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ABSTRACT: In the present study, a biosorbent was prepared
through the radiation-induced graft polymerization (RIGP)
technique by using a glycidyl methacrylate (GMA) monomer.
Functionalized bamboo materials were used for grafting. The
grafting percentage (G %) of GMA on bamboo fibers was assessed =
based on the optimization of the absorbed dose and concentration
of the monomer. The chemical modification of the polymerized E— Aot )
product into the sulfonated form of the grafted biopolymer was
carried out by using sodium sulfite solution. The modification of
the biopolymer at various stages was analyzed by Fourier transform
infrared (FTIR) spectroscopy and X-ray diffraction (XRD)
techniques. By performing scanning electron microscopy (SEM),
the morphological changes of the prepared biopolymer were
analyzed. The temperature stability of the synthesized material was assessed by the thermogravimetric analysis (TGA) technique.
The prepared sulfonated biosorbent was used in the batch adsorption study for the uptake of copper. We examined a variety of
variables, including pH, adsorbent dosage, and time. The adsorption kinetics were studied using pseudo-first-order (PFO) and
pseudo-second-order (PSO) models. Adsorption isotherms and thermodynamic parameters were also applied to study the
adsorption capacity of the biosorbent. The maximum copper adsorption capacity was found to be 198 mg g~ from the Langmuir
isotherm. Copper adsorption followed PSO kinetics (R* = 0.999). This inexpensive and eco-friendly biosorbent removed 96% of
copper ions from the solution.
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1. INTRODUCTION In recent years, simultaneous radiation grafting has been an
attractive and versatile method used to introduce functional
groups onto the surface of a substrate. It involves the initiation
of free radicals on monomers in the presence of the substrate
using ionizing radiation sources, such as y rays, ultraviolet
(UV) light, or electron beams. These free radicals then react
with the substrate, leading to the grafting of the monomer onto
its surface.” Radiation-induced graft polymerization is a
valuable technique for developing grafted polymers with
various advantages. Bulk grafting through radiation-assisted
methods offers several benefits, making it an efficient, accurate,
simple, and environmentally friendly approach to the
modification of polymeric materials. One of the significant
advantages of simultaneous radiation grafting is that it does not

Natural polymers or biopolymers are derived from renewable
resources found in living organisms, such as plants, animals,
and microorganisms. Cellulose, collagen, proteins, starch,
chitin, etc., are common examples of abundantly available
natural polymers. Indeed, biopolymers have garnered signifi-
cant attention in various industrial and biomedical applications
due to their remarkable properties.' They are biocompatible,
nontoxic, renewable, cheap, easily accessible, and have no
adverse effects on living organisms or the environment.”
Polymers can be modified through various techniques to
enhance their stability, flexibility, and solubility as well as to
introduce new properties. Some of the common techniques
used for polymer modification include blending, cross-linking,
and composite formation.” Among these techniques, research-

ers have focused on the grafting phenomenon to enhance the Received: April 11, 2023
properties of various materials, including polymers. Grafting Accepted: September 29, 2023
involves the covalent attachment of polymer chains to the Published: October 13, 2023

surface of a base material. This process can lead to significant
improvements in the surface properties, stability, and
functionality of the material.*
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require the use of solvents, initiators, or high temperatures.
The initiation of free radicals occurs directly on the monomer
molecules through ionizing radiation, eliminating the need for
additional chemicals or energy-intensive conditions. The
advantage of this technique is that newer homopolymers are
produced. The optimization of the “monomer concentration”
and “absorbed dose” is important to achieve maximum grafting
percentage.’ Glycidyl methacrylate is a remarkable functional
monomer that has numerous properties as an ion-exchange
resin.” The structure of glycidyl methacrylate (GMA) is
advantageous as it has not only vinyl groups but also a pendant
epoxy group with the ability of ring-opening reactions. The
pendant epoxy group in GMA also has the capacity to undergo
postpolymerization modifications, which facilitates the con-
version of inert functional groups of the monomers into a
variety of required “functional groups”.” Elkady et al,, used a
polymethacrylate-grafted nanosulfonated material as a cation
exchanger to successfully remove Cd(II) ions from waste-
water.” Hus et al., prepared pGMA by the polymerization of
phase emulsions for the removal of silver and lead ions from
solutions.'’ Korpayev et al, grafted GMA onto a polypropy-
lene/polyethylene nonwoven fabric through radiation grafting
and further modified with ethylenediammine for efficient
adsorption of As(v). LV et al, synthesized polyaniline
composites with various natural waste materials, such as
hazelnut shells, walnut, etc., for the adsorption of Cr(VI) ions
from aqueous solutions."'

Currently, the use of biocomposite materials has increased,
and the bamboo plant occupies a particular position among
them. Natural fibers have extended substantially as opposed to
synthetic ones as they are biodegradable and widely available."”
Natural fibers possess unique surface properties that make
them effective adsorbents for various pollutants. In addition,
these cheap biofibers have numerous environmental benefits
over synthetic fibers when used as a reinforcement. Because of
their enhanced mechanical qualities, higher surface area, and
higher adsorption capacity, bamboo fibers are employed as
reinforcements in composite materials.”> Their hydroxyl
functionality makes them suitable as basic materials for the
grafting of other materials.'* Cichoz et al, prepared
biopolymers by the chemical grafting of acrylic acid onto
bamboo rayon by using KPS as an initiator."> Various kinds of
organic and inorganic contaminants in wastewater effluents
have been reported and their excess concentration is known to
be toxic for aquatic organisms.'® Various adsorbents, including
carbon adsorbents, biopolymers, and hydrogel adsorbents, are
essential for pollutant removal in various environmental and
industrial applications.'” Heavy metals are major inorganic
pollutants. Various industries such as textiles, plumbing,
fertilizer, electroplating, and leather release different metals. 8
The metals containing effluents, when discharged into
waterbodies, pollute the aquatic environment and accumulate
within the food chain. Heavy metals such as copper may even
cause death at high concentrations in human beings. Various
methods have been applied for the elimination of toxic metals,
but most of them have serious restrictions and are expensive.
Therefore, the development of low-cost, efficient,”’ simple, and
eco-friendly adsorbents are extremely attractive to remove
toxic metals from wastewater.”’

The current work focuses on utilizing a glycidyl methacrylate
(GMA)-grafted biopolymer by using a simultaneous radiation-
grafting method, a novel approach that has not been previously
reported in the literature. The main objective is to optimize the

influence of the absorbed dose and monomer concentration
during the grafting process. The chosen substrate for grafting is
bamboo fiber, which is a natural biopolymer with unique
properties. The grafted bamboo fiber, obtained through
simultaneous radiation grafting of GMA, is then further
chemically modified to the sulfonated form using a
postpolymerization technique. This sulfonated form enhances
the affinity and capability of the material to adsorb copper ions
from aqueous solutions. The grafted biopolymer is charac-
terized by attenuated total reflectance fourier transform
infrared (ATR-FTIR) spectroscopy, scanning electron micros-
copy (SEM), thermogravimetric analysis (TGA), and X-ray
diffraction (XRD) techniques.

2. EXPERIMENTAL

2.1. Materials and Methods. Glycidyl methacrylate
(GMA), vinyl triethoxysilane (VTES), hydrochloric acid
(HCI 37%), methanol (CH;OH), isopropanol (CH,),CHOH,
and acetone (CH,),CO were acquired from Sigma-Aldrich,
Germany. Tween 80 was procured from Riedelde-Haén,
Germany.

2.2. Synthesis of the Biosorbent. 2.2.1. Radiation
Polymerization of GMA on Bamboo Fibers. Using the
reported method,"” vinyl-modified bamboo fibers (VMBFs)
were prepared in a glass reactor containing 10 g of bamboo
fibers and isopropanol solution. After that, the mixture was
hydrolyzed by the dropwise addition of VTES. At 60 °C, the
mixture was stirred for 2 h. The resulting mixture was filtered,
rinsed with methanol, and vacuumdried. For the formation of a
stable suspension, the vinyl-modified bamboo fibers (VMBFs)
(1 g) were dispersed into a flask (100 mL) in deionized water
and then stirred for 1 h under an inert environment. After that,
the GMA monomer was added to the solution mixture, and the
vials were sealed and purged with nitrogen gas. A Cobalt-60 y
irradiator was used for irradiation (24 kCi, 2.5 kGy/h). The
grafting yield was monitored at different absorbed doses (5—20
kGy). For the purpose of removing unreacted monomers and
the homopolymer, the grafted product was washed with
acetone. The washed sample was dried at 60 °C until “constant
weight” and was named VMBF-g-PGMA. The following
equation was used to compute the grafting percentage (%)
of VMBF-g-PGMA.

w,
G%=——""%100

w, (1)

Here, W, indicates the weight of VMBF, and W, is the weight
of VMBF-g-PGMA.

2.2.2. Sulfonation of the VMBF-g-PGMA Biosorbent. For
sulfonation, the sulfonic acid groups were incorporated into
VMBF-g-PGMA. 0.1 g of VMBF-g-PGMA was dispersed in
Na,SO,/isopropyl alcohol/water with 1.3:1:1.7 (13:10:77)
volume ratio, and the resulting mixture was refluxed at 80 °C.
After 6 h, the sulfonated mixture was treated with 1 M HCl
overnight under stirring, and the sodium form (—SO;Na) of
the biopolymer was converted into SO;H—. Using acetone, the
obtained sample was washed and dried at 60 °C. A gravimetric
analysis was performed to determine the molar ratio of
(SO;H-) group to “GMA” units by using eq 2*'

nSOyy  (Ws — W))MGMA

nGMA (W, — W,)MSO, )
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Scheme 1. Steps Involved in the Synthesis of the Sulfonated Biopolymeric Material®
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Here, W, = material weight before grafting; W, = material
weight after grafting; Wy = sulfonated material weight; GMA
and SO; units have molar weights of 142.15 and 80 g mol™",
respectively.

2.3. Batch Adsorption Study of copper. For metal
adsorption experiments, a stock solution was prepared by
mixing 1000 mg of copper sulfate in deionized water (1 L).
Samples of different copper concentrations were prepared. The
Cu(II) solutions were added to the sulfonated biosorbent. At
800 rpm, the resultant mixture was centrifuged for 4 h. The
desired pH of the solution was maintained by adding 0.01 M
HCl or NaOH solutions, respectively, using a pH meter
(Hanna HI-2211 pH/ORP). The absorbance of the prepared
sample solutions upon copper adsorption was analyzed by
using an atomic absorption spectrophotometer. The adsorbed
quantity of copper “per unit mass” on radiation-grafted
sulfonated bamboo fibers was measured using eqs 3 and 4.

Q= [ } xv

(3)

Here, “C” (mg) and “C.,” denote initial and equilibrium

copper concentrations (mg L7'), respectively. “V” is the

volume of the metal ion solution, and “M” is the mass of the

adsorbent (grams). The removal percentage (R %) of copper
ions after adsorption was calculated using eq 4.

=
G @

2.4. Characterization. A Thermo Electron Corporation
FTIR-ATR (Nicolet 6700) spectrophotometer was used for
the detection of various functional groups. The samples were

removal (%) = X 100

scanned with an 8 cm™" resolution between 400 and 500 cm™".
Using a Discover X-ray diffractometer (D8), XRD was
performed at room temperature. The diffractograms were
obtained for 26 values of 5—80°. The X-ray beam used nickel-
filtered Cu Ka (A1/4 1.542 A) radiation, which worked at 30
kV and 30 mA. The change in the structural morphology of the
grafted biosorbent was examined by using field-emission SEM
(TESCAN MIRA-3). Before scanning, the amorphous surface
of the samples was made conductive before scanning.
Thermogravimetric measurements were performed by using a
Mettler Toledo TGA/DSC1 TGA analyzer. The flow rate of
nitrogen was kept at SO mL min~' from room temperature to
600 °C.

3. RESULTS AND DISCUSSION

3.1. Synthesis of the Sulfonated Biopolymer. Bamboo
fibers were silanized using vinyl triethoxysilane as a coupling
agent. VTES has one vinyl group and three ethoxy groups.
Bamboo fibers containing acidified 2-propanol solution will
hydrolyze the alkoxy groups into active silanol groups. The
“silanol groups” reacted with other silanol groups of
neighboring fibers to produce Si—O—Si linkages. When
exposed to radiation, GMA monomers become acceptors of
VMBE radicals by initiating a chain reaction to produce
VMBF® and GMA®.** In the polymerization step, VMBE® and
GMA?® polymerize to form VMBF-g-PGMA and the PGMA
chain. Finally, during sulfonation, sodium sulfite was used to
convert the epoxy group of the grafted polymers into a
sulfonated form by a ring-opening reaction, as shown in
Scheme 1.

3.2. Parameter Optimization. 3.2.1. Influence of the
Absorbed Dose on Grafting (%). The optimization of the

38851 https://doi.org/10.1021/acsomega.3c02466
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absorbed dose is vital to obtain the maximum grafting yield. As
shown in Figure 1(a), samples of the same composition, i..,
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Figure 1. (a) Effect of the absorbed dose (5—20 kGy) on the degree
of grafting (%) for the radiation-induced grafting of GMA onto
bamboo fibers at 5% monomer concentration and 2.5 kGy/h dose
rate. (b) Effect of the monomer concentration (2.5—10%) on the
degree of grafting (%) for the radiation-induced grafting of GMA onto
bamboo fibers at 10 kGy absorbed dose and 2.5 kGy/h dose rate

1% VMBF and 5% GMA, were exposed to radiation at an
absorbed dose rate of 5—20 kGy. The Figure shows that the
grafting percentage (G %) reaches a maximum (160%) at 10
kGy, which may be due to the generation of free radicals on
the monomer and polymer backbone. Hence, an absorbed
dose of 10 kGy was selected for further studies. After 10 kGy,
the cross-linked product was formed in the reaction mixture,
and the degree of grafting percentage decreased by increasing
the absorbed dose.”” Similar findings have been reported by
Taimur et al,, for copper ion adsorption by using the radiation-
grafting method on amidoxime-based nanohybrid materials,
and the maximum grafting % was found to be 280% at 5 kGy.*

3.2.2. Effect of the Monomer Concentration on Grafting
(%). At a constant absorbed dose of 10 kGy, the effect of a

change in the “monomer concentration” on the grafting
percentage (%) was investigated. The monomer amount was
changed from 2.5 to 10%, as displayed in Figure 1(b). The
obtained results show that the grafting yield first increases
rapidly up to 202% with increasing concentration of GMA up
to 7.5% and then slightly decreases on further increasing the
monomer concentration.”” Initially, free radical formation
enhanced the grafting percentage, while later, homopolymeri-
zation caused a decline in the grafting percentage and made the
monomer approach toward grafted chains.”> The dependence
of the grafting percentage on the concentration of the
monomer was also reported in earlier studies and it was
observed that 5% monomer (GMA) concentration leads to the
highest grafting of 665% by RIGP of GMA onto sepiolite.”'
3.3. ATR-FTIR Analysis. Figure 2 displays the ATR-FTIR
spectra of bamboo fibers and the VMBFs formed via the

C=0 grou

CH bending

Transmittance(a.u)

OH strech
1 N 1 N 1 N 1 N 1 N 1

4000 3500 3000 2500 2000 1500 1000 500
wavenumber(cm™)

Figure 2. ATR-FTIR spectra of (a) RBF, (b) VMBF, (c) VMBF-g-
PGMA, (d) and VMBF-g-PGMA-S samples

grafting of GMA and sulfonation. The characteristic peak at
3665—3013 cm™" was observed due to the vibrational stretch
of the OH group. The stretching of the (C=0) group of
pectin and hemicellulose was observed in the range of 1765—
1612 cm™".>° At 1514 cm™’, the vibrational stretching of C=C
in the aromatic ring of lignin was detected.”” The silanized
bamboo fibers exhibited a peak at 2971 cm™ because of CH
stretching. The peaks at 1259, 1365, and 1487 cm™ are
attributed to CH bending vibrations. The Si—O vibrations
were observed at 979 and 771 cm™'*® In GMA-grafted
bamboo fibers, the cellulose region is extremely reduced due to
the consumption of the most OH sites present on the
backbone of the polymer by “GMA” molecules. The formation
of ‘poly (GMA)’ chains, which elongated from the stem
polymer, eventually covered the whole fibers at a higher
grafting yield. This makes the C—H and C—O band detection
more difficult on grafted fibers. This also signifies the
incorporation of GMA molecules onto the cellulose backbone.
The spectrum shows the presence of a peak at 1732 cm™,
which reflects the presence of the (—C=0) group of GMA.
Epoxy group vibrations were observed at 1255 and 952—848
cm™'. This indicates that the GMA was successfully
incorporated onto bamboo fibers.”” A small peak of the
sulfonate group appeared at 1152 cm™' and increased in

https://doi.org/10.1021/acsomega.3c02466
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Figure 3. SEM micrographs of glycidyl methacrylate-grafted bamboo fibers using radiation-induced graft polymerization: (a) RBF, (b) VMBF, (c)

VMBF-g-PGMA, and (d) VMBF-g-PGMA-S at S and 10 yum, respectively

intensity at 1288 and 670 cm} indicating successful
sulfonation.”

3.4. SEM Analysis. By using SEM analysis, the
morphological changes in raw bamboo fibers and their
different grafted forms were studied, and the morphological
changes are displayed in Figure 3. Figure 3(a) shows that the
surface of untreated bamboo fibers is smooth, with a rod-like
dense network structure, and is accompanied by a superficial
layer of impurities.”’ The micrograph of VMBF (Figure 3b)
reveals that a drastic change occurred in the surface
morphology of fibers due to the mercerization process,
which leads to the breakage of fibers into smaller fibers with
rough surfaces. The silane modification of bamboo fibers with
VTES and the incorporation of vinyl groups are also attributed
to the change in morphology.”” Figure 3(c) of VMBE-g-PGMA
confirms that the surface of pretreated bamboo fibers is further
disaggregated, which facilitates the reaction with the GMA
monomer. All fibers were completely incorporated into the
GMA monomer due to the formation of a GMA copolymer
layer onto fibers.”> The sulfonation changes the surface
morphology of VMBF-g-PGMA, as displayed in Figure 3(d).
The fibers retained their fibril-like morphology and became
shorter, thinner in diameter, and less bundled. The result
shows that the structural integrity of bamboo fibers was
retained in their modified forms because of the functionaliza-
tion of the fiber surface.®® The size of the sulfonated
biosorbent was observed to be 15 um.

3.5. XRD Analysis. Figure 4 displays the XRD diffracto-
grams of RBF, VMBF, VMBF-g-PGMA, and VMBF-g-PGMA-
S. The peak of the untreated bamboo fiber at 26 = 22.3° shows
the reflections of the cellulose lattice planes. The two weaker
diffraction peaks at 20 angles between 13 and 17° were also
observed.”® A decrease in the peak intensity and crystallinity
was observed after silanization. Because of the reflections of
organosilane units of VTES, the peaks at 16.8 and 13.8°, alon%
with small peaks at 26.5, 34.7, and 36.8°, were observed.’
Grafting of “GMA” onto “VMBF” caused an increase in the
peak intensity at 14—17°, which supports the grafting of GMA

Intensity (a.u)

20(degree)

Figure 4. X-ray diffraction patterns of (a) RBF, (b) VMBF, (c)
VMBF-g-PGMA, and (d) VMBE-g-PGMA-S samples

on VMBE.>® An increase in the amorphous phase after
sulfonation of VMBF-g-PGMA was observed by a decrease in
the peak height in comparison to that of VMBF due to the
incorporation of amorphous organic groups (SO;H) and also
an increase in the interchain distances.

3.6. TGA Analysis. The thermal stability and decom-
position of RBF, VMBF, VMBF-g-PGMA, and VMBF-g-
PGMA-S are displayed in Figure S. The thermogram of raw
bamboo fibers (RBF) showed that up to 150 °C, there is an
estimated 22% mass loss due to the elimination of absorbed
water due to the hydrophilic nature of lignocellulose fibers.”® Tt
was observed that after treatment with alkali and the
silanization of bamboo fibers with VTES, the hydrophilicity
of bamboo fibers reduced significantly. This tends to increase
the stability of modified bamboo fibers.”” VMBF exhibits only
a single-step degradation profile in the range of 270—340 °C

https://doi.org/10.1021/acsomega.3c02466
ACS Omega 2023, 8, 38849—-38859
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Figure 5. TGA micrographs: (a) RBF, (b) VMBF, (c) VMBF-g-
PGMA, and (d) VMBF-g-PGMA-S samples

due to the cellulose and hemicellulose decomposition
behavior. The TGA curves of VMBEF-g-PGMA exhibit a higher
thermal stability of developed biopolymer due to the formation
of higher-molecular-weight polymers.*’ Because of the removal
of water from ambient temperature to 120 °C, the first mass
loss occurred. The second mass loss was observed from 120 to
286 °C because of the decomposition of pendent groups. A
continuous mass loss above 320 °C occured as a result of the
breakdown of high molecular weight polymer chains.The
hydrophilic nature of sulfonation improved the thermal
stability of VMBF-g-PGMA-S.

3.7. Adsorption Studies of Copper. 3.7.1. Effect of pH.
Figure 6 shows how the pH influences the Cu(Il) ion
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Figure 6. Effect of “pH” on the removal of Cu(ll) ions by VMBF-g-
PGMA-S; Co= 20 mg L™'; volume = 20 mL; and T = 293 K

adsorption on the sulfonated biosorbent. At pH §, a significant
increase in the adsorption capacity (40 mg g~') for copper(Il)
ions was observed. At low pH, the VMBF-g-PGMA-S capacity
to chelate copper ions was lower. At pH §, the deprotonation
of the sulfonic group producedactive sites that form complexes
with Cu(II) ions. Cu(II) ions are more vulnerable to (OH™)

ions and form “Cu(OH),” precipitates in solutions at higher
pH levels because adsorbents have a lower capacity for Cu(1I).
In order to avoid precipitation, further adsorption studies were
conducted at pH 5.*' Singa and Guleria found that for the
adsorption of Cu(ll) ions by poly(acrylonitrile-co-methacrylic
acid)-g-cellulosic okra polymers, the maximum adsorption
capacity was observed at pH 5.5—6.5.%

3.7.2. Effect of the Adsorbent Content. Figure 7 illustrates
the influence of the adsorbent dose on the removal percentage
(%) and on the adsorptive capacity (mg g') of Cu(Il).
Because of the aggregation of particles, a decreasing trend of
Qe was observed on increasing the amount of the adsorbent.”
Moreover, the results also showed that the percentage removal
of Cu(Il) ions increased as the adsorbent quantity was
increased. This was mainly because of the presence of specific
exchange sites and the surface area on VMBF-g-PGMA-S,
which leads to 96% adsorption. A novel cellulose-g-acrylic acid
copolymer was prepared by Hajeeth et al., who tested its ability
for Cu(ll) ion adsorption. A maximum of 75.5% removal was
achieved by varying the adsorbent contents.**

3.7.3. Contact Time and Evaluation of Adsorption
Kinetics. At different time intervals, the variation in the
adsorption capacity of Cu(ll) ions was examined, and the
results are displayed in Figure 8(a). The adsorption capacity
increased rapidly up to 60 min and then became lower after 60
min until the adsorption equilibrium was achieved after 90
min. This may be due to the fact that at the initial stages, the
metal uptake was extremely high due to the presence of vacant
sites on adsorbents, and later on, the uptake decreased because
more adsorbate molecules migrated toward the adsorbent and
the vacant sites got occupied.” The results of our study for the
adsorption of Cu(ll) ions from aqueous solution are consistent
with Cu(II) adsorption on bioballs previously reported.*®

The adsorption process is key to understanding the effects of
an adsorbent on the metal adsorption capacity. Kinetic models
such as pseudo-first-order and pseudo-second-order models
are used to interpret the adsorption kinetics as given in eq S.

dQ, B B
i, =k(Q, - Q) ©

where “Q,” represents the quantity of adsorbate adsorbed at
time “t” and “Q,” at equilibrium. “#” represents the contact
time, while “k,” is the pseudo-first-order rate constant.”” The
pseudo-first-order kinetics in the linear integral form can be
expressed as eq 6

log(Q, — Q,) = log Q, — k,2.303t ()

where the log(Q, — Q,) versus “t” plot shows a linear form.
The slope and intercept of the plot are used to determine the
values of k; and Q,, respectively, and eq 7 shows the pseudo-
second-order differential form

dQ,/d, = k(Q, - Q,)° )

here, K, = pseudo-second-order rate constant; the simplified
form of eq 7 is shown as eq 8

t/Q, = 1/k,Q, +1/Q, (8)

The linear relationship is obtained from the t/Q, versus “t”
plot. The intercept and slope of the plot are used to compute
the values of k, and Qe, respectively.** Figure 8(b,c) displays
the experimental results of both kinetic models. Table 1
represents the kinetic parameters of Cu(II) ion adsorption on
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Figure 7. Effect of the “adsorbent quantity” on the removal of the Cu(ll) ions by VMBF-g-PGMA-S (mass = 5—25 mg; Co = 20 mg L™'; volume =

20 mL; and T = 293 K).

VMBEF-g-PGMA-S for both pseudo-first-order and pseudo-
second-order models. The PSO modeling affords the best
explanation for Cu(Il) ion adsorption onto the sulfonated
biosorbent. Correlation coefficients (R*) and Q, of the kinetic
model are well described by the PSO model. Therefore, it is
concluded that adsorbents undergo a chemisorption process.*’
Kumar et al, have reported analogous results for the
adsorption of Cu(ll) ions by using the cellulose-grafted
glycidyl methacrylate monomer and found that the adsorption
kinetics followed a pseudo-second-order model.”’

3.7.4. Initial Concentration and Adsorption Isotherms.
Figure 9(a) shows that at low initial concentrations, the
adsorption of Cu(ll) ions was found to increase faster. The
adsorption capacity was maximum at 100 mg L~'. The
adsorption capacity was higher at lower concentrations because
of the interaction of Cu(II) ions in solution with active sites of
the adsorbent. As the adsorption sites become saturated at
higher concentrations, the adsorption capacity decreases.’!
The favorability of the adsorption process was analyzed by the
Langmuir and Freundlich isotherms.”” The Langmuir iso-
therms can be explained by using eq 9

1/Q,=1/kQ_1/C.+1/Q (9)

Here, Q. denotes the adsorption capacity at equilibrium
(mg-g™!). The monolayer adsorption of adsorbents is ex-
pressed as Q,, (mg-g™"). The equilibrium concentration is C,,
while K is associated with the free energy of adsorption
related to the Langmuir constant (L mg™'). The Freundlich
isotherm was determined using eq 10

InQ, =Ink;+ 1/nln C, (10)

The Freundlich constant “Kp” shows the Freundlich
adsorption capacity, while “n” represents the intensity of
adsorption. A value of “n” between 2 and 10 indicates good
sorption. The values between 1 and 2 indicate moderate
sorption, while a value <1 indicates poor sorption.’” A
comparison of the higher value of correlation coefficients

(R?) for both adsorption isotherms in Figure 9(b,c) and Table

2 reveals that the Langmuir isotherm best describes the
experimental data. Moreover, it also demonstrates the
monolayer adsorption of Cu(Il) ions onto binding sites of
VMBF-g-PGMA-S having uniform energies of adsorption. The
removal of Cu(ll) ions by the graft copolymerization of
acrylamide onto chitosan was also investigated by Al-Karawai
et al, and the adsorption process was found to obey the
Langmuir isotherm.>

3.7.5. Thermodynamic Parameters. To assess the favor-
ability of adsorption, many thermodynamic functions (AG®,
AH®, and AS°®) are used. Equation 11 is used to calculate the
Gibbs free energy (AG®).

AG = —RT In K, (11)
CO - Ce

I<D = T
(%)< (12)

By using the Van’t Hoff eq (eq 13), the standard enthalpy
change was calculated

As _ AH
R RT (13)

The slope of In Ky, versus 1/T is used to calculate AH®. The
intercept of the In Ky, versus 1/T plot is used to determine the
value of AS®. In Table 3, the negative values of AG® and AH®
show that the adsorption process was spontaneous and
exothermic. Moreover, the positive value of AS° shows that
the adsorbent material does not undergo any significant
structural changes.”> Similar results were also obtained by
Kumar et al.. for Cu(ll) ion adsorption by using poly(HEMA-
co-AAc)-grafted cellulose.™

InKy =

4. CONCLUSIONS

Novel VMBF-g-PGMA-S-grafted biopolymers were synthe-
sized by RIGP of GMA monomers onto bamboo fibers. The
VMBF and GMA monomers were irradiated at 10 kGy
(absorbed dose) and 7.5% (concentration of monomer). The
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Figure 8. (a) Adsorption kinetic profiles of Cu(ll) ions by VMBF-g-PGMA-S (Co = 20 mg L™'; mass = 15 mg; volume = 20 mL; and T = 298 K).
(b) Pseudo-first-order and (c) pseudo-second-order kinetic models for Cu(ll) ion adsorption on VMBF-g-PGMA-S

Table 1. Kinetic Parameters of Cu(II) Ion Adsorption on
VMBF-g-PGMA-S

parameters VMBF-g-PGMA-S
pseudo-1st-order k;, (min™") 3.6 X 1073
Qua (mgg™) 1694
R 0.998
pseudo-2nd-order k, (mg-g™"-min~") 1.02 x 1072
Qua (mgg™) 62.76
R? 0.999

maximum grafting on fibers occurred by the postpolymeriza-
tion sulfonation method. The incorporation of GMA chains on
VMBEF-g-PGMA was established by FTIR spectroscopy, SEM,
and XRD techniques. TGA was performed to analyze the

thermal stability of the synthesized fibers. The outcomes of the
characterization techniques indicated that VMBF-g-PGMA-S
was synthesized by consuming y radiations. The results of the
study indicated that at pH S, a maximum of 96% adsorption of
copper occurred. The resultant data from adsorption kinetics
was more suitable for the PSO model with R* = 0.999. The
isothermal study showed that the Langmuir model gives a
better fit with experimental data, having R*= 0.999.
Thermodynamic parameters were computed from thermody-
namic studies at different temperatures, which shows the
exothermic and spontaneous nature of the adsorption. The
applicability of VMBF-g-PGMA-S for Cu(II) ion removal from
wastewater was investigated. The results of these findings
suggest that VMBF-g-PGMA-S opens a new avenue as a
biosorbent for the cleaning of toxic metals from wastewater.
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Figure 9. (a) Equilibrium adsorption capacity as a function of the initial concentration in the solutions. (b) Freundlich isotherm and (c) Langmuir
isotherm models for Cu(ll) ion adsorption on VMBF-g-PGMA-S
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