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Abstract: In this study, a green chemistry approach was employed in the preparation of Hyphaene thebaica
fiber grafted polyacrylic acid via microwave assisted method using potassium persulfate as the chemical
initiator. The optimum percentage grafting of 92% was achieved under 5 g concentration of acrylic acid,
0.2 g concentration of potassium persulfate (KPS) and 2 minutes of reaction time. The grafted sample was
characterized using the following techniques, FTIR, SEM and XRD. The prepared graft copolymer was
examined for adsorption of Pb(II) ions from aqueous solution in batch mode systems. The adsorption

parameters such as pH, initial metal ion concentration and contact time were also studied. The Langmuir
and Freundlich isotherm models were applied to simulate the equilibrium adsorption experimental data.
The Langmuir model fitted well with experimental data with maximum adsorption capacity (gmax) of 20.37
mg/g at 45 minutes. Higher regression coefficient obtained confirmed the suitability of the Langmuir
isotherm model which assumed monolayer coverage on the adsorbent surface. The adsorption studies
revealed the efficacy of the grafted fiber for removal of Pb(II) ions from dilute aqueous solutions.
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INTRODUCTION (8), etherification (9), mercerization (10) and

grafting with various monomers were explored to
Cotton is by far the largest source of cellulosic alter the porosity and functionality of cellulose.
fibers. Other substantial sources include; jute, Among these methods, grafting with various
sisal, flax, kenaf coir, hemp, etc. Agricultural monomers present a great opportunity to tailor
waste biomasses such as sugarcane bagasse, rice the physical and chemical properties of cellulose
husk, corn husk, saw-dust, orange peels, etc. are (11). Microwave irradiation initiating system for
another potential large sources of ligno-cellulose. free radical polymerization reaction displays the
Cellulose (Figure 1) is a sustainable, less best potential for use and fits the concept of green
expensive, non-toxic, and biodegradable chemistry, i.e. less solvent consumption, shorter
biopolymer; that has found a wide range of reaction time, energy saving, and less toxic (12).
applications in many areas such as textile Cellulose and its derivatives have been tested for
industry (1), automobile industry (2), civil sorption of heavy metals from aqueous solutions
engineering (3), pharmaceutical industries (4), (13, 14, 15). Pollution of surface waters has been
and catalysis (5). Agricultural wastes are mostly a major ecological problem in less developed
burned after dried, thus presenting a considerable countries. Contamination of surface waters by
risk of pollution of the environment. Instead, toxic heavy metals such as Pb, Cd, As, Ni, Cr, Zn,
proper utilization of these materials for other Cu, etc. endangered humans and aquatic
value added products has been the keen interest organisms (16). For example, lead can cause
of many researchers (6). Chemical modifications several disorders that include; renal damage,
of cellulose such as esterification (7), acetylation hepatic damage, central nervous system damage,
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and damage to the reproductive system (17).
Currently, the existing conventional heavy metal
wastewater treatment technologies include
chemical precipitation, oxidation, evaporation,
electro-deposition, chelation, ion-exchange,
coagulation, membrane filtration and adsorption
(18). Each of the methods has positive and
negative attributes; however, adsorption has
been widely reported as cheap, effective and less
technical compared to other techniques (19, 20).
The focus of the present study is to modify
Hyphaene thebaica fiber, a huge lingo-cellulose
agricultural waste produced in tons annually in
most sub-Saharan African countries, with acrylic
acid via microwave free radical graft
copolymerization, characterize the graft
copolymer prepared and tested for its potential
for sorption of lead ions from aqueous solution.
H
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Figure 1: Chemical repeating unit of cellulose.

MATERIALS AND METHODS

Materials

Acrylic acid, acetone, methanol, and potassium
persulfate (KPS) were purchased from Sigma-
Aldrich (USA). Pb(NOs3); was purchased from
Loba Chemie (England). A stock solution of Pb(II)
ions (1000 mg/L) was prepared by dissolving
1.599 g of Pb(NO3); salt in a beaker (250 mL)
with deionized water. The prepared stock solution
was transferred to a 1.0 liter volumetric flask,
followed by the addition of 100 mL of 0.1M HNO3
and made to the mark with deionized water.
Desired concentrations of the metal solutions
were prepared by serial dilution of the stock
solution using deionized water. Other chemical
reagents were of analytical grade and used as
received.

Sample Collection and Pretreatment

A fresh stalk of Hyphaene thebaica was collected
from the local fields near Kayauki village, along
Daura road Katsina State, Nigeria, in clean plastic
containers. The stalk (300 g) was cleaned with
distilled water, pulverized and soaked in distilled
water at room temperature for 24 hrs. Thereafter
the fibers were removed and washed thoroughly
with distilled water and oven-dried at 50 °C.
Subsequently, mercerization of the fiber was
carried out with 5% (w/v) aqueous sodium
hydroxide (500 mL) for 24 hours in a 1000 mL
beaker at room temperature. This treatment
removes lignin, wax and oil and also increases
hydrophilicity (fiber wetting). The alkali treated
fibers were washed thoroughly with distilled
water until the pH of wash water becomes
neutral. The fibers were oven dried at 50 °C.
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Graft Copolymerization of Acrylic Acid onto
Hyphaene Thebaica Fiber

The graft copolymer was prepared using the
procedure described previously (21) with minor
modifications. Mercerized Hyphaene thebaica
fiber (0.5 g) was soaked in 50 mL distilled water
in a 250 mL Bomex beaker for 24 hours before
graft copolymerization, in order to activate the
reaction sites on the fibrous surface. Required
amount of acrylic acid and KPS were added and
stirred well. The reaction vessel was placed at the
center of a rotating ceramic plate in the domestic
microwave oven (Model WMO20L-MGSB, Skyrun,
Nigeria). The reaction vessel was then exposed to
microwave radiation at 900 W power for desired
time. Periodically, the microwave irradiation was
stopped and the reaction vessel was allowed to
cool by placing it in cold water. Reaction
parameters such as monomer concentration,
initiator concentration and microwave exposure
time were varied. Afterwards, polymeric product
was precipitated by adding excess acetone and
oven-dried at 50 °C. The sample was extracted
by Soxhlet extraction with methanol for 6 hours
to remove the homopolymer adhered to the
fibrous surface. Thereafter, the prepared grafted
fiber was oven-dried at 50 °C.

The percentage grafting was measured using
equation (1).

Wa-W,

(%) Grafting = x 100 (Eq. 1)

1

where W;j is the initial weight of the fiber sample,
W; is the weight of the grafted fiber after Soxhlet
extraction (22).

Characterization Techniques

Fourier Transform infrared analysis was
performed by using a FTIR VERTEX 70/70v
spectrometer (Agilent Technologies, USA). A
scanning electron microscope (SEM) micrograph
of the fiber and its surface morphology was
examined using PHENOM PRO X (Netherlands).
Powder X-ray diffraction patterns were recorded
on ARL X'TRA X-ray Diffractometer (Thermo
Scientific, Switzerland) using graphite
monochromatic CuKal (1.5406 A) and Ka2
operated at 40 kV and 30 mA in the range of 26
angles of 5-70°.

Batch Equilibrium Adsorption Experiment

Batch experiments were performed by varying
different variables such as pH, contact time,
metal ions concentration. The experiments were
carried out in 250 mL conical flasks by adding 0.1
g of the grafted fiber with 25 mL of various metal
ion solution of concentrations, 20, 40, 60, 80,
100, 120, and 140 mg/L and adjusted to desired
pH at room temperature using a shaker operating
at 300 rpm. At desired times, the adsorption
experiments were stopped, all of the 25 mL of
metal ion solutions with the grafted fiber was
filtered. The metal ion concentration was
determined and the separated grafted fiber was
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placed again into the same batch and continue to
the second adsorption period. All the experiments
were conducted in duplicate and averages of
duplicate readings were presented. The amount
of Pb(II) adsorbed per unit mass of the adsorbent
at equilibrium (qge) (mg/g) was calculated using
equation (2)

ge (Mmg/g) = (Co‘ce)% (Eq. 2)
where ¢, is the initial metal ions concentration
(mg/L), and ce is the equilibrium concentration of
metal ions in solution (mg/L), V is the volume of
metal ions solution used (L) and M is the mass of
the grafted fiber used (g). The equilibrium data
obtained were tested using the linear forms of
Langmuir isotherm model (23) and Freundlich
isotherm model (24), using equation (3) and (4),
respectively:

Ce 1 Ce
; - dmax QL dm (Eq 3)
log g = log KF+%Iog Ce (Eq. 4)
Adsorption kinetic experimental data were

modelled using two kinetic models; pseudo-first-
order (25) and pseudo-second-order (26)
expressed using equations (5) and (6)
respectively.
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log(ge — q¢) = log ge — 2';03t (Eq. 5)
Where gq.and q.(mg/g) are the amount of (metal
ions) adsorbed at equilibrium and at time t
respectively, and k,;(min) is the equilibrium rate
constant for pseudo-first-order adsorption
process. The plot of log (qe — q¢) versus t gives a
straight line. From the slope of the straight line,
the rate constants ki were calculated. Pseudo-
second-order kinetic model is expressed by the
following equation:

t

e

+_
e

(Eq. 6)

kZQe
Where q.and q.(mg/g) are the amount of the
uptake of adsorbate at equilibrium and at time ¢
respectively, and k,(g/mg/min) is the equilibrium
rate constant for pseudo-second order adsorption
process. The slope and intercept of the plot ofqi

t
versus t can be used directly to calculate the

kinetic parameters, adsorption capacity (qe) and
rate constant (kz).

RESULTS AND DISCUSSION
The experimental (conditions and results) of graft

copolymerization reaction between the fiber and
acrylic acid are presented in Table 1.

Table 1: Summary of results and reaction conditions of synthesis Cell-g-PAA.

S/N wt of fiber wt of acrylic wt of KPS Time % grafting
(9) acid (9) (9) (s)
1 0.5 5 0.1 120 58
2 0.5 5 0.2 120 92
3 0.5 5 0.3 120 73
4 0.5 5 0.4 120 43
5 0.5 2.5 0.2 180 7.2
6 0.5 7.5 0.2 60 27
7 0.5 5 0.5 120 39
0
/
CH C-OH
O
o~ CH C OH
K S O 0]
n Acryllc acid
an (111)

Scheme 1: (I) Cellulose, (II) Cellulose-macroradicals, (III) Cell-g-PAA.

A graft copolymer can be defined as a
macromolecule that has branches of another
polymeric species emanating from different
points along its backbone (27). Different grades
of graft copolymers were prepared by varying the
KPS and acrylic acid concentration (Table 1). The
plan of the synthesis involve optimization with
regard to KPS, maintaining the acrylic acid
concentration constant (i.e. S/N 1, 2, 3 & 4).
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Afterwards, optimization with respect to acrylic
acid keeping the KPS concentration constant (i.e.
S/N 5 & 6). The percentage grafting, G(%)
decreased when the initiator amount was
increased above 0.2g. This could be attributed to
more free-radical generation that eventually may
lead to premature termination (by coupling) of
the growing radicals at higher concentration (16).
It was observed that the highest percentage
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grafting was acheived at acrylic acid
concentration of 5 g and KPS concentration of 0.2
g. It was also observed that the reaction reached
to the optimum at a very short reaction time of 2
minutes. Microwave assisted synthesis involves
synergism between microwave radiation and free
radical initiator to form macroradical active sites
on the cellulose backbone. Cellulose is having
many —-OH groups along its length, when exposed
by microwave radiation in the presence of
persulfate initiator. Persulfate initiator dissociates
to produce a pair of persulfate ion radical (SO4%
). These radicals may abstract H-atom from the
easily accessible (-OH) group (28). This would
form active sites on the cellulose backbone
(macroradicals), this would eventually initiate
graft copolymerization on contact with acrylic
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acid. The plausible mechanism of the reaction is
shown in Scheme 1.

Characterization of The Grafted Fiber

FTIR Analysis

FTIR spectrum of the mercerized fiber is shown in
Figure 2. The broad absorption peak at 3335 cm-
1 was attributed O-H stretching vibrations of
cellulose and the absorption peak at 2888 cm-!
was assigned to C-H stretching vibration. The
peak at 1026 cm™! was attributed to stretching C-
O of B-glucosidic linkage of pyranose ring (29).
Meanwhile in the spectrum of the grafted fiber
(Figure 3), an additional sharp absorption peak at
1707 cm! indicates the C=0 stretching vibration
of carboxylic acid functional group, this confirmed
that the polyacrylic acid had been successfully
grafted onto the surface of the fiber.
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Figure 2: FTIR spectrum of the mercerized fiber.
=
T 84.97.679
n _,J,-Friw; \Q\\,‘ 1905; 96.534
kY 2117, 96.926 2002; 57.7
i \ L
N
‘\‘ e - | N
e {
& \\\ e ,J'E»%-z 82712
\1‘ 9,’.
o ﬁh =331r3? 77T \.ﬁ 2 Jo
& - 1424:[82.151454: 84.240
-E ‘ ‘L‘—.I
n b
Ec:_ \ fF | 803; 77.127
\ 1238 Il
= | 123 4=a; LL"
lﬂ - 78 84 !
i 1707; 74.410 1108 a018 |
Lo |
1144; 72.340 |
= i T
'—Lﬁ 033; 86.743
T 1 1 1 1 1 1T I 1 1 1 1T
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm-1)
Figure 3: FTIR spectrum of the grafted fiber (Cell-g-PAA).
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XRD Analysis

The XRD pattern of mercerized and grafted fiber
was presented in Figure 4. The characteristic
peaks of mercerized fiber were observed at
22.13° and 14.3° (206 degree) with relative
intensities of 1056 and 606, respectively. The
peaks of grafted sample were found at 20.25° and

Relative Intensity (a.u.)

Raw Fiber
Cell-g-PAA Fiber
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16.1° (26 degree) with relative intensities of
806.2 and 509.5, respectively. This showed that
grafting has resulted in the decrease in the peak
intensity of grafted sample. It was observed that
the grafting of polyacrylic acid onto the backbone
of the fiber changed most of the crystalline phase
to amorphous phase (30).

10 20 30

40

50 60 70

2Theta degree
Figure 4: X-ray diffractogram of mercerized fiber and grafted fiber (Cell-g-PAA).

Scanning Electron Microscopy (SEM)

Surface morphology of mercerized fiber and the
grafted fiber were examined using a scanning
electron microscope. The SEM images of
mercerized and grafted fiber were shown in
Figure 5a and 5b, respectively. The SEM images
were taken at the same magnification for a
suitable comparison of morphological changes
that occured. It is clearly seen that the

o S —— FEB

BATCH ADSORPTION STUDY

Effect of pH of the Solution

In order to examine the influence of this
important parameter on the adsorption of Pb(II),
the experiments were conducted in the pH range
of pH 2.0-9.0. The adsorption capacity for
different values of pH is represented in Figure 6.
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mercerized fiber was smooth after mercerization
which removed lignin lipids and waxes. It can be
observed that a substantial amount of polyacrylic
acid was left behind on the surface of the grafted
fiber after Soxhlet extraction that removed the
homopolymer that is unreacted with the fiber.
This has confirmed the grafting of polyacrylic acid
onto the surface of the fiber.

Figure 5: SEM images of (a) mercerized fiber and (b) grafted fiber (Cell-g-PAA).

The maximum adsorption capacity of Pb(II) takes
place at pH 5.0 and decreased afterwards. At low
pH values, there is a greater competition between
protons and metal ions which may eventually be
protonated most of the adsorption sites on the
adsorbent surface, resulting in low adsorption
capacity because of electrostatic repulsion. With
the increase of pH from 6.0-8.0, the carboxyl
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groups (-COOH) in polyacrylic acid and hydroxyl
groups in cellulose (-OH) become free from
protonation due to the diminishing of hydrogen
ion concentration, resulting in the decreased in
competition of protons with Pb(II) ions for

[T Pb(i
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adsorption sites and subsequently good
adsorption capacities were also observed.
However the precipitation of Pb(II) may

predominates over adsorption at pH values above
pH 9.0 that is why they are not considered.

Effect of Initial Metal Ion Concentration

In order to study the influence of initial metal ion
concentration affecting the overall adsorption
process, various batch adsorption experiments
were carried out for different concentration in the
range of 20 to 140 mg/L, keeping other
parameters constant. The results are presented
in Figure 7. The amount of Pb(II) adsorbed per
unit mass of the adsorbent relatively increased
with the increased in metal ion concentration

5

pH

Figure 6: Effect of pH on adsorption of Pb(II) onto Cell-g-PAA (initial Pb*2 conc. = 80 mg/L, adsorbent
dose = 0.1 g, contact time = 60 min, batch volume = 25 mL).

from 20 up to 100 mg/L. However, at
concentrations of 100 and 120 mg/L, the amount
adsorbed was virtually the same. Having
observed this, we concluded that the significant

amount of Pb(II) adsorbed at higher
concentration could be due to greater driving
force at the liquid-solid interface, which

consequently affect the mass transfer of the
adsorbate from solution to adsorbent surface
(31).

20 - HT i e
[TI1 Pb(Il) T I§il
d—-15- T
m T ]
S~ i
[=)]
510- -
L'
U -
5-
0 |} ) L]
20 40 60 80 100 120 140

Metal ions concentration (mg/L)

Figure 7: Effect of initial metal ion concentration on adsorption of Pb(II) onto Cell-g-PAA (initial pH =
5.0, adsorbent dose = 0.1 g, batch volume = 25 mL)
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Effect of Contact Time

Figure 8 represents the results of equilibrium
adsorption time and the adsorption capacity of
the adsorbent. It was observed that the
adsorption capacities increased steadily with the
increased contact time from 5 to 60 minutes, and
equilibrium point was attained after 45 mins for
20 mg/L concentration and 50 mins for 40 and 80
mg/L concentration. To ascertain the potential
mechanism controlling the rate of adsorption,
pseudo-first-order and pseudo-second-order
were chosen to fit the experimental data. Table 2

18 <

[ 20 mg/L
16+ [ 40 mg/L
144 I 50 mg/L

5 10 15 20 25

30
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showed the results of the kinetic models after
simulations for different initial metal ion
concentration. It was clear from the results that
the adsorption kinetics followed pseudo-second-
order model, with regression coefficients greater
than 0.99 in all cases. Furthermore, calculated
values of adsorption capacities agreed
satisfactorily with the experimental data. Thus,
chemisorption was assumed to be the rate-
limiting step, indicating strong interactions due to
the affinity of the adsorbent for the metal ion.

35 40 45 50 55 60 65

Time (minutes)

Figure 8: Effect of contact time on adsorption of Pb(II) onto Cell-g-PAA (initial Pb(II) conc. = 100 mg/L,
pH = 5.0, adsorbent dose = 0.1 g)

Table 2: Rate constants and regression coefficients for adsorption Pb(II)-

Pseudo-first-order model

Pseudo-second-order model

Co Omax exp Omax cal. ki (1/min)
(mg/L) (mg/g) (mg/g)

20 3.81 1.63 0.008

40 11.30 5.25 0.007

80 17.62 10.31 0.005

R? Qmax cal. ka R2
(mg/g) (9/mg/min)
0.711 3.75 0.091 0.996
0.882 10.90 0.084 0.999
0.912 16.43 0.075 0.998

Analysis of Adsorption Isotherms

Adsorption isotherm models are considered as the
most versatile tools to understand adsorption
patterns of adsorption systems. In this study, the
Langmuir isotherm model was found to fit the
experimental data well as illustrated in Figure 9.
From the linear plots of the two isotherm models,
all the adsorption parameters were determined as
presented in Table 3. Based on regression
coefficients (R?) of the two models, Langmuir
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isotherm model described the adsorption process
well with the calculated maximum adsorption
capacity of 20.37 mg/g. Furthermore, separation
factor (R.) which is a dimensionless constant
calculated was below unity; thus indicating the
favorability of the adsorption. Langmuir
adsorption model assumed homogenous
distribution of adsorbate onto the adsorbent
surface (monolayer coverage) (32).
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Ce (mg/L)

Figure 9: Langmuir isotherm plot for adsorption Pb(II) onto Cell-g-PAA.

Table 3: Isotherm constants and regression coefficients for adsorption of Pb(II)

Langmuir model

Freundlich model

Jmax R QL R? Kr n R2?
(mg/qg) (L/mg) (mg/g)
20.37 0.004 0.821 0.998 1.09 20.40 0.739
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