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ABSTRACT: Regenerated cellulose wood pulp was
grafted with the vinyl monomer glycidyl methacrylate
(GMA) using ceric ammonium nitrate as initiator and was
further fuctionalised with imidazole to produce a novel
adsorbent material, cellulose-g-GMA-imidazole. All cellu-
lose, grafted cellulose and functionalized cellulose grafts
were physically and chemically characterized using a num-
ber of analytical techniques, including elemental analysis,
Fourier transform infrared spectroscopy, thermogravimetric
analysis, differential thermal analysis, and scanning electron
microscopy. The cellulose-g-GMA material was found to
contain 1.75 mmol g�1 epoxy groups. These epoxy groups
permitted introduction of metal binding functionality to
produce the cellulose-g-GMA-imidazole final product. Fol-
lowing characterization, a series of adsorption studies were

carried out on the cellulose-g-GMA-imidazole to assess its
capacity in the removal of Cu2� ions from solution. Cellu-
lose-g-GMA-imidazole sorbent showed an uptake of �70
mg g�1 of copper from aqueous solution. The adsorption
process is best described by the Langmuir model of adsorp-
tion, and the thermodynamics of the process suggest that the
binding process is mildly exothermic. The kinetics of the
adsorption process indicated that copper uptake occurred
within 30 min and that pseudo-second-order kinetics best
describe the overall process. © 2005 Wiley Periodicals, Inc.
J Appl Polym Sci 99: 2888–2897, 2006
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INTRODUCTION

Copper has become one of the most widely used met-
als. Specifically, it is used or produced in the manu-
facture of printed circuit boards, metal finishing in-
dustries, tannery operations, chemical manufacturing,
and mining drainage. The properties of copper, which
make it suitable for these applications, include high
electrical and thermal conductivity, good corrosion
resistance, ease of fabrication, and installation, attrac-
tive appearance, ready availability, and high recycla-
bility. However, significant copper-containing waste
streams are produced from these industries.1

Copper(II) is known to be one of the most toxic heavy
metals to living organisms and it is one of the most
widespread heavy metal contaminants of the environ-
ment.2

Current methods for the removal and recovery of
copper(II) from its waste streams include precipita-
tion, coagulation, filtration, adsorption, ion exchange,

and electrochemical processes.3 Adsorption is now
recognized as an effective, efficient, and economic
method for water decontamination applications and
for analytical separation purposes.4 Currently, there is
an increasing emphasis on adsorbents based on natu-
rally occurring support materials. Natural support
materials possess a number of advantages, including
the fact that they are available in large quantities, are
relative cheap, and most importantly, can be chemi-
cally modified for enhanced metal binding ability.
Some of these natural materials include chitosan,5–7

zeolites,8,9 clays,10 and cellulose11; for example, chi-
tosan’s adsorptive capacity for some heavy metal ions
was greatly increased by chemical modification.3

This work focuses on the use of cellulose as a nat-
urally occurring polymeric base material in the prep-
aration of a new adsorbent material for heavy metal
contaminants. Cellulose is cheap, biodegradable, re-
newable, and the most abundant natural polymer in
the world. The properties of cellulose may be modi-
fied by changing both the physical and chemical struc-
ture. The graft polymerization method has gained im-
portance in modifying the chemical and physical
properties of pure cellulose for different uses.12,13 Ad-
sorption of heavy metal ions is one application which
has been studied in detail.14–16 In this study, a two
stage reaction scheme was conducted (Fig. 1). Initially,
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glycidyl methacrylate (GMA) was grafted onto regen-
erated cellulose fibers using ceric ammonium nitrate
as initiator. Ceric ammonium nitrate (CAN) generates
free radicals on the surface of the cellulose fibers
which initiate the polymerization of GMA forming
poly(GMA) chains off the surface of the fiber. The
presence of GMA subsequently leaves the grafted
product with a number of highly reactive epoxy
groups that can be utilized in the second stage of the
reaction scheme for the introduction of metal-specific
functional groups into the grafted polymeric material.
The cellulose-g-GMA was subsequently reacted with
imidazole to add a metal binding ligand. While the
metal binding ability of the imidazole ligand has been
studied previously,17,18 this research work was aimed
to study the combined effects of naturally occurring
support, grafting agent, and binding ligand.

EXPERIMENTAL

Materials

The regenerated cellulose (Chemcell™) was obtained
from Borregaard Industries, Sarpsborg, Norway. Ceric
ammonium nitrate (CAN), glycidyl methacrylate
(GMA), imidazole, methanol, and acetone (technical
grade) were provided by Sigma Aldrich, UK. The
solvents were all of technical grade. The GMA was
distilled to remove stabilizers before use. All aqueous
solutions and standards were prepared using deion-
ized water.

Adsorbent synthesis

Regenerated cellulose (0.5 g) was broken up into its
fibrous form and placed in a glass grafting apparatus
(Fig. 2) along with 30 mL of deionized water. The
grafting reaction was carried out under nitrogen. The
mixture of cellulose and 30 mL of water was bubbled
with nitrogen for 10 min to remove traces of air
trapped in the fibrous cellulose. The reaction temper-
ature was controlled at 30°C. CAN (0.05M) and 10 mL
of 0.1M nitric acid were added and allowed to react
with the cellulose for 15 min. The excess initiator
solution was removed by suction, and the cellulose

fibers were rinsed with 100 mL of water. Fresh deion-
ized water (40 mL) was charged into the glass grafting
apparatus and bubbled with nitrogen for 5 min. GMA
(0.35M) was then added and left to react for a further
2 h at 30°C under nitrogen. (Separately, 2–3 drops of
pluronic nonionic surfactant was added to the GMA to
keep it in an emulsified state.) The mixture was
stirred. On completion of the reaction, the Cell-g-GMA
product was removed and soxhlet extracted with ac-
etone for 12 h to remove any GMA homopolymer. The
Cell-g-GMA was then dried at 60°C under vacuum.1,2

The cellulose-g-GMA was then ground up into free
fibers and passed through a 500-�m sieve. The graft

Figure 1 Reaction of Cellulose-g-GMA with Imidazole.

Figure 2 Grafting apparatus.
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percentage was determined by the percent increase in
weight as follows:

� graft �
Wg � W0

W0
� 100 (1)

where W0 and Wg represent the weights of the initial
and the grafted fiber, respectively.

Imidazole (3.0 g) was reacted with the cellulose-g-
GMA fibers (3.0 g) in 120 mL dimethyl formamide
solution at 70°C for given durations. The cellulose-g-
GMA-imidazole material was then filtered and rinsed
with water and soxhlet extracted with methanol for
6 h to remove any unreacted imidazole residue. The
adsorbent was then dried in a vacuum oven at 70°C
under vacuum, ground up with a mortar and pestle,
and passed through a 300-�m sieve.

Adsorption experiments

Adsorption isotherms

A series of copper(II) solutions of various initial con-
centrations (25–6000 ppm) were prepared by dissolv-
ing appropriate amounts copper(II)sulfate, CuSO4.5H2O
(Merck, Germany), in deionized water. From each
flask, a 25-mL aliquot was removed and placed in a
separate 50-mL plastic vial and 0.2 g of the adsorbent,
cellulose-g-GMA-imidazole, was added to each vial.
Each vial was then sealed and attached to a flask
shaker (Gallenkamp, UK) and shaken for 2 h. After
2 h, the vials were centrifuged using a Rotofix 32
centrifuge (Hettich Zentrifugen) at 6000 rpm for 15
min. An aliquot of each supernatant was then re-
moved and suitably diluted with deionized water and
analyzed by atomic absorption spectrophotometry
(AAS) (Varian SpectraAA 220). Blank solutions con-
taining equivalent initial concentrations of copper but
without addition of the sorbent (cellulose-g-GMA-im-
idazole) were prepared and put through the identical
procedures. Standard copper AAS solutions were pre-
pared in the range 1–10 ppm using a 1000 ppm AAS
stock solution (Reagecon Diagnostics). Adsorption
isotherms were carried out at 7, 23, and 40°C. All
samples and blanks were run in triplicate to ensure
reproducibility and accuracy.

Kinetics studies

Adsorption kinetics for copper (II) uptake on cellu-
lose-g-GMA-imidazole were studied using the batch
technique. The investigations were conducted at 23°C
by monitoring the decrease in the copper (II) solution
concentration with time. Known weights of cellulose-
g-GMA-imidazole (0.2 g) were added to each vial con-
taining 25 mL of the copper (II) solution. Initial copper
(II) solution concentrations were 100, 300, and 600

ppm. The vials were shaken in a temperature-con-
trolled water bath shaker for various time periods and
subsequently centrifuged. The concentration of copper
(II) before and after adsorption was determined by
AAS. The amount adsorbed was calculated from the
initial and final concentrations of copper (II) in the
aqueous phase. All samples and blanks were run in
triplicate to ensure reproducibility and accuracy.

Characterization

Analytical methods

Fourier transform infrared spectroscopy: Fourier trans-
form infrared spectroscopy (FTIR) of the unmodified
regenerated cellulose, cellulose-g-GMA, and cellulose-
g-GMA-imidazole were recorded using a PerkinElmer
Spectrum 2000 instrument. A weight of sample (2 mg)
was mixed with 100 mg of FTIR-grade KBr. The sam-
ples were scanned 30 times at 4 cm�1 resolution in the
4000–400 cm�1 range and then averaged.

Scanning electron microscopy: Scanning electron mi-
crographs of the unmodified cellulose pulp fiber, cel-
lulose-g-GMA, and cellulose-g-GMA-imidazole were
taken using a Jeol JSM 840 scanning electron micro-
scope. The samples were sputter coated in gold using
an Edward sputter coater.

Thermogravimetric and differential thermal analysis:
Thermogravimetric analysis (TGA) and the differen-
tial thermal analysis (DTA) were done using a Stanton
Redcroft DTA/TGA 1600 (Rheometric Scientific, Ep-
son, UK). The TGA and DTA curves were produced
up to 600°C, starting at 95°C, at a heating rate of 10°C
min�1, under a nitrogen atmosphere. Alumina was
used as reference material.

Determination of the epoxy group content: The avail-
able epoxy group content of the cellulose-g-GMA was
determined by the HCl-dioxane method of titration.19

This method consists of reacting HCl with epoxy
groups in an appropriate organic solvent. Chlorohy-
drin is produced as a result of the acid opening the
epoxy groups.

Elemental analysis: The degree of epoxide and amine
substitution in the cellulose was analyzed by elemen-
tal analysis data. Analysis was carried out at the Mi-
croanalytical Laboratory, UCD, Dublin, Ireland.

pH studies: All pH studies were carried out using a
Jenway 3015 digital pH meter. Buffer solutions (pH 4,
7, and 11) (Merck) were used to calibrate the instru-
ment. Copper (II) adsorption solution concentrations
were altered using 0.1M HCl and NaOH solutions.

RESULTS AND DISCUSSION

FTIR characterization of the fibrous adsorbent

The FTIR spectra of the ungrafted cellulose wood
pulp, cellulose-g-GMA, and cellulose-g-GMA-imida-

2890 O’CONNELL, BIRKINSHAW, AND O’DWYER



zole are presented in Figure 3. Characteristic absorption
peaks for poly(GMA) occur at 1720 cm�1(carbonyl
group) and 985, 901, and 838 cm�1 (epoxy group) in
the grafted fiber.20 These adsorption peaks are also
visible in cellulose-g-GMA, providing evidence that
grafting of GMA to the cellulose surface had occurred.
The FTIR spectrum of cellulose-g-GMA-imidazole in
Figure 3 shows ligand peaks at 3000–3500 cm�1 (very
broad, im-NH and/or CH2ONHOCH2 stretching vi-
brations) and in Figure 4 at 1570 cm�1 (imidazole ring
vibration). The epoxy group peaks appearing in cellu-
lose-g-GMA at 840, 902 cm�1 (epoxy vibrations), and
1340 cm�1 [�(CH) epoxy] disappear completely, indi-
cating reaction of the epoxy groups on the cellulose-
g-GMA with the imidazole ligand. Also, additional
peaks can be seen on cellulose-g-GMA-imidazole in
Figure 4, at 1513cm�1 (COC/NOC stretching),
1235cm�1 (ring vibration), and 1106cm�1 (in plane
ring COH bending), giving more evidence of the func-
tionalization reaction with imidazole.21

SEM characterization

Scanning electron micrographs were used to examine
the surface morphology of the cellulose fibers and the
cellulose-g-GMA intermediate. To clarify the changes
in morphology due to the grafting of GMA, micro-
graphs of the investigated samples are presented with
two different instrument magnifications [Figs. 5(a)
and 5(b)]. The results show a pronounced swelling
effect on the fiber and the surface of the grafted fibers
look rougher. The diameter of individual fibers seems
to become thicker on the grafted cellulose.

TGA and DTA characterization

TGA and DTA curves of cellulose wood pulp, cellu-
lose-g-GMA, and cellulose-g-GMA-imidazole are pre-

sented in Figures 6 and 7. The differences in thermal
behavior for all three samples of cellulose are reflected
in (1) the temperatures corresponding to the onset of
weight loss, (2) the rate of weight loss, (3) the magni-
tude of the enthalpy change, and (4) the values of the
peak temperature of the DTA curve.22 Figures 6 and 7
show the simultaneous TGA/DTA plots for the cellu-
lose pulp, cellulose-g-GMA, and cellulose-g-GMA-im-
idazole. Analysis commenced at 100°C. Four distinct
regions can be distinguished by examining the DTA
curve for cellulose wood pulp in the temperature re-
gion below 365°C. An initial endothermic peak occurs
at 130°C and is attributed to removal of the water of
hydration in the sample. Two small endothermic
peaks occur at 275 and 320°C and are concurrent with
a slow weight loss, due to dehydration and depoly-
merization-tar-forming processes. There is a slight
exothermic peak between these two endothermic
peaks and this is believed to be the product of the
endothermic processes.23 From 240 to 370°C is attrib-
uted to the thermal cleavage of the glycosyl units and
scission of other COO bonds via a free radical reac-
tion.24 From Figure 7, it can be seen that cellulose-g-
GMA samples show an additional endothermic peak,
representing degradation of poly(GMA) at 390°C. The
exothermic peak at 350°C is due to some reaction (or
reactions) of the epoxy group. It has been reported
that in poly(GMA), the first degradation occurs at
360°C, with complete degradation at 435°C.25 The first
endothermic peak, which occurs at 250°C, may be due
to the decomposition of the grafted epoxide groups.26

The DTA curve for cellulose-g-GMA-imidazole shows
an additional deep endothermic peak at 435°C due
perhaps to the decomposition of the imidazole ligand.
In poly(vinyl imidazole) endothermic peaks occur at
320 and 460°C and may be due to the degradation of
protonated and unprotonated imidazole rings respec-
tively.27 From the TGA curves, it can be seen that the
starting temperature of thermal degradation of the
cellulose samples becomes lower, indicating loss in

Figure 3 FTIR spectra of cellulose, poly(GMA), cellulose-
g-GMA, and cellulose-g-GMA-Imidazole.

Figure 4 FTIR spectra of cellulose-g-GMA and cellulose-g-
GMA-imidazole in the 1600–1000 cm�1 range.
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thermal stability on grafting and a slight increase in
thermal stability on functionalization of the cell-g-
GMA fibers. The DTA curves would indicate an in-
crease in thermal stability with functionalization of
cellulose-g-GMA with imidazole, as can be seen from
the endothermic peak shifting from 250°C in cellulose-
g-GMA to 290°C in cellulose-g-GMA-imidazole. This
may suggest that an increase in the nitrogen content of

cellulose led to an increase in the decomposition tem-
perature of cellulose derivatives.

Determination of the epoxy groups content

A derivative procedure of the HCl-dioxane method
described by Kling and Ploehn19 was used in this
study to determine the amount of free epoxy groups
on the cellulose-g-GMA intermediate material. The

Figure 5 Surface morphology of (a) ungrafted and (b) grafted cellulose pulp with GMA. (a) Magnification 400�; (b)
magnification 1000�.

Figure 6 TGA curves for cellulose wood pulp, cellulose-g-
GMA, and cellulose-g-GMA-imidazole.

Figure 7 DTA curves for cellulose wood pulp, cellulose-g-
GMA, and cellulose-g-GMA-imidazole.
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method involves, initially, reacting a defined amount
of HCl with cellulose-g-GMA to open free epoxy rings,
and the residual HCl is backtitrated with NaOH. The
exact amount of free epoxy groups can thus be calcu-
lated from the amount of HCl consumed. In this
study, the cellulose-g-GMA intermediate material was
examined and found to contain 1.75 mmol g�1 free
epoxy groups.

Elemental analysis characterization

Table I outlines the results of the elemental analysis
carried out on the cellulose wood pulp, cellulose-g-
GMA, and cellulose-g-GMA-imidazole. Elemental
analysis indicates an increase in relative carbon and
hydrogen compositions following the grafting proce-
dure. The presence of nitrogen in the cellulose-g-
GMA-imidazole product alone provides further evi-
dence of the functionalization of the cellulose-g-GMA
intermediate product.

Adsorption

An adsorption isotherm can be used to characterize
the interaction of metal ions with adsorbents. The
isotherm provides a relationship between the concen-
tration of metal ions in solution and the amount of
metal ions adsorbed on to the solid phase when both
phases are at equilibrium.18 The adsorption isotherms
for Cu(II) on cellulose-g-GMA-imidazole at different
temperatures are shown in Figure 8. Preliminary tests
on equilibrium time for Cu(II) adsorption on cellulose-
g-GMA-imidazole revealed significant uptake within
the first 15–20 min, and full adsorption occurred after
30 min.

Adsorption levels were similar for all three temper-
atures. At 7°C, copper adsorption on cellulose-g-
GMA-imidazole reached a level of 65.62 mg g�1, 68.75
mg g�1 at 23°C, and 62.5 mg g�1 at 40°C.

The adsorption isotherm data were analyzed by
both the Langmuir and Freundlich models, as defined
in eqs. (2) and (3).28,29

qe �
KLCe

1 � ALCe
(2)

qe � KFCe
1⁄n (3)

where qe is the amount of solute adsorbed at equilib-
rium per gram of adsorbent, Ce is equilibrium concen-
tration in solution in milligram per decimeter, and KL

and AL are Langmuir constants. A plot of Ce/qe versus
Ce from the linear form of eq. (2) was used to deter-
mine the values of KL (intercept) and AL/KL (slope).
Saturation coverage on the adsorbent was obtained as
KL/AL.

The Freundlich isotherm model is entirely an em-
pirical isotherm and assumes a logarithmic relation-
ship between the level of adsorption and equilibrium
sorbate concentration and can be represented by the
linearized form of eq. (3).

ln qe � ln KF �
1
n ln Ce (4)

where KF and n are Freundlich constants related to
adsorption capacity and energy of adsorption, respec-
tively.30 The adsorption data were fitted to the Lang-
muir and Freundlich Isotherm models, and Figure 9
shows the Langmuir plot.

TABLE I
Elemental Analysis of Cellulose, Cellulose-g-GMA, and

Cellulose-g-GMA-Imidazole

Sample % C % H % N

Cellulose wood pulp 41.63 6.07 0.0
Cellulose-g-GMA 52.22 6.63 0.0
Cellulose-g-GMA-imidazole 50.49 6.46 8.09

Figure 8 Adsorption isotherms for Cu(II) on cellulose-g-
GMA-imidazole at 7°C (�), 23°C f, and 40°C (Œ).

Figure 9 Langmuir isotherms for Cu(II) adsorption on cel-
lulose-g-GMA-imidazole at 7°C (�), 23°C (f), and 40°C (Œ).
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The Langmuir model yielded high correlation coef-
ficient values (R2) of 0.976 for 7°C, 0.961 for 40°C, and
0.995 for 23°C. The Langmuir constants were calcu-
lated using eq. (2) and are shown in Table II. KL/AL is
used to estimate the monolayer or saturation coverage
of Cu(II) on the adsorbent. It was calculated as 65.79
mg g�1 for 7°C, 68.49 mg g�1 for 23°C, and 71.43 mg
g�1 for 40°C.

Modeling the data to the Freundlich model yielded
significantly lower correlation coefficients, as outlined
in Table II.

Influence of pH

The removal of pollutants from wastewaters by ad-
sorption is highly dependent on sorbate solution pH.
Variation of pH can affect the surface charge of the
adsorbent, and the degree of ionization and speciation
of adsorbate.31 The effect of initial solution pH on
copper sorption onto cellulose-g-GMA-imidazole was
studied at room temperature by varying the pH be-
tween 2.0 and 7.0 (Fig. 10). It can be seen that the
sorption of copper increases as the pH increases, from
a low value of 13.26% at pH 2.0 to its maximum of

97.33% at pH 7.0. The influence of pH on the removal
of Cu(II) can be explained on the basis of the electro-
static interaction model.32 As the pH decreases, the
surface of the cellulose-g-GMA-imidazole exhibits an
increasingly positive characteristic. The species to be
adsorbed, Cu2�, is positively charged, and at very low
pH values, the adsorption is not favored. Effectively,
competition between H� ions present and Cu2� ions
minimizes the extent of copper adsorption. As the pH
increases, the adsorbent surface becomes more nega-
tively charged and therefore the adsorption of posi-
tively charged Cu2� and Cu(OH)� species is more
favorable.33 As the pH of the solution increases above
5, Cu2� removal by precipitation as Cu(OH)2 starts to
occur. The very high perceived uptake of Copper(II)
above pH 5 is mainly due to this precipitation of
Cu(OH)2 and not the adsorption capability of cellu-
lose-g-GMA-imidazole.

Thermodynamics

To explain the effect of temperature on the adsorption
processes, the thermodynamic parameters of standard
free energy (�G0), standard enthalpy (�H0), and stan-
dard entropy (�S0) were determined.34

These thermodynamic parameters for the adsorp-
tion of copper were calculated by using eqs. (5)–(8),
and the values of the thermodynamic parameters are
outlined in Table III.

KC �
qe

Ce
(5)

TABLE II
Langmuir and Freundlich Constants for Cu(II) Adsorption on Cellulose-g-GMA-Imidazole

Temperature (°C)
KL

(dm3 g�1)
KF

(dm3 g�1)
AL

(dm3m g�1)
KL/AL

(mg g�1) n R2

Langmuir isotherm data
7 0.5879 0.00893 65.79 0.9757
23 1.5508 0.02264 68.49 0.9947
40 0.4832 0.00676 71.43 0.9607

Freundlich isotherm data
7 5.294 3.059 0.9172
23 9.870 3.924 0.8188
40 9.870 3.924 0.8188

Figure 10 Removal of Cu(II) by cellulose-g-GMA-imida-
zole, as a function of pH. Conditions: 1000 ppm CuSO4
solution; Temperature, 23°C; cellulose-g-GMA-imidazole,
0.2 g; Time, 1 h.

TABLE III
Thermodynamic Parameters for the Adsorption of Cu(II)

on Cellulose-g-GMA-Imidazole

��G° (KJ mol�1)
�H°

(kJ mol�1)
�S°

(J k�1 mol�1)7°C 23°C 40°C

8.50 11.47 9.22 �2.70 24.11 � 4.81
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�G0 � � RT ln KC (6)

�H0 � � R� T2 � T1

�T2 � T1�
� ln

kc2

kc1
(7)

�S0 � �
��G0 � �H0�

T (8)

where kC1, kC2, and kC3 are equilibrium constants at
temperatures T1, T2, and T3, respectively, obtained
from the Langmuir isotherms,35 qe is the amount of
solute (mol) adsorbed on the adsorbents (cubic deci-
meter of the solution at equilibrium), and Ce is the
equilibrium concentration (mol dm�3) of the solute in
solution. T is the temperature in Kelvin and R is the
gas constant.36.

The negative values of the Gibbs free energy (�G0)
at various temperatures indicate the spontaneous na-
ture of the adsorption and the feasibility of the pro-
cess. The increase in �G0 from 7 to 23°C shows that the
adsorption is more favorable at high temperatures.24

The positive value of enthalpy (�H0) indicates that the
adsorption is endothermic, and the positive value of
entropy change (�S0) reflects an affinity of cellulose-
g-GMA-imidazole for the Cu(II) adsorbate,37 and sug-
gests some structural changes in copper and the ad-
sorbent.38

Kinetic parameters

To apply the adsorption technique to larger scale pro-
cesses, the elucidation of the kinetic parameters and
sorption characteristics of the adsorbent material is
necessary. The two primary issues to be addressed are
contact time for equilibrium adsorption and the influ-
ence of initial adsorbate concentration on uptake. The
influence of initial concentration on the rate of Cu(II)
uptake can be seen in Figure 11.

Preliminary adsorption tests on the rate of Cu(II)
uptake by cellulose-g-GMA-imidazole indicated that
the adsorption process is quite rapid, with maximum
adsorption and equilibrium conditions being reached
within 15–30 min.

Two rate equations were used to analyze the ad-
sorption kinetics data—pseudo-first- and second-or-
der reaction kinetics. The results are presented in Fig-
ure 12 and Table IV.

Lagergren’s pseudo-first-order kinetic expression
eq. (9) can be represented in linear form eq. (10).

dqt

dt � k1�qe � qt� (9)

ln (qe � qt) � ln qe � k1t (10)

The term k1 refers to the pseudo-first-order rate
constant for the sorption process (per minute). Param-
eters derived from the pseudo-first-order plots or the
Cu(II) adsorption data are shown in Table IV.

Pseudo-second-order kinetics [eq. (11)] can be used
to assess the dependency of the process on the sorbed
Cu(II) concentration.39

dqt

dt � k2�qe � qt�
2 (11)

where k2 is the overall rate constant for the adsorption
process [dm3 (mg min�1)], qe is the amount of Cu(II)
adsorbed at equilibrium (mg g�1), and qt is the
amount of Cu(II) adsorbed at any time t (mg g�1).
Rearrangement of eq. (11) leads to the linearized form,
as outlined in eq. (12).

t
qt

�
1

k2qe
2 �

1
qe

t (12)
Figure 11 Kinetics of Cu(II) uptake by cellulose-g-GMA-
imidazole at 100 mg dm�3 (�), 300 mg dm�3 (f), and 600
mg dm�3 (Œ).

Figure 12 Second-order sorption kinetics of Cu(II) on cel-
lulose-g-GMA-imidazole at concentrations of 100 mg dm�3

(�), 300 mg dm�3 (f), and 600 mg dm�3 (Œ).
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The initial sorption rate, h, as t3 0 can be defined as

h � k2qe
2 (13)

The initial sorption rate, h, the equilibrium sorption
capacity, qe, and the pseudo-second-order rate con-
stant, k2, can be determined experimentally from slope
and intercept by plotting t/qt against t.38

Analysis of both pseudo-first- and second-order
plots and the resulting parameters (Fig. 12 and Table
IV) clearly indicates that the kinetics of Cu(II) adsorp-
tion on cellulose-g-GMA-imidazole strongly correlates
with the pseudo-second-order kinetic process.

All plots show very high correlation coefficients (R2)
and good conformity with the proposed pseudo-sec-
ond-order equation. The initial sorption rates (h val-
ues) increased with an increase in initial copper ion
concentration. The data show an increase in Cu(II)
uptake capacity for higher initial Cu(II) concentrations
and that the initial Cu(II) concentration influences the
contact time necessary to reach equilibrium. The val-
ues of the overall sorption rate constants, k2, were
found to increase substantially with increasing initial
concentration from 100 to 300 mg dm�3 and to de-
crease from 300 to 600 mg dm�3. Correlation coeffi-
cients (R2) for the pseudo-first-order equations are
lower than the comparable pseudo-second-order
equation coefficients. This indicates strictly that the
sorption of Cu(II) by cellulose-g-GMA-imidazole is
more accurately represented by the pseudo-second-
order kinetics process.

CONCLUSIONS

The graft copolymerization of the vinyl monomer gly-
cidyl methacrylate (GMA) on regenerated cellulose
wood pulp and the subsequent functionalization of
this grafted polymer with imidazole were carried out
and characterized. Spectroscopic (FTIR) and titromet-
ric evidence suggest that imidazole successfully func-
tionalized the cellulose-g-GMA. As a further evalua-

tion of cellulose-g-GMA-imidazole material, adsorp-
tion tests were carried out to investigate the material’s
ability to remove Cu2� from aqueous solution. The
adsorption isotherm indicated clearly that the reaction
product has an adsorptive capacity and was capable of
removing 68.49 mg Cu2� g�1 of reaction product. This
adsorption follows a Type I process and fits the as-
sumptions of the Langmuir isotherm. Kinetics data on
the adsorbent determined that the Cu(II) uptake was
very rapid, with maximum uptake occurring at ap-
proximately the 20-min mark. These tests also demon-
strated the dependence of the adsorption process on
the initial concentration of Cu(II) in solution, with
uptake rising with increased concentration. Further
examination revealed a correlation of the process to
the pseudo-second-order kinetics model. It was nota-
ble, however, that the overall rate constants and the
initial sorption rates decreased as a result of higher
initial concentrations of Cu(II). The adsorption process
was shown not to be affected significantly by temper-
ature and the ideal pH of adsorption was shown to be
pH 4.5. These findings suggest that cellulose-g-GMA-
imidazole exhibits significant potential as an adsor-
bent in the removal of heavy metals from industrial
wastewaters.
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