAc  Methacrylic acid
MAN  Maleic anhydride
MAOETMAC  2-(Methacryloyloxy) ethyltrimethylam-

monium chloride
MBAAm  N,N-Methylene bisacrylamide
MBArAm  N,N′-Methylenebisarylamide
MG  Malachite green
NFs  Natural fibers
NMDG  N-Methyl-d-glucamine
OPPEE  Octylphenoxy-polyethoxyethanol
PTSC  Phenyl thiosemicarbazide
PIGC  Photo-initiated graft copolymerization
PsIGC  Plasma-initiated graft copolymerization
RAFT  Reversible addition—fragmentation 

chain transfer
RIGC  Radiation-induced graft 

copolymerization
SSS  Sodium 4-styrenesulfonate
VA  Vinyl acetate
VIm  1-Vinylimidazole
VBTMAC  Vinylbenzyltrimethylammonium chloride

Introduction

With the increase in global energy demand and ecological 
risks, natural fibers (NFs) have attracted much interest owing 
to their potential of serving as alternatives to petrochemical-
made fibers. Although the strength of such fibers is lower 
than the synthetic counterparts, but it is enough for usage in 
many applications including production of food, fine chemi-
cal and green materials of wide applications such as nano-
cellulose [1]. NFs are defined as substances produced by 
plants (e.g. flax or cotton) and animals (e.g. cashmere and 
camel hair), which have the capability to be spun into thread 
or filaments that can be woven, bound, matted or knitted [2]. 
They have been used in industries such as paper and textile 
in addition to their use as raw materials in the construction 
industry.

Flax, cotton, and silk are the oldest NFs utilized by man-
kind, whereas coir and jute have also been used for a long 
time. Plant fibers comprised of cellulose unlike animal fibers 
which embody proteins. The presence of such compounds 
endowed several advantages such as low cost, low-density, 
enhanced toughness, biodegradability, reduced respira-
tory irritation and acceptable levels of strength [3–5]. The 
breathability of NFs has been utilized effectively in textiles, 
contributing to comfort. Wearers of clothing made from NFs 
also are less prone to allergies or skin rashes that are nor-
mally associated with the use of synthetics polymers [2]. In 
addition, NFs easily take up dyes and form uniform colors, 
while their lengths and strengths can be adjusted according 
to the specified requirements. For these reasons, the demand 
for NFs has continued to rise despite the competition from 
the synthetic polymers, which are non-degradable and 
release considerable amounts of carbon dioxide and other 
forms of waste upon disposal, posing a great environmental 
challenge.

The use of NFs for removal of pollutants such as heavy 
metal ions, dyes and oil spills from aqueous media is a field 
that is receiving extensive research efforts because of their 
promising applications in biosorption processes [6]. Moreo-
ver, NFs are known for their abundance, low cost and struc-
tural properties, all of which make them potential biosorbent 
materials [7]. However, NFs must undergo biological, physi-
cal, chemical modifications to improve their characteristics 
such as the mechanical properties, adhesion, surface tension, 
strength, porosity, crystallinity, permeability, solubility, and 
chemical reactivity. Chemical modifications such as merceri-
zation (alkaline treatment), acylation, bleaching and graft 
copolymerization are commonly used for treatment of NFs. 
This is not only because of their quick and effective proce-
dures but also due to ability to make permanent changes 
compared to that of physical methods [8]. Of all methods, 
graft copolymerization is an interesting technique that has 
been increasingly used to impart permanent modifications 
to NFs. This technique involves the introduction of synthetic 
polymers originated from grafting monomers to NFs lead-
ing to the development of various graft copolymers with 
improved physico-chemical properties without compromis-
ing the basic properties of NFs [9]. Particularly, properties 
such as flexibility, stability, resistance to microbial degra-
dation, hydrophilicity, metal ions binding capacity can be 
imparted by graft copolymerization. Therefore, function-
alized NFs found several important applications including 
the development of green composites [10, 11] and chelating 
adsorbents [12, 13].

There have been many reviews covering various 
aspects of NFs including their types and composition 
[14–16], chemical treatment methods [17–19], and appli-
cations in development of green composites [20–26]. 
Some reviews were particularly dedicated to modification 
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of carbohydrate polymers (e.g. starch, cellulose, chitosan, 
and alginate) with various methods including blending, 
grafting, combination with different nanomaterials or 
their nano-cellulosic form and their potential applica-
tions for removal of heavy metal ions and synthetic dyes 
[12, 13] and controlled drug release, battery separators 
and smart food packaging materials [27]. Other published 
reviews addressed graft modifications of cellulose using 
living/controlled polymerization methods [28] and con-
ventional grafting methods of wool fibers [29]. How-
ever, most of these articles focused only on reviewing 
the bright aspects of graft modification methods pertain-
ing to properties and various applications of the modi-
fied NFs without addressing neither the preferences for 
grafting methods nor their environmental impacts and the 
adherence to green chemistry. Thus, there is a demand to 
address such missing issues with the focus on the widely 
investigated graft modified NFs targeting removal of toxic 
species from wastewater and their preparation by various 
graft copolymerization methods.

The objective of this article is to provide a critical 
review for various graft copolymerization methods used 
for modification of NFs and the progress in the developed 
grafted adsorbents for the adsorption of toxic pollutants 
from wastewater taking the methods robustness, envi-
ronmental impacts and overall sustainability into consid-
eration. The scope of the article covers an overview of 
NFs and various graft copolymerization techniques for 
functionalization of NFs by chemical-, photochemical-, 
radiation-, thermal- and plasma-initiation, together with 
an evaluation for their merits and demerits. The appli-
cations of NFs-based adsorbents for removal of heavy 
metal ions, dyes, and oils from wastewater together with 
the extraction of precious/rare earth metals from waste 
streams are summarized. The challenges to the grafted 
NFs (adsorbents) sustainability and future research direc-
tions are critically discussed.

Categorization of Natural Fibers

NFs can be categorized based on their origin into basis 
into plant, animal, and mineral fibers, as shown in Table 1. 
The latter are naturally occurring fibers such as asbestos, 
ceramic, and metallic fibers and are beyond the scope of 
this review. NFs cover a wide spectrum of fibers that ranges 
from the most dominant and widely used cotton fibers to 
other specialty fibers such as cashmere that is produced 
in significantly smaller quantities. NFs from plants can be 
further classified depending on plant source into: (i) seed 
fibers, which are collected from seeds or seed cases such as 
cotton and kapok; (ii) leaf fibers, which are collected from 
leaves such as sisal and agave; (iii) bast fibers that are col-
lected from skin or baste surrounding the stem such as flax, 
kenaf, jute, hemp, ramie, rattan, soybean, vine and banana 
fibers; these fibers are used for making durable yarns, fab-
rics, papers and packaging, because of having higher tensile 
strength than other fibers; (iv) fruit fibers, which are col-
lected from the plant fruit such as coconut (coir), and stalk 
fibers such as straw of wheat, barley, rice and crops like 
grass and bamboo. More details on different classes of NFs 
can be found in previous reviews [31].

All plant fibers are incorporating cellulosic structures 
embodying cellulose, hemicelluloses lignin and assembled 
in bundles of fibrils with irregular diameters harboring gaps 
and defects. However, cellulose is the most important com-
ponent, and its contents control the mechanical properties 
of the fibers [32]. Compared to synthetic fibers, NFs have 
inconsistent quality varying from one location to another 
depending on soil and climate. In general, they have hydro-
philic nature prompting the need for modification depending 
on the application.

Cellulose has a ribbon-like shape, which allow twisting 
and bending in the direction out of the plane in away impart-
ing moderate flexibility [33]. The presence of the hydroxyl 
(–OH) groups forms intermolecular hydrogen bonds within 

Table 1  Categorization of 
natural fibers [23, 30]

Natural fibers Source Example

Plant/cellulosic fibers Bast Flax, hemp, jute, kenaf, ramie, Mesta and roselle
Leaf Abaca, banana, pineapple, sisal and henequen
Seed Cotton, kapok, luffa, and milkweed
Fruit Coir and palm oil fruit
Stalk Rice, wheat, maize, barely, oat and rye
Wood Softwood and hardwood
Grass/reed Bamboo and bagasse

Animal fibers Wool Cashmere, lamb wool, angora wool and alpaca
Hair Goat hair, horsehair, and camel hair
Silk Mulberry and tussah

Mineral fibers Minerals Asbestos, brucite and wollastonite
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cellulose molecules and creates moderately strong interac-
tions involving neighboring cellulose molecules in dry fib-
ers. Chemical reactivity of cellulose is largely related to the 
reactivity of the electron donating –OH groups [33]. Nowa-
days, the main uses of cellulose are in making paper prod-
ucts or cardboard, membranes, tissue, explosives, textiles, 
and construction materials. Major efforts have been carried 
out to chemically modify cellulose to increase its resistance 
to heat and abrasion [34] mechanical stability [35] and anti-
bacterial activity [36].

Animal fibers are the second source of NFs, and such fib-
ers can be classified into: (i) silk fibers, which are collected 
during the preparation of cocoons from dried saliva of silk-
worms, and (ii) wool fibers including cashmere, lamb wool, 
angora wool, alpaca and animal hair such as goat hair, horse 
hair, camel hair and avian fibers, which originate from brides 
feathers [37]. Unlike plant counterparts, animal fibers are 
mainly composed of specific proteins, making each type of 
fibers have properties differing from each other. The molecu-
lar structures of the basic unit of cellulose fibers compared 
to those of wool and silk fibers are shown in Fig. 1.

Like plant NFs, animal fibers can undergo chemical mod-
ified by reactions involving grafting, coupling and amino 
acids. The modified fibers have potential for applications in 
composites, antimicrobial materials and adsorbents [29, 38]. 
On the other hand, the use of minerals fibers such as asbestos 
was banned due to risk to human health caused by exposure 
[23]. Thus, this article will focus on the modifications of 
cellulosic and animal NFs for imparting ionic characters by 
graft copolymerization.

Treatments for Natural Fibers

To improve the NFs properties and make them suitable for 
target applications, various chemical, biological, mechani-
cal methods or their combination and physical modification 
are known [39]. However, the two main treatments that are 
usually used are physical and chemical methods. The for-
mer extends some changes to the surface and morphological 

properties of the fibers without changing their chemical 
composition. Physical treatment includes processes such 
as stretching, calendaring, rolling, swaging and thermal 
treatments in addition to the use of different rays, plasma, 
or steam explosion. Unlike physical methods, the chemi-
cal treatments introduce chemical changes such as activa-
tion of hydroxyl groups, imparting new moieties that can 
effectively interlock with matrices using silane as coupling 
agents and chemical coupling (acylation or esterification). 
Several chemical treatments are commonly used for sur-
face modification of NFs including mercerization, acetyla-
tion, cyanoethylation, benzoylation, isocyanates treatment, 
dewaxing, esterification, etherification treatment and graft 
copolymerization [40]. Such treatments not only improve the 
NFs wettability and adhesion with the polymer matrices but 
also impart unique properties and functional group as well as 
facilitate processing. More details on the chemical treatment 
of NFs can be found in a few reviews have that have been 
published [37–41].

Graft Copolymerization onto Natural Fibers

Graft copolymerization is a reaction that leads to forma-
tion of graft copolymers in which several side chains are 
covalently attached to a linear backbone. The resulting 
copolymer has new characteristics originated from two or 
more parent polymers. In the present context, the definition 
is broadened to emphasize the attachment of the side chains 
to a cellulosic surface. At a commercial level, the most sig-
nificant copolymers are derived from the vinyl monomers 
such as ethylene, styrene, vinyl chloride and acrylonitrile. 
The sequence of the monomer units varies depending on the 
distinct reactivity of the monomers during the polymeriza-
tion process and reaction parameters. Three approaches are 
usually adopted to synthesis graft copolymers as depicted 
in Fig. 2. The first one is “Grafting onto” and it includes 
the reaction of a reactive group on a macromolecular chain 
with a second polymer. The second approach is “Grafting 
from” and it involves a polymerization reaction between a 

Fig. 1  Molecular structures of basic unit of: A plant, B wool and C silk fibers
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polymer with functional groups (macro-initiator) with a suc-
cession of monomers, which build a side chain. “Grafting 
through” is the third approach and it includes polymeriza-
tion of macromonomer(s) [42]. Modifications of NFs by 
graft copolymerization commonly follow “grafting from” 
approach, and many studies have applied this technique for 
preparation of a variety of graft copolymers based on NFs.

Graft polymerization is a method that is used to alter 
properties of substrates such as NFs to meet the require-
ments of specific applications. The altered properties include 
elasticity improvement, bending strength, fastness, solubil-
ity, moisture absorption, thermal resistance and reactivity. 
The level of changes in such properties is dependent on the 
conditions of the reaction. Graft copolymerization of NFs 
usually proceeds by the free radical mechanism that is ini-
tiated by one of 5 different initiation routes (as shown in 
Fig. 3): (i) chemical initiation, (ii) thermal initiation which 
is assisted by microwave, (iii) photo-initiation with UV light 
in presence of photo-initiator, (iv) plasma-initiation and (v) 
radiation- (radiochemical-) initiation using high energy 
radiation [43].

The presence of these initiators generates free radicals on 
the parent cellulose backbone (mostly after delignification 
with a chemical treatment) which form macroradicals when 
reacted with a monomer, which propagate to become graft 
growing chains that form graft copolymers after termination 
[44]. Monomers to be grafted can be either vinylic or acrylic 
monomers and grafting reaction may involve one monomer 
or a mixture of at least 2 monomers [41]. Figure 4 shows a 
list of common monomers that have been used for modifi-
cation of NFs by graft copolymerization. The widely used 
polar monomers for modification of NFs include but not 
limited to acrylic acid (AA) glycidyl methacrylate (GMA), 
acrylonitrile (AN), and methyl methacrylate (MMA). The 

polarity of such monomers imparts desired functional 
groups to the cellulose backbone while maintaining its prop-
erties [8]. Similarly, wool fibers can be treated with graft 
copolymerization techniques using different monomers to 
impart desired surface properties. A review on grafting of 
various monomers into wool under different combinations 
of reaction parameters and the properties of the grafted wool 
fibers together with their potential applications was reported 
by Shavandi and Ali [29]. More details on the various meth-
ods for initiating graft copolymerization of NFs are dis-
cussed in the next sections.

Chemically‑initiated Graft Copolymerization

In chemically-initiated graft copolymerization (CIGC), 
radicals are initiated in cellulosic fibers by free radical-
producing initiators or redox systems such as ceric ions: 
ceric ammonium nitrate [45], cerium sulphate [46], ceric 
ammonium sulphate [47], ferrous iron-hydrogen peroxide 
 (Fe2+–H2O2) [48], cobalt (III) acetylacetonate complex salts 
[49] and manganese (III)/sulfuric acid [45]. Alternatively, 
free radical generators such as azobisisobutyronitrile (AIBN) 
[50], potassium persulfate  (K2S2O8) [51], ammonium per-
sulfate [(NH4)2S2O8] and benzoyl peroxide  (C14H10O4) [52] 
have been also used. It is well established that the type of 
initiator and monomer have important effects on the grafting 
level. A schematic representation for preparation of various 
graft copolymers by chemical initiation and reaction with 
different monomers is shown in Fig. 5.

A significant amount of work has been conducted using 
CIGC of different monomers onto various NFs. For exam-
ple, itaconic acid (IA) was grafted onto sisal fibers using 
potassium persulfate as an initiator under different reaction 
conditions [53, 54]. The grafting yield (GY) [55] was found 

Fig. 2  Schematic representation of approaches for preparation of 
graft copolymers [42]

Fig. 3  Schematic diagram of various graft copolymerization initiation 
techniques for modification of NFs
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to be a function of reaction conditions such as the concentra-
tions of IA and the initiator. Earlier Mishra et al. [56] grafted 
AN onto sisal fibers using  NaIO4 and  CuSO4 as initiators. 
The study concluded that both GY and the fibers’ properties 
were depended on the reaction conditions (concentrations 
of the initiator and monomer and reaction time). In another 

study, Pulat and Isakoca [57] grafted various monomers with 
carboxylic acid groups such as AA, crotonic acid (CA), and 
IA onto cotton fibers using benzoyl peroxide as an initiator. 
Maximum GY of 23.9% was reached after optimization of 
reaction conditions.

Fig. 4  List of monomers commonly used for modification of NFs by graft copolymerization

Fig. 5  Schematic representation for preparation of various graft copolymers by chemical initiation and reaction with different monomers
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CIGC of methyl acrylate (MA) and MMA onto jute fib-
ers using a redox system composed of potassium persulfate 
(initiator) and ferrous sulphate (catalyst) was investigated 
in various occasions [11, 58, 59]. Variation of reaction 
conditions including monomer concentration, initiator 
concentration, catalyst concentration, reaction time and 
temperature was used to control GY, which reached a 
range of 17–20% upon optimization. The properties of 
the grafted fibers such as dye absorption, tenacity, color 
fastness was favorably altered. Jute fibers were also grafted 
with other acrylate monomers such as ethyl acrylate (EA) 
and 2-hydroxy ethyl methacrylate (HEMA) using the same 
redox system under optimum conditions [60]. Grafting 
brough about an improved strength, a higher thermal sta-
bility, and a surface smoothness to the grafted jute com-
pared to pristine counterpart. Furthermore, the reactivity 
of lignocellulosic jute fibers to sunlight [60], atmospheric 
gases and chemicals was enhanced by the grafting [61].

Sharma and Sunil [62] used ceric ammonium nitrate 
as redox initiator to graft a mixture of MMA with butyl 
acrylate (BA) or EA was grafted on mulberry silk fibers 
in an aqueous medium under different reaction conditions. 
The grafted fibers acquired improvements in the thermal 
resistance, moisture absorbance and chemical stability.

In summary, it can be stated that CIGC can effectively 
modify the NFs and enhance their adsorption proper-
ties. However, one of the main concerns about the use of 
CIGC techniques is the need to extract the grafted fibers 
from the homopolymer without destroying their structure. 
Moreover, the discharge/residue from the solvent extrac-
tion process containing impurities (catalyst, initiator, 
solvent and homopolymer) is harmful to the ecosystem 
and causes serious environmental pollution. This poses a 

critical challenge to CIGC method and promotes the use 
of alternative greener grafting methods.

Radiation‑initiated Graft Copolymerization

RIGC is an appealing method for conferring new properties 
originated from polar monomers into polymer substrates 
such as NFs without altering their inherent properties using 
high-energy (ionizing) radiation. This method permits 
a desired control over GY, which is a function of grafting 
parameters in addition to maintaining the purity of the prod-
uct due to the absence of detrimental impurities [63]. RIGC 
can be carried out by high energy sources such as Co-60 
and electron beam (EB) accelerators. The former produces 
γ-rays, which have the advantage of deep penetration in the 
substrates allowing a wide range of GYs during grafting 
depending mainly on the absorbed dose and dose rate, which 
decrease continuously with the source decay. Thus, irradia-
tion to certain dose takes longer time (few hours) with the 
decrease in the dose rate. On the other hand, EB has the 
advantage of short irradiation time (a few minutes) and high 
as well as controlled dose rate. However, the penetration 
depth EB depends on the acceleration energy of electrons 
and the density of the irradiated substrate [44]. A compari-
son between γ-rays and EB together with other low energy 
radiations used for graft copolymerization is presented in 
Table 2. Unlike microwave, plasma and photo-initiated graft-
ing, RIGC is capable of achieving bulk modifications and 
has been extensively investigated for preparation of various 
ionic and chelating polymers [64]. From practical point of 
view, EB is more advantages for grafting initiation on NFs, 
which can be achieved not only in a few minutes with GY 
varying from surface to bulk but also in a more convenient 

Table 2  Comparison between various high-energy and low-energy radiation types

Radiation energy Radiation type Sources Merits Demerits

High energy γ-rays Co-60 or Ce-137 High penetration levels, low temperature, 
leaves no detrimental residue and dose 
rate can be controlled

Induce structural damage, dose rate is 
lower than EB, takes relatively long time 
to reach desired dose and dose rate keep 
decreasing with natural decay of Co-60

EB Accelerators Fast, low temperature, easy to control, 
leaves no detrimental residue and high 
dose rate

Induce structural damage, generated by 
EB accelerator requiring higher capi-
tal investment and low penetration in 
dense thick materials

Low energy UV UV lamp Low temperature, cheap and leaves no 
residue

Low penetration and long time

Plasma Plasma reactor Low temperature, fast and create surface 
changes

Low penetration commences variation in 
physical and chemical properties and 
leaves reactive species

Microwave Microwave source High temperature, fast and can also initiate 
reaction without initiator

Low penetration, establishes physical and 
chemical property alterations and not 
recognized by non-polar materials
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manner for pre-irradiation method and large-scale applica-
tions. Figure 6 shows a typical surface and bulk grafting of 
polystyrene in flax fibers obtained by RIGC of styrene onto 
delignified and EB irradiated flax fibers.

When ionizing radiation interacts with NFs, active spe-
cies are formed, including radicals, which eventually leads 
to formation of macrocellulosic radicals through abstraction 
of hydrogen and hydroxyl. Such radicals are responsible for 
reaction with monomer molecules that initial formation side 
chain grafts. RIGC techniques can be generally classified 
into two types: simultaneous irradiation grafting and preirra-
diation grafting [44]. The former method involves exposing 
the monomer and the substrate to ionizing radiation at low 
dose together with addition of a small amount of an inhibi-
tor  (Fe2+or  Cu2+) to minimize the homopolymerization. In 
the latter method, the substrate is irradiated first and subse-
quently exposed to the monomer under either inert atmos-
phere to form trapped radicals or in oxygen to favor forma-
tion of hydroperoxyl radicals, where graft copolymerization 
is subsequently initiated by the thermal decomposition of the 
formed trapped radicals.

Monomers can be grafted from different phases i.e., 
vapor, liquid or solid. Moreover, liquid monomers can be 
grafted while in a neat, a solvent-diluted, or an emulsion 
mediated form. It is note worthy mentioning that irradiation 
of polymer substrates induces chain scission and crosslink-
ing in addition  to  radicals generation allowing grafting 
to take place in presence of monomers [66]. However, chain 
scission is likely to dominate the radiolysis of NFs, depend-
ing on the level of absorbed dose and dose rate. Thus, the 
use of high energy radiation methods must be carried out 
under well-controlled conditions to avoid or minimize the 
undesired degradation reactions [67].

RIGC is commonly used to modify NFs such as jute and 
flax fibers by grafting of polar monomers to improve the 
fibers’ compatibility and adhesion during formation of bio-
composites [68]. However, imparting ionic groups to NFs 
by RIGC has received less attention compared to CIGC 

method. Cotton printed cloth and cotton mixed fabrics were 
modified by RIGC of vinyl phosphonate oligomer and N‐
methylolacrylamide (MAA) [28]. The monomer was diluted 
with water and the reaction conditions were manipulated. 
The grafted cotton fabrics showed flame retardance with-
out compromising their mechanical properties compared to 
the untreated fabrics. Cotton fabric was also modified with 
N- phenylmaleimide and N-p-hydroxyphenyl maleimide by 
RIGC to enhance its dyeability as reported by Moktar et al. 
[69].

Khan [70] grafted jute fibers by RIGC of MMA in an 
emulsion medium containing octylphenoxy-polyethoxyeth-
anol (OPPEE) using the preirradiation method to improve 
their properties. A GY of 73% was achieved with dose vari-
ation in air compared to 53% in  N2 atmosphere. The incorpo-
ration of poly(MMA) improved the thermal and mechanical 
properties of the jute fibers compared to the pristine one. In a 
relevant study, delignified kenaf fibers were also modified by 
RIGC of GMA [71]. A maximum GY of 150% was achieved 
at an absorbed dose of 50 kGy. Similarly, delignified flax 
fibers used RIGC to modify delignified flax fibers by graft-
ing of GMA in an emulsion medium as reported by Moawia 
et al. [65]. Interestingly, a maximum GY as high as 148% 
was obtained with samples preirradiated to 20 kGy by EB 
and reacted with 5% GMA diluted with water in presence 
of 0.5% surfactant (Tween 20) at 40 °C for 1 h. The use of 
this green grafting method significantly reduced the amount 
of monomer, absorbed dose, and made the overall graft-
ing process viable and sustainable. Wool fibers were also 
modified by RIGC of AA with γ-radiation [72]. The grafted 
wool fibers gained better tensile strength and elongation % 
at break compared to the pristine fibers and such improve-
ments increased with higher GY. Moreover, the increase in 
GY imparted a modest reduction in moisture sorption of the 
fibers.

Living radical polymerization methods such as revers-
ible addition-fragmentation chain transfer (RAFT) was also 
used to modify NFs with grafts having controlled molecular 

Fig. 6  SEM images of cross-sections of A pristine flax fiber and poly(GMA) grafted flax fibers with graft chains located, B at the surface and C 
in the bulk of the fiber [65]
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weights. Monomers such as styrene grafted from cellulose 
by means of RAFT, for which cumyl phenyldithioacetate 
(CPDTA) was used as a chain transfer agent [60]. RAFT 
was also used to graft sodium 4-styrenesulfonate (SSS) 
onto cellulose with 4-cyanopentanoic acid dithiobenzoate 
(CPADTB) as a transfer agent. The GY was far better than 
thermal induced grafting of the same monomer onto cel-
lulose [73]. The progress in modification of cellulose using 
living/controlled radical polymerization (including RAFT) 
to develop materials with defined structures and adjusted 
properties were reviewed elsewhere [74].

Although RAFT allows control over the molecular weight 
and polydispersity index of the grafted chains in NFs, it is 
rather complicated and requires the use of a RAFT agent. 
The complexity of RAFT becomes obvious when such tech-
nique is integrated with RIGC, leading to a reaction cost 
escalation. Thus, RAFT seems to be a rather fancy method 
to modify cheap NFs. It can be concluded that RIGC apply-
ing preirradiation with EB in an emulsion medium is the 
best graft copolymerization technique to reduce the envi-
ronmental concerns and achieve desired grafting levels in 
NFs at low doses and minimal monomer consumption with-
out compromising their chemical and mechanical integrity. 
Moreover, grafting of functional monomers such as AA and 
SSS in a single step also helps to preserve the mechanical 
properties of the grafted NFs by avoiding post-grafting func-
tionalization reactions.

Microwave‑assisted Graft Copolymerization

Microwave-assisted graft copolymerization (MAGC) is 
highly attractive green method with respect to cost effec-
tiveness, time, and environmental friendliness. The exposure 
of NFs to microwave radiation produces various active spe-
cies by an additional external redox initiator, which helps 
to convert the microwave energy to heat that generates free 
radicals [75]. This method differs from the lesser known 
counterpart (i.e. microwave-initiated grafting) involving the 
direct use of microwave radiation in the absence of any free 
radical initiator to modify NFs, which produces lower GY 
[76]. The MAGC has the advantage of triggering an imme-
diate processing of reactants in a homogenous manner. The 
microwave system transfers energy to the reaction bulk in 
a way enhancing the kinetics of the reaction and increasing 
the product yield [77]. The application of microwave irradia-
tion for various modifications of polysaccharides by graft 
copolymerization with and without initiators was reviewed 
elsewhere [76, 78].

MAGC is frequently used to impart super-water absorb-
ance properties to NFs. For example, cellulose was con-
verted to super-adsorbent by grafting of AA and AAm 
in presence of potassium persulfate/sodium thiosulfate 

initiator and N,N-methylene bisacrylamide (MBAAm) 
cross-linker. A water absorption capacity of 1200 g/g was 
achieved at 55 °C [79]. The GY could be controlled by 
manipulation of reaction parameters. For instance, a 70% 
GY was achieved at AA/cellulose ratio of 14:1, 0.25 wt% 
initiator to AA and 0.25 wt% crosslinking agent [80]. In 
another study, Feng and Wang grafted flax shives with 
AA using microwave irradiation in presence of potassium 
persulfate as an initiator and N,N’-methylenebisarylamide 
(MBArAm) and a cross-linker [81]. The work yielded an 
effective superabsorbent resin with rapid water absorbance 
of 1000 g/g at 7.3 pH.

Grafting of binary mixtures of monomers such as MMA 
with either ethyl methacrylate (EMA) or EA were carried 
out on delignified Bhimal (Grewia optiva) fibers using 
microwave irradiation in presence of an initiator composed 
of ascorbic acid/H2O2 [82]. The reaction parameters includ-
ing a comonomer concentration were optimized, and the 
grafted fibers with EA comonomer showed a higher GY 
mounting to 86.30%. The physico-chemical properties of the 
grafted fibers showed low swelling behavior, high thermal 
stability and more chemical resistance compared to other 
graft copolymers and original fibers. Similar, ascorbic acid/
H2O2 initiator was used for grafting of MMA onto Abel-
moschus esculentus fibers and the reaction kinetics were 
established [83].

MAGC was also used to improve NFs adhesion prop-
erties for composite applications. MMA was grafted onto 
flax fibers using microwave irradiation as reported by Kaith 
and Kalia [84]. Particularly, a GY of 24.6% was obtained 
under microwave of 210 W power. The same fibers were 
also grafted with binary monomers mixtures such as MMA/
vinyl acetate (VA), MMA/AAm, and MMA/styrene using 
microwave radiations to impart hydrophobicity. The modi-
fied fibers with a GY of 24.64% demonstrated a good mois-
ture retardancy and a better tensile strength qualifying them 
for re-enforcement application than pristine flax fibers [85].

MAGC was also used for surface modification of NFs 
to conceive better swelling, water uptake, moisture absorb-
ance, chemical resistance, and thermal properties. Particu-
larly, MMA was used to modify century plant (Agave Ameri-
cana) fibers using microwave irradiation in the presence of 
ceric ammonium nitrate as redox initiator. The GY depended 
heavily on the reaction conditions, and a maximum GY of 
10.4% was achieved [86]. MAGC can be used to improve 
the surface properties Bombyxmori silk fibers properties by 
grafting with MMA and AN [87]. The modified fibers dem-
onstrated better thermal and chemical stability compared to 
the pristine one. MAGC was also used to impart ligand for 
drug delivery without initiator by grafting AA/AN binary 
mixture onto psyllium [88]. In conclusion, the use of micro-
wave to assist the modification of NFs not only promotes 
less monomer consumption, higher conversion, and yield 
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purity, but also it reduces the product cost and encourage 
green process compared to CIGC.

Photo‑initiated Graft Copolymerization

Photo-initiated graft copolymerization (PIGC) with UV 
light is a simplified technique that allow surface modi-
fication of NFs for better physico-mechanical proper-
ties. When UV light falls on a polymer, active species 
involving radicals, cations or rarely anions are formed. 
Of all species, radicals are the most active species; they 
get involved in radical polymerization reactions that 
take place in the presence of a photo-initiator such as 
benzophenone and 1-hydroxycyclohexyl phenyl ketone 
(HCHPK). Several types of photo-initiators have been 
used and the details of their classification were outlines 
elsewhere [89].

Monomers such as MMA was grafted onto bleached 
jute fibers in the presence of  Fe2(SO4)3 as an initiator 
under visible light [90]. The optimum reaction conditions 
were established. A high grafting efficiency and monomer 
conversion of 80% were achieved in a time range of 2–3 h. 
To enhance the hydrophilicity of jute fibers, Khan [91] 
investigated PIGC of methacrylic acid (MAAc) in pres-
ence of HCHPK as a photo-initiator. The grafted fibers 
showed variation in the mechanical and thermal properties 
with a maximum of a 42% rise in the hydrophilicity com-
pared to pristine jute fibers. The mechanical and electrical 
properties of jute fabric were also enhanced by PIGC with 
2-hydroxyethyl acrylate (HEA) and aliphatic urethane dia-
crylate oligomer using Darocur-1116 as a photo-initiator 
[92]. The highest GY was achieved at 73% HEA, 25% ali-
phatic urethane diacrylate oligomer and 2% Darocur-1116 
in 1-min soaking time. The dielectric constant and dielec-
tric loss tangent were improved compared to counterparts 
of original jute fabric.

Kianfar et al. [93] used PIGC to impart pH sensing 
properties to cotton fabric for the smart textile applica-
tion. This was carried out by grafting of Nitrazine yellow 
(halochromic) modified GMA onto cotton fabric using 
UV irradiation in presence of benzophenone as an initia-
tor. It can be concluded that PIGC is a suitable method 
to impart new ionic characters to NFs. However, this 
method yields low grafting levels, and the grafting is 
confined to surfaces. Moreover, it takes a long-treatment 
time to achieve such a little grafting and requires a photo-
initiator to start the reaction. Thus, this method is more 
suitable for surface modification that can help improve 
the mechanical properties and adhesion between the fib-
ers and polymer matrix giving them more advantage in 
composite development.

Plasma‑initiated Graft Copolymerization

Plasma-initiated graft copolymerization (PsIGC) is another 
technique that has been used to modify NFs. Plasma can 
be defined as a gaseous environment composed of a mix-
ture of active species such as free radicals, electrons and 
heavy particles in addition to neutral species, making it a 
unique and diverse media for surface modification of NFs 
[94]. When plasma interacts with NFs in the presence of a 
monomer, both gain energy through inelastic collisions of 
active species and get activated. This initiates graft copo-
lymerization, which takes place either by radicals gener-
ated on NFs surfaces followed by contact with a monomer 
or direct grafting of NFs with activated monomers. PsIGC 
requires the use of polymerizing gases and monomer pre-
cursors such as fluorocarbons, hydrocarbons and silicon 
ones [95]. The use of plasma techniques provides several 
advantages over CIGC, including the availability of a large 
range of monomers, controllability over the level of graft-
ing and fiber damage minimization in addition of being a 
green technique [96, 97].

PsIGC has been used to improve some  mechanical 
properties of NFs. Zubaidi and Hirotsu [98] modified cot-
ton fibers by PsIGC of HEMA under various conditions 
(plasma gas source, exposing time of glow discharge, 
grafting time and temperature). The GY was found to be 
dependent on the investigated parameters and grafting 
imparted an improvement in the breaking strength of the 
modified fibers. On the other hand, PsIGC was used to 
confer flame retardancy to NFs. For example, Tsafack and 
Levalois-Grützmacher [99] used Ar plasma for grafting 
fire-retardant monomers such as, diethyl(acryloyloxyethyl)
phosphate (DEAOEP), diethyl (methacryloyloxyethyl) 
phosphate (DEMAOEP), diethyl(acryloyloxymethyl)phos-
phonate  (DEAOEPn)and dimethyl(acryloyloxymethyl)
phosponate (DMAOMP) to introduce flame retardancy 
characteristics  to cotton fibers.  Two other  phospho-
ramidate monomers including diethyl(acryloyloxyethyl) 
phosphoramidate  (DAOEPAm) and  acryloyloxy-
1,3-bis(diethylphosphoramidate) propane (AOBDEPAmP) 
were also grafted, and the properties of the obtained modi-
fied cotton fibers with all monomers were compared. The 
cotton fibers modified with AOBDEPAmP showed a syn-
ergistic enhancement in the flame retardancy. The flame 
retardancy of silk fibers was also improved by PsIGC of 
a phosphorus-based flame-retardant agent onto silk fab-
ric. The obtained silk fabric conceived endurable flame-
retardant property [100].

PsIGC was also used to introduce a self-detoxification 
capability a 50/50 nylon-cotton blend by grafting of dial-
lyldimethylammonium chloride (DADMAC) using an 
atmospheric pressure glow discharge plasma [101]. The 
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reaction proceeded by free radical chain polymerization, 
and the modified fabric attained a durable antimicrobial 
property. Helmy et al. [102] applied PsIGC to graft DAD-
MAC on cotton fibers to impart cationic character and 
enhance the acid dyeability. Various plasma treatment con-
ditions were also applied together with different acid dyes. 
The dye uptake into the fibers was significantly improved 
and the need for effluent treatment was reduced.

Despite the advantages offered by PsIGC, the plasma 
treatment causes degradation and changes on NFs surfaces 
because of the etching mechanism that generates pits on the 
fibers’ surface area. Moreover, the modifications that can 
be introduced to NFs are confined to top surface layers and 
limited to the type of the gases used. Hence, PsIGC fits more 
development of bio-composites and is less likely suitable for 
conferring chelation characters for NFs. The advantages and 
disadvantages of various graft copolymerization methods 
used for modification of NFs are summarized in Table 3. It 
can be concluded that each method of RIGC has it is own 
merits and demerits. Nevertheless, CIGC remains the most 
environmentally unfriendly and the least sustainable among 
all methods. This is mainly due to the large detrimental 
waste left after reaction, causing environmental concern.

Application of Grafted Natural Fibers 
in Water/Wastewater Treatment

The contamination of wastewater by a number of toxic pollut-
ants (heavy metals, dyes, oils, etc.) is a serious environmental 
problem that has drawn much attention at various levels and 
led to imposition of more stringent regulations for discharg-
ing wastewater to eliminate their harmful effects on human 
and other living species [13]. Adsorption is an interesting 
technology that has been developed to remove such toxic 
pollutants from wastewater and has been used successfully 
for many years. Progress in this technology is dependent on 
the development of new adsorbents with high adsorption 
capacity and fast kinetics [103]. The use of NFs and agro-
waste provides an alternative adsorbent materials operating 
by biosorption since NFs are environmentally friendly, cheap, 
and abundant [104]. However, biosorption in not sufficient 
to support scaling of treatment process and thus, NFs are 
often functionalized to enhance their sorption properties. In 
particular, there has been considerable research work focused 
on the use of both natural materials and their modified coun-
terparts for wastewater treatment [105].

Removal of Heavy Metal Ions

Heavy metals such as Cu, Zn, Cd, Pb, Ni, Co, Hg, Fe, Cr, 
and As are highly toxic contaminants produced by evolution 
of various industrial activities including tanneries, mining, Ta
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pesticides, batteries manufacturing, fertilizer production, 
and paper industries, which are posing direct risk to human 
and other forms of life [64]. Thus, removal of such heavy 
metals ions from industrial wastewater is an essential step 
before effluent discharge to eliminate their toxicity and meet 
legislation imposed by environmental agencies in many 
countries. Ion exchange resins are widely used materials for 
heavy metals removal from water and wastewater. However, 
commercial resins have some limitations not only in terms 
of slow kinetics and longer regeneration time but also per-
taining the capital and operational costs of ion exchange 
systems.

Alternative, inexpensive adsorbents, derived from NFs, 
agricultural waste, and modified biopolymers have been 
widely investigated for the removal of heavy metals from 
metal-contaminated wastewater [106–108]. Fibrous adsor-
bents provide alternative materials with faster kinetics and 
ease of separation after treatment [109]. Such advantages 
can be boosted using NFs, which can be shredded into short 
rods or waved to form fabrics allowing easy flow through 

formation fibrous filters. Thus, the interest of using func-
tionalized NFs and biopolymers for heavy metal removal 
have been growing [110]. Metals get bound to functional 
group imparted to NFs using two different mechanisms: (i) 
chemisorption by ion exchange, complexation/coordination 
or chelation and (ii) physical adsorption mainly by hydrogen 
bonding interactions [111]. The adsorption mechanism of 
chemisorpton depends on the ionic group fixed on grafted 
NFs and the valency of incoming metal ions. A schematic 
representation of various mechanisms for chemisorption of 
heavy metals ions on adsorbents is given in Fig. 7.

A wood pulp-based adsorbent was prepared by RIGC 
of AA under controlled conditions [112]. The poly(AA) 
containing adsorbent was tested for removal of some heavy 
metal ions such as  Fe3+,  Cr3+,  Pb2+and  Cd2+ from aqueous 
solutions. The maximum adsorption capacity was 7 mg/g for 
 Fe3+, 7 mg/g for  Cr3+, 4 mg/g for  Cd2+ and 6 mg/g for  Pb2+. 
Similar poly(AA)-containing adsorbent prepared by RIGC 
of AA on jute fibers using simultaneous irradiation with 
γ-rays was tested for adsorption of  Hg2+ and  Pb2+ from 

Fig. 7  Various mechanisms for adsorption of heavy metal ions by chemisorption
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aqueous media [113]. The adsorption isotherms and kinet-
ics were investigated and found to follow Langmuir isotherm 
and second order kinetics. The adsorbent displayed removal 
efficiencies of 86 and 80% for  Pb2+ and  Hg2+ at pH 5 and 6, 
respectively [114].

Bao‐Xiu et al. [115] prepared a cellulose-based adsorbent 
by MAGC of AA and AAm onto cellulose fibers and evalu-
ated it for removal of  Cu2+ from wastewater. The maximum 
adsorption capacity at the optimal adsorption conditions was 
49.6 mg/g. Another adsorbent for  Cu2+ adsorption incor-
porating poly(AN)-grafted cyanoethyl cellulose (CE-Cell) 
that was grafted through xanthate method was also investi-
gated [116]. The hydrolyzed and grafted forms of CE-Cell 
showed promising  Cu2+ adsorption results. Singha and Gule-
ria [117] also investigated the adsorption of  Cu2+ on a new 
adsorbent obtained by modification of Okra fibers by CIGC 
of MMA/AAm mixture using ascorbic acid/H2O2 as a redox 
initiator under controlled conditions (45 °C for 90 min.). The 
adsorption of  Cu2+ on the grafted adsorbent followed the 
Langmuir adsorption equilibrium model and demonstrated 
an adsorption capacity of 33.05 mg/g compared to 4.89 for 
the pristine Okra fiber.

Sekine et al. [103] investigated two amine-containing 
adsorbents for removal of  Hg2+ from aqueous solutions. The 
adsorbents were prepared by RIGC of GMA onto nonwoven 
cotton fabric followed by treatment with ethylenediamine 
(EDA) or DETA. The adsorbent with EDA showed higher 
 Hg2+ distribution coefficients than that of DETA-type under 
static conditions. The EDA-type adsorbent removed  Hg2+ 
from its solution of 1.8 ppm at a space velocity of 100  h−1, 
which corresponds to 16,000 times the volume of the packed 
granular adsorbent when tested on column basis [103]. A 
similar adsorbent based on cellulose fibers from water hya-
cinth grafted with GMA followed by treatment with EDA 
and sodium sulfite was tested for adsorption of  Cu2+,  Cr2+ 
and  Pb2+ from solutions [118, 119]. The mixture of GMA 
with AA were grafted onto Abaca/polyester non-woven 
fabric followed by amination and the obtained adsorbent 
showed a strong affinity to  Ni2+,  Cd2+, and  Pb2+ [120].

An adsorbent for removal of  Zn2+ and  Cd2+ ions from 
an aqueous solution was prepared by treatment of cellulose 
fabric with UV/ozone radiation followed by finishing with 
chitosan (2% w/v) in presence of hypophosphite as catalyst 
and citric acid as crosslinker [121]. The adsorbent optimum 
performance was obtained at pH of 9, adsorbent/liquor ratio 
of 1:20 and metal concentration of 200 g/L for 120 min at 
ambient temperature. The treated cotton fabrics displayed 
higher heavy metal adsorption compared to the untreated 
counterpart.

A radiation-grafted polymeric adsorbent prepared by 
RIGC of GMA onto cotton fabric followed by sulfona-
tion was tested for the removal of cobalt and phenols from 
aqueous solutions. The adsorption of  Co2+ was rather pH 

dependent and equilibrium adsorption capacity of  Co2+ at 
pH 3, 4, and 5 were 78, 83 and 91%, respectively [122].

In another study, an adsorbent was made of cellulose 
from mercerized Ramie fibers modified with aminopoly-
carboxylic acid (APCA) chelating agents such as ethylene 
glycol–bis (2-aminoethylether)-N,N,N′,N′-tetra-acetic acid 
(EGBAEETAA). The resulting material was tested for the 
removal of  Cd2+ and  Pb2+ ions from aqueous solutions and 
showed maximum adsorption capacities of 159.11 and 
273.78 mg/g, respectively [123].

An adsorbent obtained by chemical modification of cel-
lulose isolated from Hibiscus sabdariffa fibers via CIGC 
was reported [124]. The modified adsorbent exhibited 
higher adsorption capacity for  Pb2+,  Cu2+ and  Cd2+ com-
pared the unmodified counterpart. However, the adsorbent 
showed higher tendency to adsorb  Pb2+ compared to  Cu2+ 
and  Cd2+. Two adsorbents based on cellulose extracted 
from rice straw and grafted with 2-acrylamido-2-methyl-
propane sulfonic acid  (AASO3H) and its binary mixture 
with acrylonitrile (AN) showed high affinity towards  Pb2+. 
The Cellulose-g-AASO3H showed a maximum adsorption 
capacity of 154.32 mg/g which increased to 181.49 mg/g 
for Cellulose-g-AASO3H-co-AN [125].

In another study, functionalized wool fibers modified by 
CIGC that was initiated by  KMnO4 and oxalic acid com-
bined redox initiator system was used for the removal of 
 Hg2+,  Cu2+, and  Co2+ from their aqueous solutions [126]. 
The modified grafted fibers showed higher adsorption 
affinity towards  Hg2+ relative to  Cu2+, and  Co2+.

Another absorbent based on wool fibers modified by 
CIGC of EA using redox system comprising of potassium 
persulfate initiator and Mohr’s salt redox in an aqueous 
medium. The grafted wool fibers were partially converted 
into hydrazide and then to hydrazine by reaction with 
Isatin solution [127]. The adsorbent was tested for removal 
of  Hg2+,  Cu2+, and  Ni2+ and recorded adsorption capaci-
ties of 142.5 mg/g, 49.3 mg/g, and 46.7 mg/g, respectively.

An interesting adsorbent for removal of  Hg2+ of a recy-
cled nature was prepared by graft copolymerization of 
1-vinylimidazole (VIm) on Kapok fibers in presence of 
a crosslinker. The adsorbent displayed not only high  Hg2+ 
selectivity but also fast adsorption kinetics and enhanced 
adsorption capacity of 697 mg/g. A Plausible mechanism 
for preparation of crosslinked and poly(VIm) grafted 
Kapok fibers and  Hg2+ adsorption is shown in Fig. 8. The 
crosslinked and grafted adsorbent could be used for several 
adsorption–desorption cycles without significant loss in 
its capacity. This suggests that such green and economi-
cal adsorbent has potential for application in water treat-
ment and provides an effective way to utilize NFs [128]. 
Similar, NF-based adsorbent containing poly(AAm-co-
AN) grafts obtained by CIGC of AAm/AN mixture onto 
Psyllium husk under optimum conditions was tested for 
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adsorption of  Hg2+. The adsorbent displayed 93% removal 
efficiency for   Hg2+ from solutions with the adsorption 
equilibrium fitted the Langmuir model coupled with sec-
ond order kinetics [129].

An amidoxime-containing wool fibers prepared in 
2-steps involved grafting of AN and treatment with alco-
holic hydroxylamine (HA). The adsorbent showed a strong 
affinity to some heavy metal ions and the adsorption capac-
ity was found to be in the order of  Hg2+  >  Pb2+  >  Cd2+ 
[130]. Similar amidoximated adsorbent based on jute fib-
ers grafted with AN using RIGC, followed by conversion 
of the nitrile groups into amidoxime groups was tested 

for adsorption of some heavy metals from solutions. 
The amidoximated jute fibers showed a  strong affinity 
towards some heavy metals from solutions with a vari-
ation in the adsorption capacities following the order of: 
 Fe2+  >  Pb2+  >  Cu2+  >  Ni2+ [131].

Cr6+ is a higher form of chromium that is extremely 
toxic (1000 times greater) compared to  Cr3+ which 
is found in aqueous media and its level depends on the 
pH of the solution. Thus,  Cr6+ must be reduced to the 
permissible level (0.2 mg/L) in discharged streams to pre-
vent its adverse effects [132]. Hajeeth et al. [133] prepared 
a low-cost adsorbent for  Cr6+ removal by CIGC of AN 

Fig. 8  Plausible mechanism for preparation of crosslinked and poly(VIm) grafted Kapok fibers and Hg (II) adsorption
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onto cellulose obtained from the sisal fibers. Removal effi-
ciency of 86% was achieved after 300 min. The adsorption 
equilibrium followed the Freundlich isotherm and kineti-
cally it fitted pseudo second-order model.

An attempt to remove Arsenic  (As4+), which origi-
nates from mines wastewater, hot springs and natural 
water springs was also reported by Hoshina et al. [134]. 
They investigated radiation grafted cellulosic adsorbent 
prepared by RIGC of 2-hydroxyethyl methacrylate phos-
phoric acid (HEMAPA) monomer onto nonwoven cotton 
fabric and subsequent loading of 0.38 mmol/g Zr on the 
grafted chains [134]. Interestingly, an adsorption capac-
ity of the 0.1 mmol/g was reached at a feed solution con-
taining 1 mg/L of  As4+ at 1000   h–1 space velocity and 

pH value of 2. Such adsorption performance is 100 times 
faster than commercially available resins. A summary of 
previous studies on functional grafted adsorbents based on 
NFs for heavy metals removal is presented in Table 4. It 
can be concluded that majority of the investigated adsor-
bents are based on plant NFs and several agriculture by-
products compared to fewer investigation on adsorbents 
based modified wool fibers. Furthermore, NFs modified 
with various graft copolymerization methods are interest-
ing adsorbents for heavy metal ions removal from aque-
ous media not only because of higher adsorption capacity 
compared to the bio-sorption of their pristine counterparts 
but also due to their potential for the development of inex-
pensive adsorbents.

Table 4  Summary of previous studies on functional grafted adsorbents based on NFs for heavy metal removal

Fiber type Grafting method Initiator Monomer Type of heavy metals References

Abaca RIGC EB GMA Cu2+ and  Ni2+ [135]
Abaca/polyester non-

woven
RIGC EB GMA Ni2+,  Cd2+, and  Pb2+ [120]

Cellulose MAGC Potassium persulfate AA and AAm Cu2+ [115]
Cellulose CIGC Potassium persulphate AASO3H and AN Pb2+ [125]
Chitosan CIGC Ceric ammonium nitrate MAN Pb2+ [136]
Cyanoethyl cellulose Xanthate method Hydrogen peroxide AN Cu2+ [116]
Wood pulp RIGC EB AA Fe3+,  Cr3+,  Pb2+,  Cd2+ [112]
Cotton fibers CIGC Sodium periodate MA/DETA Cu2+and  Pb2+ [137]
Cotton fabric RIGC EB GMA Hg2+ [103]
Cotton fabric RIGC γ-rays GMA Co2+ [122]
Cotton fabric RIGC EB HEMA/phosphoric acid/Zr As4+ [134]
Hibiscus sabdariffa cel-

lulose
PIGC Chloroacetyl chloride EDA Pb2+,  Cu2+ and  Cd2+ [124]

Hydroxypropyl cellulose CIGC Ammonium persulphate AAm Pb2+,  Cu2+ and  Cr3+ [138]
Jute fibers RIGC γ-rays n-BMA Cu2+ [139]
Akra fibers CIGC Ascorbic acid/H2O2 MMA/AAm Cu2+ [117]
Jute fibers RIGC γ-rays AA Hg2+ and  Pb2+ [113]
Jute fibers RIGC γ-rays AN Fe2+,  Pb2+,  Cu2+ and  Ni2+ [131]
Kenaf cellulose CGC Ceric ammonium nitrate AN Cu2+,  Fe3+,  Co3+,  Mn2+, 

 Cr3+,  Ni2+ and  Zn2+
[140]

Luffa cylindrica fibers CIGC Chromic acid AA Mg2+,  Ni2+ and  Zn2+ [141]
Ramie fibers CIGC Anhydrous pyridine EGTAD Cd2+ and  Pb2+ [123]
Water hyacinth RIGC γ-rays GMA Pb2+,  Cu2+ and  Cr3+ [119]
Wood pulp RIGC EB AA Fe3+,  Cr3+,  Pb2+,  Cd2+ [112]
Cellulose from sisal fibers CIGC Ceric ammonium nitrate AN Cr6+ [133]
Wool fibers CIGC KMnO4 and oxalic acid AN Hg2+,  Cu2+, and  Co2+ [126]
Wool fibers CIGC Potassium persulphate EA Hg2+,  Cu2+, and  Ni2+ [127]
Kapok fibers CIGC 2,2′-azobis(2-methylpropi-

onitrile)
VIm Hg2+ [128]

Psyllium CIGC Ceric ammonium nitrate AAm/AN Hg2+ [129]
Wool fibers RAFT α, 

α′-Azodiisobutyramidine 
dihydrochloride

AN Hg2+,  Pb2+,  Cd2+ [130]
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Removal of Dyes

The use of synthetic dyes is widespread in various indus-
tries including textiles, plastics, and papers productions. 
Disposal of such toxic pollutants to water bodies is harm-
ful not only to aquatic life but also to human, animals, 
and the whole ecosystem. Thus, removal of dyes from the 
industrial wastewater has been a challenging task among 
researchers that is receiving utmost interest in the field of 
water treatment. More details on various aspects of pollu-
tion by various streams, adverse effects on human health 
and the environment and the various methods of treat-
ments can be found elsewhere [142]. The use of cellulose-
based adsorbents for the removal of dyes from water has 
been vastly investigated to seek effective and cheap solu-
tion for such a problem [143].

Functional monomers such as AA and MAA that can 
directly confer carboxylic acid group to polymer substrates 
in a single step have been frequently used to prepare adsor-
bents for dye removal from aqueous media [44]. Dafader 
et al. [144] prepared fibrous adsorbent by RIGC of AA 
onto cotton threads and tested it for removal of methylene 
blue from aqueous media. The adsorbent recorded a dye 
adsorption capacity reaching a value of 16.86 mg/g and 
the dye removal efficiency was a function of its concen-
tration in the solution. On the other hand, the affinity of 
poly(AA) modified wool fibers obtained by RIGC of AA 
onto wool fibers towards basic dyes was greatly enhanced 
by the incorporation of this ionic group [72]. Earlier, an 
adsorbent obtained by RIGC of another carboxylic acid 
containing monomer (IA) onto cellulosic fabric waste was 
tested for removal of methylene blue [145] from aqueous 
solution with a maximum adsorption capacity of 38 mg/g 
[146].

Another cellulose-based adsorbent obtained by CIGC of 
AA onto cellulose from the empty fruit bunch using potas-
sium bromate/thiourea dioxide as an initiator was prepared 
and tested for adsorption of methylene blue dye by Abdel-
Halim et al. [147]. A complete and fast removal of meth-
ylene blue dye and Pb could be achieved in 35–45 min 
reflecting a strong potential of the investigated adsorbent 
for wastewater treatment. In a similar manner, Zhang 
et al. [148] earlier prepared a carboxylic acid-containing 
adsorbent by CIGC of AA onto chloromethyl cellulose 
(CM-Cell) using APS as an initiator and studied its perfor-
mance for adsorption of few dyes. The prepare adsorbent 
showed a strong affinity towards methyl orange, disperse 
Blue 2BLN and malachite green chloride reaching removal 
efficiencies of 84.2%, 79.6% and 99.9%, respectively.

Gupta et al. [141] used cellulosic Luffa cylindrica as a 
substrate for preparation an adsorbent containing poly(AA) 
for the removal of methylene blue and some heavy metal 

ions from wastewater. The fibrous adsorbent was obtained 
by grafting of AA on luffa fibers under controlled condi-
tion using chromic acid as an initiator according to the 
suggested mechanism presented in Fig. 9. The maximum 
adsorption capacity of the dye was mounted to 62.15 mg/g 
at an equilibrium time of 175 min. A maximum removal 
efficiency of 45.8% was observed for  Mg2+ compared to 
other metal ions. These authors extended their application 
for Luffa Cylindrica fibers as substrate for preparing a new 
adsorbent by grafting of MA/AAm using MAGC without 
any initiator. The adsorption capacity of the adsorbent was 
for removal of Congo red dye from aqueous solution. The 
maximum adsorption capacity of the dye was 17.39 mg/g 
[149].

Delignified Grewia optiva fibers were also used to pre-
pare another grafted adsorbents by MAGC of comonomer 
combinations such as MMA with either EM or EA using 
ascorbic acid/H2O2 as the initiator [82]. The yielded adsor-
bent showed an enhanced methylene blue from aqueous 
system compared to the pristine fibers. Methylene blue was 
also removed from aqueous solution by another adsorbent of 
modified Hibiscus cannabinus as reported by Sharma et al. 
[150]. To function as an adsorbent, the Hibiscus cannabinus 
fibers were modified by CIGC of AA and AA/AAm mix-
ture using ceric ammonium nitrate/nitric acid initiator. The 
poly(AA) grafted fibers showed slightly better methylene 
blue adsorption than those grafted with AA/AAm but both 
grafted fibers performed better than the pristine Hibiscus 
cannabinus fibers.

The potential of cellulose-based adsorbent prepared by 
graft copolymerization of GMA and treatment with diethyl-
enetriamine pentaacetic acid (DETAPAA) was tested form 
removal of cationic dyes such as malachite green and basic 
fuchsine was investigated by Zhou et al. [55]. The obtained 
adsorbent outperformed the corresponding absorbents 
reported in the literature and displayed an adsorption capac-
ity as high as 1155.76 mg/g for basic fuchsine compared 
to 458.72 mg/g for malachite green at a concentration of 
2000 mg/L in the treated solution.

Goel et al. [151] developed an adsorbent based on the 
waste of cotton fabric by RIGC of 2-(methacryloyloxy) eth-
yltrimethylammonium chloride (MAOETMAC) in a single 
step reaction. The adsorbent was tested for adsorption of 
acid blue 25 and acid blue 74 dyes. The adsorbent having 
25% grafting level showed higher removal capacity for acid 
blue 25 (∼ 540.0 mg/g) than acid blue 74 (∼ 340.0 mg/g). 
Earlier, these authors [152] also grafted vinylbenzyltrimethyl 
ammonium chloride (VBTMAC) onto cotton fabric using 
RIGC and tested the obtained adsorbent for the removal of 
several cationic dyes. The adsorbent exhibited equilibrium 
adsorption capacities close to 540, 474 and 122 mg/g for 
acid blue 25, acid yellow 99 and acid blue 74, respectively.
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In a recent study, a new adsorbent based on cellulose 
extracted from rice straw that was grafted with  AASO3H 
and its binary mixture with AN showed a strong affinity 
towards cation dyes such as malachite green and crystal 
violet. The adsorbents showed higher affinity to mala-
chite green compared to crystal violet following the order 
cellulose < cellulose-g-AASO3H/AN.

Cellulose-g-AASO3H [125]. A summary of previous 
studies on functionalized grafted adsorbents based on NFs 
for dye removal is presented in Table 5. It can be observed 
that NFs and cellulose extracted from agricultural waste 
were modified with various monomers imparting either 
anionic or cationic characters to encounter basic or acid 
dyes. No animal or silk fibers were reported to be modi-
fied for dye removal application despite the presence of 

many reports on dying of wool and silk with reactive dyes 
[153–155]. In conclusion, the modified NFs have a strong 
potential for dye removal from aqueous media cheap 
chelating materials.

Removal of Oil Spill

The oil spill generated by industrial activities is caus-
ing a severe pollution to various water bodies and pos-
ing adverse impacts on human and marine life. Oil spill 
treatment by adsorption is an interesting method that is 
receiving increasing attention. A majority of the oil spill 
adsorbents are synthetic materials and thus their disposal 
possibilities are limited [158]. Plant fibers and cellulose 

Fig. 9  Plausible mechanism for grafting of AA on luffa fibers and adsorption of methylene blue by poly(AA) containing adsorbent
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based sorbents are alternative environmentally friendly 
and cheap materials that have a strong potential for the 
application in oil spill clean-up [145, 159, 160]. However, 
they must undergo prior chemical treatments to enhance 
their oleophilicity, which is limited by their tendency to 
have competitive sorption between water and oil. Chemi-
cal modifications of NFs such as cotton include acylation 
of cellulose with fatty acid [161] or treatment with acetic 
anhydride [162]. Moreover, thermal treatment of cotton 
fibers with polyester can also enhance their sorption to 
diesel oil. This adsorbent showed 99% efficiency that rep-
resented 20 times weight increase of the sorbent original 
weight [163].

Graft copolymerization with hydrophobic monomers 
such as styrene and BA was also used to modify NFs to 
boost their hydrophobicity and oleophilicity. Wang et al. 
[164] studied an oil sorbent prepared by RIGC of styrene on 
Kapok fibers. The incorporated polystyrene endowed higher 
toluene sorption rate and capacity compared to the pristine 
fibers. Particularly, the adsorbent exhibited a remarkable tol-
uene sorption capacity of 43.2 g/g and reached an absorption 
equilibrium within 15 min. BA was also grafted on cotton 
fibers using MACG method as reported by Gao et al. [165]. 
The sorbent showed 3–4 times higher oil sorption capacity 
compared to the pristine cotton fibers, which is mounted 
to 13.83 g/g for benzene and 11.23 g/g for an edible oil. 

Other fibers such as banana fibers were also used to develop 
an adsorbent of oil removal by grafting of BA [166]. The 
new adsorbent showed higher adsorption capacity than the 
original banana fibers, which reached a maximum value of 
14.15 g/g coupled with a reasonable reusability. Another 
oil sorbent based on nettle fibers modified by grafting BA 
was investigated by Viju et al. [167]. The fibrous adsorbent 
showed higher sorption capacity towards crude oil and 
vegetable oil compared to both the pristine and commer-
cial polypropylene counterparts with a remarkable stability. 
The potential of grafted nettle fibers was evident from the 
sorption capacity that reached of 36.60 g/g and 25.56 g/g for 
crude oil and vegetable oil, respectively. It can be concluded 
that graft copolymerization with hydrophobic monomers is 
an effective method for imparting hydrophobicity and oleo-
philicity to cellulosic fibers and promoting their application 
as cheap oil spill clean-up materials.

Removal of Other Toxic Pollutants

Toxic pollutants such as cyanides and dichromats anions 
were removed from aqueous solution by chelating cellulosic 
adsorbeds prepared by RIGC of AN and  AASO3H onto 
cotton fabric followed by treatment with HA to introduce 

Table 5  Summary of previous studies on functional grafted adsorbents based on NFs for dye removal

Natural fibers Grafting method Initiators Monomers Dye types References

Carboxymethyl cellulose CIGC Ammonium persulfate AA Methyl orange, disperse Blue 
2BLN and malachite green 
chloride

[156]

Cellulose (palm tree waste) CIGC Potassium bromate AA Methylene blue [147]
Cellulosic fabric RIGC γ-rays IA Methylene blue [146]
Cellulose CIGC Sodium hydroxide GMA and DETAPAA Malachite green and basic 

fuchsine
[55]

Cellulose CIGC Potassium persulphate AASO3H/AN Malachite green and crystal 
violet

[125]

Cellulosic cotton fabric RIGC EB MAOETMAC Acid
Blue 25 (AB25) and Acid 

Blue 74 (AB74)

[151]

Cotton RIGC γ-rays AA Dye from aqueous medium [144]
Cotton cellulose RIGC γ-rays VBTMAC Acid dyes, AB25, AY99 and 

AB74
[152]

Grewia optiva fibers MAGC Ascorbic acid/H2O2 MMA, EMA or EA Methylene blue [82]
Hibiscus canabius fibers CIGC Ceric ammonium nitrate/

HNO3

AA or AA/AAm Methylene blue [150]

Jute fibers RIGC γ-rays AA Reactive dye from waste-
water

[157]

Luffa cylindrica fibers CIGC Chromic acid AA Methylene blue [141]
Luffa cylindrica fibers MAGC No initiator MA/AAm Congo red dye [149]
Wool fibers RIGC γ-rays AA Safranine-O dye and oil Red 

EGN dye
[72]



1217Journal of Polymers and the Environment (2022) 30:1199–1227 

1 3

amidoxime group [168]. The removal of cyanide reached 
89% efficacy compared to that of dichromate which stood 
at 65%.

Removal of phenol and pesticide molecules such as 
2,4-dichlorophenoxyacetic acid (DCPAA) was investi-
gated by adsorbent prepared by RIGC of GMA onto cel-
lulose as reported by Takács et al. [169]. The adsorption of 
phenol was faster with the adsorption saturation achieved 
after 5–6 h. Despite the relatively low adsorption capac-
ity of 4–8 mg/g, it was higher than values reported for the 
untreated biosorbent [169]. The adsorption of pesticide was 
further improved by the addition of β-CD [170].

Du et al. [171] reported the preparation of cotton linter-
based adsorbent for the removal of humic acids from waste-
water. The adsorbent was prepared by RIGC of dimethyl-
aminoethyl methacrylate (DMAEMA) followed by either 
quaternization by bromohexane or protonation with HCl as 
shown in the procedure presented in Fig. 10. Both adsorbents 

exhibited adsorption capacities reaching 250  mg/g and 
333 mg/g (at pH 6) for quaternized and protonated cotton 
linters, respectively.

Boron is another harmful pollutant that must be strictly 
reduced to few milligrams per liter is various industrially 
produced waters and geothermal streams and its removal can 
be achieved efficiently by chelating resins bearing N-methyl-
d-glucamine (NMDG) [172]. Nishihama et al. [173] investi-
gated the potential of commercial fibrous adsorbent (Chelest 
Fiber® GRY-HW) prepared by graft copolymerization of 
GMA onto cotton fabric followed by NMDG immobilization 
for boron removal from Salt Lake brine. The presence of 
polyols and tertiary amine ends in NMDG structure allowed 
binding boron by chelation as shown in Fig. 11. This fibrous 
adsorbent exhibited higher boron adsorption capacity and 
faster kinetics compared to commercial counterparts in the 
particulate form. Overall, it can be suggested that modifi-
cation of NFs by graft copolymerization can host desired 

Fig. 10  Procedure for the preparation of cotton linter-based adsorbents [171]

Fig. 11  Chelation of boron by 
NMDG containing adsorbent by 
complexation [173]
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functionalities allowing their applications in the removal of 
variety of pollutants of concern from water and wastewater.

Recovery of Precious/Rare Earth Metals

Recovery of uranium from sea water is an interesting method 
to meet the shortage of its mined ore and increasing demand 
[174]. Yin et al. [175] developed an adsorbent containing 
amidoxime ligands for recovery of uranium from aqueous 
solutions based on wool fibers modified by RIGC of AN fol-
lowed by treatment with HA. The obtained adsorbent showed 
a strong affinity towards uranyl oxide cation present in aqueous 
solutions. An illustration of the mechanism of preparation of 
amidoxime-containing adsorbent and its uranyl oxide chelation 
is presented in Fig. 12. The presence of both acidic and basic 
parts in the amidoxime together with two lone pairs of elec-
trons: one pair on the oxygen atom and one on nitrogen atom 
provided ligand for chelation of  UO2. To enhance uranium 
adsorption capacity, Zhang et al. [176] subjected the wool fib-
ers to chemical treatment with urea, sodium hydroxide and 
sodium sulfite prior to grafting with AN followed by treatment 
with HA. To eliminate biofouling effect on the  UO2 adsorp-
tion, grafting was combined with titania particles loading to 
impart antimicrobial character as reported by Wen et al. [177].

Wang et al. [178] recently prepared another amidoximated 
adsorbent based on cellulose fibers grafted with poly(AN) 
that was subsequently converted to amidoxe ligand with high 
affinity to  U6+ ion. The adsorption capacity of  U6+ ion was 
found to be 52.88 mg/g at pH 5 and under static conditions 
which was dropped to 1.22 mg/g at pH 8 when tested in a 

dynamic bed column using simulated seawater. Neverthe-
less, these authors suggested that the adsorbent has a strong 
potential for scale up application for uranium recovery from 
seawater. The co-grafting of MAA with AN (20/80%) onto 
bleached and mercerized woven cotton fabric was found 
to enhance the adsorption of  U6+ ions by incorporation of 
-COOH to amidoxime obtained after treatment with HA/
alcohol according to Othman et al. [179]. The mechanism of 
adsorption followed a mononuclear complexation.

Monier et al. [180] studied a fibrous adsorbent based on 
cotton fibers that was prepared by graft copolymerization of 
poly(PAN) followed by loading of phenyl thiosemicarbazide 
(PTSC). The modified fibers were tested for the recovery 
of precious metal ions such as  Au3+,  Pd2+ and  Ag+ from 
their aqueous solutions and exhibited adsorption capacities 
of 198.31, 87.43 and 71.14 mg/g, respectively.

An adsorbent having amidoxime ligand was also pre-
pared by graft copolymerization of AN onto delignified 
kenaf fibers and subsequent treatment with HA as reported 
by Rahman et al. [181]. The amidoximated ligand showed 
high adsorption capacities for some rare earth metals such 
as  La3+,  Ce3+,  Pr3+,  Gd3+ and  Nd3+, which recorded values 
of 262, 255, 244, 241 and 233 mg/g (at pH 7), respectively.

Challenges and Future Directions 
for Adsorbents Sustainability

The use of NFs substrates for the development bio-based 
adsorbents after modification by graft copolymerization to 
impart desired functional groups is an interesting approach 

Fig. 12  Mechanisms of preparation of uranium adsorbent by radiation-induced graft copolymerization of acrylonitrile and subsequent amidoxi-
mation and chelation of uranyl oxide



1219Journal of Polymers and the Environment (2022) 30:1199–1227 

1 3

for wastewater treatment and environmental remediation. 
Various graft copolymerization methods have been success-
fully used for introducing ionic groups and chelating ligands 
to NFs, and the levels of modifications depend on the reac-
tion conditions. However, there are several challenges that 
must be addressed to maintain the green chemistry concept 
and sustainability in the obtained adsorbents. Pertaining to 
modification of NFs by graft copolymerization, it can be 
realized that there is an environmental concern over the use 
of CIGC method despite its widespread applications. This is 
due to the large determinant waste to be left after reactions 
contributing to environmental pollution. Thus, it is highly 
recommended to replace conventional initiators and solvents 
with green ones and optimize reaction parameters to con-
trol grafting levels, while reducing the environmental impact 
associated with the waste.

The use of RIGC offers a facile method to modify NFs 
with a close control over grafting levels. However, the use of 
high energy radiation such as EB in RIGC with high doses 
during irradiation of NFs is likely to cause partial mechani-
cal damage. Hence, lower doses and dose rates are preferred 
upon irradiation of NFs. Moreover, conducting the reactions 
in emulsion media is an effective way to reduce the monomer 
consumption and the needed irradiation dose to maintain 
the mechanical integrity in the obtained adsorbents and keep 
their cost low. On the other hand, the exposure of NFs to 
thermal treatment in MACG, decreases the moisture content 
and changes the physical structure and chemical composition 
of the fibers. Moreover, microwave energy is not absorbed 
by non-polar materials. Thus, the level of heating should be 
controlled, and this depends on MW frequency and inten-
sity both require the presence of special microwave working 
facilities. PICG of NFs is also a simple method to modify 
NFs. Nevertheless, it requires the use of photo-initiators. 
In addition, the reaction takes a long time to achieve low 
grafting levels and the imparted ionic characters are only 
confined to top surface layers. Therefore, this technique is 
more suitable for surface modifications required to improve 
the adhesion between NFs and matrix during the fabrica-
tion of green composites. A similar recommendation can be 
made upon using PsICG, in which degradation and changes 
on the fibers’ surfaces occur from the etching mechanism. 
Moreover, pits are generated on the fibers’ surface depend-
ing on the properties of the applied plasma, thus leaving this 
technique more suitable for bio-composites development.

Although there is a growing concern on the use of chemi-
cal treatment for modification of NFs by graft copolymeri-
zation to enhance their adsorption capacity towards various 
pollutants such as dyes, heavy metal ions, oils, the replace-
ment of petrol-based ion exchange resins with cheap and 
environmentally benign modified NFs not only introduces an 
element of green chemistry and sustainability to such mate-
rials but also promotes their application in environmental 

remediation in way leading to double benefits when the 
agro-waste is utilized. In addition to the above-mentioned 
concerns related to the environmental impacts of grafting, it 
is notable that, up to this point, the use of adsorbent materi-
als has not become well integrated into the commonly used 
wastewater treatment technologies. Instead, wastewater 
treatment operations have been dominated by unit opera-
tions such as gravity settling, aeration, activated sludge treat-
ment, and anaerobic digestion [182, 183]. Though the rea-
sons for the relatively minor usage of NFs-based adsorbents 
for industrial wastewater treatment may be hard to explain 
in detail with some contributing factors may be related to 
environmental issues. Particularly, there has been relatively 
little research attention paid to the final disposal of spent 
adsorbent materials after their use in collecting pollutants 
from water [184–186]. For example, landfilling of contami-
nated cellulose-based sorbent materials poses several dis-
advantages, including a generally high content of water, a 
propensity to generate methane due to anaerobic conditions 
of landfills, and concerns about leaching of the adsorbed pol-
lutants. Such problems can be addressed to some extent with 
state-of-the-art landfill designs [187]. However, such mitiga-
tion features are likely to involve high costs. Incineration, 
as a possible alternative to landfilling, seems to be a poor 
choice for cellulose-based spent adsorbent materials due to 
its likely high-water content. Composting may be a suitable 
option for treatment of dye-contaminated cellulose-based 
absorbents, but it is hard to argue that such processing would 
be more practical than the aerobic or anaerobic wastewater 
treatment operations that are in common use [183].

It is noteworthy mentioning that many of the investigated 
adsorbents developed based on grafted NFs were dedicated 
to the removal of heavy metal ions and dyes. However, most 
of the studies were conducted in synthetic aqueous media 
under static conditions without considering the dynamic 
behavior of the adsorbent and the presence of multiple 
pollutants. More work is highly needed to take such green 
adsorbents beyond the fundamental studies of equilibrium, 
kinetics, and thermodynamics of adsorption to column 
flow dynamics, breakthrough curves establishment and 
stability verification. This is highly important for practical 
applications.

The bio-based grafted adsorbents showed a strong poten-
tial for oil spill removal. However, the investigation of such 
adsorbents remains limited, and majority of them were 
obtained by chemical modifications of NFs. On the other 
hand, there is a widespread yet relatively low usage volume 
of cellulosic materials such as straws combined in bundles 
as absorbents deployed near to storm drains (at construc-
tion sites) and as booms for the containment of oil spills 
at the surface of the water [188]. Such applications benefit 
from the incredibly low cost and environmentally benign 
nature of unmodified NFs. Thus, the use of very low-cost 
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cellulosic waste materials as sorbents to address various 
pollution-related problems can be regarded as a disruptive 
innovation, against which all higher-cost solutions, includ-
ing graft-modified sorbents, will need to be compared. This 
requires more research efforts to explore the potential of 
grafted NFs for oil spill clean-up.

Recovery of precious and rare earth metals for water/
wastewater is another area where grafted NFs-based adsor-
bents are not well explored. The use of such absorbents pro-
vides a simple and sustainable technique for recovery of Au, 
Ag, Pd and U from solution. The use of techniques such as 
RIGC provides a convenient method to improve the selectiv-
ity and sorption capacity of NFs by imparting appropriate 
ligands. More work is needed to investigate factors affect-
ing the performance of the adsorbents and how particular 
ligands work under dynamic conditions.

One of the new promising applications for grafted NFs 
is the  CO2 capture, which is based on chemisorption by 

amine-containing materials. Biomaterial-based solid  CO2 
adsorbents have received a little attention despite being 
environmentally benign. Despite the potential use of 
nanofibrillated cellulose in an aqueous form for preparation 
of  CO2 absorbent by freeze-drying with N-(2-aminoethyl)-
3-aminopropylmethyldimethoxysilane and wet impregna-
tion of kenaf NFs with monoethanolamine or tetraethylene-
pentamine [189, 190], the obtained adsorbent are subjected 
to amine leaching leading to poor regeneration and low sta-
bility. Thus, graft copolymerization using one of the green 
techniques discussed in this article can provide means to 
achieve covalent immobilization of amine groups for  CO2 
capture, preventing functional group leaching and enhanc-
ing the adsorbent stability. A summary of current chal-
lenges to NFs grafted adsorbents and their future research 
directions towards retaining sustainability are presented 
in Table 6.

Table 6  Summary of current challenges and future research directions

Areas Methods Challenges Future directions

Preparation of NFs-based adsorbents CIGC - Large determinant waste
- Environmental pollution

- Use green initiator
- Use green solvent

RIGC - γ-rays in a radioactive source that 
is continuously depleting

- Long time to achieve desired GY 
when dose rate is low

- Conventional solvents are used to 
dilute monomers

- Absorbent preparation may need 
a post-grafting functionalization 
reaction

- Use EB accelerator
- Use EB with low acceleration 

energy
- Conduct grafting reaction in emul-

sion
- Use functional monomer in a 

single-step grafting

PIGC - Long reaction time
- Low GY

- More suitable for green composites

PsIGC - Long reaction time
- Low GY

- More suitable for green composites

MAGC - Undermined by over- heating - Use customized facilities with 
proper heat control

Applications of adsorbents Adsorption mode - Mostly carried out under static 
conditions only

- More work for dynamic column 
analysis and breakthrough curve 
determination

Adsorbent stability - Low stability - keep modification cost low to com-
pensate for low number of cycles

Oil spill removal - Few studies with adsorbent 
obtained by chemically initiated 
grafting

- Use NFs in bundles without modi-
fication

- Use single step radiation-initiated 
grafting with EB

Recovery of precious metals - No sufficient studies - More studies with adsorbents 
prepared single step radiation-
initiated grafting with EB

CO2 capture - No sufficient studies
Disposal of spent adsorbents - Normal landfill

- Incineration
- Leaching of sorbed pollutants
- High content of water

- Use robust landfill
- Replace incineration with com-

posting
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Conclusions

Graft copolymerization initiated by various techniques includ-
ing chemical, photochemical, radiochemical, thermal, and 
plasma initiations is an appealing method for imparting desired 
ionic moieties to NFs without compromising their inherent 
properties. CIGC is a well-established method that confers 
NFs favorable pollutant affinity properties, but it is chal-
lenged by the environmental pollution with the post-reaction 
residues. Alternatively, RIGC is appealing for incurring grafts 
from surface to core of NFs allowing greater control on GY 
to suit adsorbents and is more sustainable when carried out 
in emulsion media. MAGC, PIGC and PSIGC were found to 
be green ecofriendly methods promoting less monomer con-
sumption and minimum residue production. While MAGC can 
impart considerable modification favoring adsorption, PIGC 
and PSIGC are less likely to be suitable for converting NFs to 
effective adsorbents due to low GY. The incorporation of func-
tionalized grafts into NFs endowed new active binding cites 
that greatly enhance their pollutant-binding capacity leading 
to superior selective adsorbents with tunable end-uses com-
pared to their pristine counterparts. The modified NFs found 
applications in water/wastewater decontamination including 
removal of heavy metal ions, dyes, oil spills, and other pol-
lutants in addition to extraction of precious metals from aque-
ous media. The use of NFs provides double environmental 
mitigation approaches that are utilizing agricultural waste 
and treating a variety of pollutants in wastewater. Despite 
the presence of some critical challenges, further advances in 
the preparation and applications of grafted NFs for water and 
wastewater would be realized. This can be accelerated not only 
by maintaining the green chemistry of the developed grafted 
NFs adsorbents and keeping their cost low but also by enhanc-
ing their stability and exploring new horizon for their poten-
tial applications as well as scaling their performance under 
dynamic conditions.
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