
* Corresponding author.

1944-3994/1944-3986 © 2017 Desalination Publications. All rights reserved.

Desalination and Water Treatment 
www.deswater.com

doi: 10.5004/dwt.2017.21479

97 (2017) 251–261
November

Graft copolymerization of methyl acrylate onto date palm fiber 
and its application in the removal of chromium(III) from water

Abdalla Mohmoud Abulkibasha,*, Nadir Mohammed Osmana, Faraj Ahmad Abuilaiwib,* 
aDepartment of Chemistry, King Fahd University of Petroleum and Minerals, Dhahran 32211, Saudi Arabia,  
email: abdallam@kfupm.edu.sa (A.M. Abulkibash)
bDepartment of Chemistry, University of Hafr Al Batin, Hafr Al Batin 31991, Saudi Arabia

Received 21 March 2017; Accepted 22 September 2017

a b s t r a c t
Toxic metals released from untreated industrial effluents can reach the water bodies and affect the 
aquatic life. These metals can easily enter the food chain and cause health hazards. Ion exchangers 
have been applied to remove certain ions from the polluted water. A new ion-exchanger was pre-
pared by graft copolymerization of methyl acrylate onto date palm wood fiber in an aqueous solution. 
Hydrogen peroxide was used as an initiator and ferrous ammonium sulfate as a catalyst. The effects of 
the amount of the initiator, the amount of the catalyst, the reaction time and the reaction temperature 
were investigated. A maximum percentage of grafting of 220% and a grafting efficiency of 47% were 
obtained at a temperature of 90°C, a period of time of 2 h and an amount of 0.15 mmol of the catalyst. 
The optimum volume of the monomer was 8 mL and the concentration of hydrogen peroxide was 
0.03 M. The grafted copolymer was characterized by Fourier transform infrared spectroscopy where 
a band at 1,730 cm–1 provides strong evidence of the grafting process. The surface morphology of the 
copolymer was studied using the scanning electron microscopy. The ion-exchanger was prepared by 
reacting the grafted copolymer with hydroxylamine hydrochloride. This ion-exchanger was applied 
for the removal of chromium from water.
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1. Introduction

Several types of trees such as rubber, coconut and palm 
can provide valuable raw materials that have important 
applications. The date palm wood fiber (DPWF) is used in the 
construction of huts, aqueducts, bridges and its residues can 
be burnt for fuel [1]. The date palm has three major chemical 
components which are cellulose, lignin and hemicellulose as 
well as other minor constituents such as protein and oil [2,3]. 
Most of the wood fibers are hydrophobic and a wide range 
of chemical modifications have been developed to improve 
paint, stain and related coating or adhesives. These modifica-
tions generally provide physical interactions with the wood 
substrate but do not provide permanent modification for the 

wood surface. Chemical treatment through initiation of cova-
lent bonds with the hydroxyl groups in external surface or in 
the walls of the cell may give excellent modification [4].

Grafting is considered as a powerful method that pro-
vides essential modification in the whole properties of the 
natural polymers. In addition, it also helps in retaining the 
desired specifications of the fiber [5].

Graft copolymerization is a technique commonly used 
to modify the chemical and physical properties of a poly-
mer which will in turn lead to high strength, high modulus, 
toughness and low density. The resulting material will have 
a friendly impact on the environment. This approach has 
directed the attention to focus on the lignocellulosic biomass 
of eternal and annual plants as raw materials for the produc-
tion of various advanced polymeric compounds [6].

Cellulose has many properties like renewability, biodegrad-
ability and can be modified to produce many useful products. 
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Various plants can produce cellulose in their cells either as hair 
or as a structural polymer [7]. Therefore, wood is considered 
as the main source of cellulose where it exists as a texture com-
bining with lignin. Cellulose can be modified by combining it 
with polar and ionizable groups. As a result, new polymeric 
materials have been synthesized and applied in industries like 
petroleum, papermaking, textiles and in the protection of envi-
ronment [8]. Potassium persulfate has been used to initiate the 
graft copolymerization of methyl methacrylate onto cellulosic 
biofiber [9]. Recently, cellulose- and chitosan-based membranes 
have been introduced for water purification [10].

Some of the vinyl monomers have been applied in the 
graft copolymerization of cellulose. The resulting sorbents 
were so efficient to the extent that they have been used in 
water treatment processes [11,12]. In another study, the coco-
nut husk was grafted with acetonitrile and used to remove 
mercury(II) from both aqueous solutions and wastewater of 
the chloro alkali industries [13]. The leaves of banana have 
been modified by introducing functional groups like phos-
phosulfonate, sulfate and phosphate and used to remove 
heavy metals ions [14]. New chelating materials have been 
prepared from sugarcane bagasse and used in the adsorp-
tion of metal ions from aqueous solutions [15,16]. Methylene 
blue (MB), cadmium(II) and copper(II) have been removed 
using a cheap solid adsorbent prepared from date pits [17]. 
Another low coast adsorbent has been prepared by physical 
modification of the wood sawdust which contains the texture 
of cellulose–lignin polymeric structure. This adsorbent has 
been used for the removal of copper(II) and iron(III) under 
variable conditions [18]. In addition, rice bran hemicellulo-
ses and different chemically modified orange peel cellulose 
biosorbents possess the ability to adsorb some heavy metal 
ions effectively from aqueous solutions [19]. The potentiality 
of different agricultural waste wood in the removal of cop-
per(II) has been studied [20]. Inorganic pollutants like cad-
mium, lead, chromium(III) and others are legally restricted 
to very low limits in aqueous effluents [21]. 

Chromium which exists in aqueous media as Cr(III) and 
Cr(VI) is considered as one of the most toxic heavy metals. 
Therefore, the World Health Organization and the United 
State Environmental Protection Agency have set a concentra-
tion of 0.05 mg/L for Cr(VI) and 0.1 mg/L for Cr(III) as the 
maximum allowable limits in drinking water [22].

Chromium is used in a wide spectrum of industries like 
metal production, paint, leather tanning, printing, textile agricul-
tural and wood impregnation. These activities are responsible of 
discharging chromium into air, soil and water [23]. Wastewater 
released through these industries can contain 0.5–270 mg/L of Cr 
[23]. To a lesser extent chromium is also released to the environ-
ment from natural and anthropogenic sources [24]. 

Cr(III) potentiates the action of insulin in peripheral tis-
sue and is essential for animals and human beings [25]. Food 
and Drug Administration has recommended a reference daily 
intake of 120 μg/d of chromium (US Department of Health and 
Human Services, 1995). On the other hand, Cr(VI) is a mutagen 
and is classified as a human carcinogen [21,25]. International 
Agency for Research on Cancer has classified chromium(VI) 
in Group 1 (carcinogenic to humans) and metallic chromium 
and chromium(III) in Group 3 (not classifiable as to their car-
cinogenicity to humans) [26]. Moreover, in studies with ham-
sters and mice, parenteral administration of chromium(III) or 

chromium(VI) during gestation did result in embryotoxicity 
or fetotoxicity and teratogenicity [27]. These effects appear to 
be associated with maternal toxicity, but definitive conclusions 
cannot be reached [28]. As a result, the US Environmental 
Protection Agency has set the maximum contamination level 
(MCL) for total Cr to 0.1 mg/L [24]. To a more stricter extent the 
WHO set the MCL of total Cr to 0.05 mg/L [21].

Various physicochemical techniques have been studied 
for the treatment of chromium metal pollution, such as chem-
ical precipitation, ion-exchange, electrochemical precipita-
tion, reduction, adsorption, solvent extraction, membrane 
separation, concentration, evaporation, reverse osmosis and 
biosorption and emulsion per traction technology [29]. These 
adsorption techniques have advantages like the reusability, 
low cost and higher capacity. 

Graft copolymerization onto date palm fibers has not 
been investigated yet. This work was undertaken to prepare 
a low cost ion-exchanger by grafting methyl acrylate (MA) 
onto the date palm fibers. In this work, MA was used as a 
comonomer and H2O2/ferrous ammonium sulfate as an initi-
ator. The optimum conditions for grafting were investigated 
by changing the reaction time, the reaction temperature, the 
concentration of H2O2 and the amount of ferrous ammonium 
sulfate used. The resulting grafted palm wood fiber was char-
acterized by Fourier transform infrared (FTIR), scanning elec-
tron microscopy (SEM), thermogravimetric analysis (TGA) 
and derivative thermogravimetric analysis techniques. A 
poly(hydroxamic acid) ion-exchange resin was produced 
when hydroxylamine hydrochloride was allowed to react 
with the grafted palm wood fiber. This resin was applied for 
the removal of chromium(III) from aqueous media. 

2. Experimental

2.1. Materials

The date palm fiber which was obtained from local farms 
was first ground to less than 200 μm. This fiber was washed 
twice with hot distilled water, then with acetone, and dried in 
an oven at a temperature of 50°C. MA (Merck, Germany) of 99% 
purity was purified by passing it through a column packed with 
an activated alumina to remove the inhibitor. Analytical reagent 
grade of hydrogen peroxide was purchased from Rirdel-de-
Haen (Germany). Ammonium ferrous sulfate of an analytical 
grade was obtained from British Drug Houses and used as 
received. Other chemicals used were of analytical grade.

2.2. Graft copolymerization of date wood fiber

Graft copolymerization was carried out in a two-necked 
round bottom flask having a nitrogen gas inlet. The flask con-
taining 100 mL of distilled water was placed in an oil bath of 
controlled temperature and equipped with a magnetic stirrer. 
An amount of 1.0 g of the fiber was added to the flask with 
constant stirring for a period of time of 5–10 min. A quantity of 
0.1 g of ferrous ammonium sulfate was added under nitrogen 
atmosphere while the temperature of the solution was kept 
at 60°C for a period of 15 min. A quantity of 7.8 × 10–2 mol of 
the activated MA was added to the reaction mixture followed 
by a volume of 0.3 mL of 35% hydrogen peroxide with con-
stant stirring. The temperature of the reaction mixture was 
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maintained at 60°C for a period of 1 h. The reaction was 
stopped, the flask was cooled and the product was filtered. 
The final product was washed for several times with distilled 
water, dried in an oven at a temperature of 60°C and left for 
overnight and weighed. The dry product was washed with 
acetone in the Soxhlets apparatus for a period of 48 h. The 
final product was dried for overnight in an oven at a tem-
perature of 60°C, then cooled and weighed. 

2.2.1. Removal of homopolymer and determination of graft level

The crude product was purified with acetone using a 
Soxhlets extractor for 24 h to remove the polymethacrylate 
homopolymer. The pure grafted copolymers were then dried 
at 60°C to a constant weight. The percentage of grafting (Pg) 
was determined by the following formula:

P
w w
wg =
−

×2 1

1

100   (1)

where w1 is the weight of the original DPWFs in grams, w2 is 
the weight of the grafted product after copolymerization and 
extraction [30].

2.2.2. FTIR spectroscopy

Infrared (IR) spectra of the DPWF, grafted DPWF and 
the poly(hydroxamic acid) ion-exchange resin samples 
were recorded on an FTIR spectrometer (PerkinElmer 1725, 
Norwalk, CT) using a KBr disk pellet. 

2.2.3. Scanning electron microscopy

The SEM photographs of the fiber surfaces of grafted 
polymethyl acrylate (PMA) onto DPWF and ungrafted DPWF 
were taken using a scanning electron microscope TESCAN 
model MIRA 3 LMU.

2.2.4. Thermogravimetric analysis

Thermogravimetric experiments were carried out using a 
Shimadzu TGA-50H Thermogravimetric Analyzer. The anal-
ysis was carried out under air atmosphere from ambient tem-
perature to 700°C at a heating rate of 10°C/min.

2.3. Preparation of a chelating resin containing hydroxamic acid 
groups

A solution of hydroxylamine hydrochloride (NH2OH• 
HCl) was prepared by dissolving an amount of 20 g of 
hydroxylamine hydrochloride in a volume of 300 mL of 
a solution of a volume ratio of 4:1 (methanol/water). The 
hydrochloride content of NH2OH•HCl was neutralized by 
the addition of NaOH solution and the precipitated NaCl 
was removed by filtration. The grafted product was placed 
in a two-necked flask equipped with a condenser, placed in 
a thermostat water bath and mixed with the hydroxylamine 
hydrochloride solution. The mixture was stirred and allowed 
to react for a period of 180 min at a temperature of 70°C. 
After completion of the reaction, the resin was filtered and 
washed several times with the methanolic solution. The resin 

was neutralized with a solution of 0.1 M HCl, then filtered, 
washed several times with the methanolic solution and dried 
to constant weight in an oven at a temperature of 60°C. 

3. Results and discussion

The DPWF was treated with the initiator H2O2 and the 
cocatalyst ferrous ammonium sulfate solution. To this mix-
ture, MA was added to form free radical sites. The copoly-
merization process starts by forming covalent bonds between 
the monomer and the fiber radicals where chain reactions 
propagate. In addition, a homopolymer of MA can occur due 
to the presence of the initiator in the reaction. Fig. 1 describes 
the mechanism of the grafting process [4].

3.1. Parameter optimization

3.1.1. Effect of temperature

The temperature of the grafting reaction was studied in the 
range of 30°C–120°C. It was found that the percentage yield of 
grafting has increased gradually up to 90°C where the maximum 
percentage yield of grafting was achieved. Increasing the tem-
perature will affect the swellability of DPWF onto the substrate 
which can also increase the percentage yield of grafting. Such 
observation has been noted in the grafting of methyl methacry-
late and oil palm empty fruit bunch [30] and MA onto the jute 
fiber [31]. In addition, increasing the temperature will increase 
the rate of diffusion of the monomer into the fiber matrix where 
grafting can be initiated by complexed monomer [32]. The tem-
perature will also increase the rate of formation of the active pri-
mary radicals which will in turn increases the number of grafting 
sites. Above the temperature of 90°C the drop in the percentage 
yield of grafting is attributed to the decomposition of hydrogen 
peroxide which will furnish many radicals that enhance the for-
mation of homopolymers as can be seen from Fig. 2.

3.1.2. Effect of the concentration of initiator

The percentage of grafting was found to increase with the 
concentration of the initiator up to a certain level then it starts 
to decrease as shown in Fig. 3. The increase in the concentra-
tion of the initiator will increase the number of free radicals in 
the system. This will in turn increase the number of the active 
sites in the backbone, hence, facilitate the grafting process. It 
is obvious from this figure that the maximum percentage of 
grafting has the value of 152. This value occurs at an initiator 
concentration of 0.03 M. Beyond this concentration, the per-
centage of grafting starts to decrease due to the formation of 
large numbers of cellulosic fiber radicals. These radicals may 
react with each other and terminate the reaction before the 
addition of the monomer. Moreover, homopolymerization is 
also possible at higher concentrations of the initiator [33].

3.1.3. Effect of the amount of monomer

Increasing the volume of the monomer (MA) from a vol-
ume of 2–8 mL was found to increase the percentage of grafting. 
A volume of 8 mL of the monomer was found to give a maxi-
mum percentage of grafting of 189% as shown in Fig. 4. More 
volumes of the monomer will initiate the homopolymerization 
process [33], as a result, the percentage of grafting will decrease.
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3.1.4. Effect of reaction period

The grafting reaction was carried out during different 
periods of time that range from 30 to 150 min. Fig. 5 shows 
that a maximum percentage of grafting of 152% was obtained 
after 120 min. However, further increase in the time of the 

reaction will result in decreasing the concentrations of the 
monomer, the initiator and the catalyst. In addition, the 
active sites in the backbone will be covered with the polymer, 
hence, homopolymerization will be initiated [31,33] which 
will lead to a decrease in the percentage of grafting.

Fig. 1. Mechanism of graft copolymerization of MA onto DPWF.
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3.1.5. Effect of the amount of catalyst

The addition of a small amount of the catalyst to the graft 
copolymerization reaction was found to increase the percent-
age of grafting as shown in Fig. 6. A percentage of grafting 
of 206 has resulted when an amount of 0.15 mmol of ammo-
nium ferrous sulfate [(NH4)2SO4.FeSO4.6H2O] was used. This 
amount of catalyst is sufficient to decompose the hydrogen 
peroxide to generate the required amount of radicals. Further 
increase in the amount of the catalyst will lead to the forma-
tion of large numbers of free radicals that will interact and 
terminate the reaction [34].

3.1.6. Preparation of poly(hydroxamic acid) resin

The reaction between an ester and hydroxylamine in an 
alkaline medium is a general method to prepare hydroxamic 
acid. The same ratio of PMA-grafted-DPWF and hydroxyl-
amine was used in alkaline media, the temperature of reac-
tion was 70°C, the reaction was carried out during a period 
of 180 min in a methanolic solution (methanol/water ratio 
80:20).

Domb et al. [35] suggested a mechanism for the reac-
tion between polyacrylate ester with hydroxylamine to give 
poly(hydroxamic acid) which is shown in Fig. 7.

3.2. Characterization

3.2.1. Thermogravimetric analysis

TGA is a simple and accurate method for studying the 
decomposition pattern and the thermal stability of polymers. 
Figs. 8 and 9 show the thermogravimetric curves and the first 
derivative for date palm wood fiber (DPWF) and DPWF-g-
PMA. Below 100°C, about 17% weight loss was observed in 
the PDWF due to the evaporation of moisture content [36]. 
Water formation from cellulose is known to occur at various 
temperatures in varying yields since there is a number of 
different water producing reactions during the degradation 
of cellulose. Cellulose in equilibrium with the atmosphere 
normally contains absorbed moisture due to its polar nature. 
Physical desorption of water occurs at a temperature range 

Fig. 2. Effect of reaction temperature on the grafting percentage 
(—) and grafting efficiency (---). Reaction time 120 min, 
MA 8.883 × 10–2 mol, H2O2 0.03 M, Fe2+ 0.01 mmol.

Fig. 3. Effect of the amount of initiator H2O2 on the grafting 
percentage (—) and grafting efficiency (---). Reaction time 
120 min, MA 8.883 × 10–2 mol, temperature 90°C, Fe2+ 0.01 mmol.

Fig. 4. Effect of the amount of monomer (MA) on the grafting 
percentage (—) and grafting efficiency (---). Reaction time 
120 min, H2O2 0.03 M, temperature 90°C, Fe2+ 0.01 mmol.

Fig. 5. Effect of reaction period on the grafting percentage (—) 
and grafting efficiency (---). MA 8.883 × 10–2 mol, H2O2 0.03 M, 
temperature 90°C, Fe2+ 0.01 mmol.

Fig. 6. Effect of the amount of the catalyst on the grafting 
percentage (—) and grafting efficiency (---). MA 8.883 × 10–2 mol, 
H2O2 0.03 M, temperature 90°C and a reaction time of 120 min.
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of 25°C–150°C. However, when the cellulose is heated from 
a temperature of 150°C–320°C, water release was observed 
which could be attributed to the reaction of hydroxyl groups 
to form keto groups [37].

Graft copolymerization of vinyl monomers onto 
DPWF reduces its moisture content to about 5% in case of 

DPWF-g-PMA. In case of PDWF, the major degradation 
occurs between temperature of 220°C and 420°C leading to 
a weight loss of 70%, whereas in case of DPWF-g-PMA, the 
degradation occurs between temperature of 245°C and 500°C 
leading to a weight loss of 85%.

3.2.2. FTIR spectroscopy

FTIR spectroscopy was applied to characterize and verify 
the presence of the PMA on the DPWF and the hydroxamic 
acid group. Fig. 10 shows the FTIR spectra for DPWF, PMA-
grafted-DPW fiber and the resin containing hydroxamic acid 
groups.

In the range of 3,100–3,500 cm–1 a broad absorption band 
characteristic to the hydroxyl group appears in all the spec-
tra. This indicates the OH stretching vibrations of cellulose, 
absorbed water, hemicelluloses and lignin constituent of 
DPW.

A small peak around 1,740 cm–1 in the spectra of DPW 
shows the carbonyl stretching vibration of carboxyl groups 
in hemicelluloses and lignin in DPW. The increase in the 
intensity of the carbonyl peak (1,740 cm–1) in the spectra of 
PMA-grafted-DPW fiber indicates that the presence of an 
ester group from MA. This is considered as a clear evidence 
of the grafting process. The band of 1,740 cm–1 characteristic 
to the C=O group has disappeared. A band at 1,646 cm–1 char-
acteristic to the C=O of the hydroxamic acid has appeared in 
the spectrum of the resin. 

Different absorption bands are shown in the two spectra. 
For instance, the band at 1,400–1,600 cm–1 indicates the pres-
ence of aromatic or benzene rings in lignin. Also, the band in 
the region of 1,000–1,300 cm–1 is indicative of the C–O stretch-
ing vibration of aliphatic primary and secondary alcohols in 
cellulose, hemicelluloses, lignin, and primary and secondary 
aromatic alcohols in lignin [4,30].

3.2.3. SEM microscopy

SEM was also applied to confirm the grafting of DPWF. 
Figs. 11 and 12 show the SEM images of micrograms of each 
of the DPWF and the PMA-grafted-DPWF, respectively. Fig. 9 
shows clearly the pores on the surface of the DPW before 
grafting. However, after the grafting process those pores are 
fully covered as can be seen from Fig. 12 which represents the 

Fig. 8. Dynamic thermogravimetric (TG) and dynamic derivatives 
of the thermogravimetric (DTG) curves for palm date wood fiber 
at heating rate of 10°C.

Fig. 9. Dynamic thermogravimetric (TG) and dynamic derivatives 
of the thermogravimetric (DTG) curves for palm date wood fiber 
grafted methyl acrylate at a heating rate of 10°C.

Fig. 10. FTIR DPWF (—), PMA-g-DPWF (---) and the resin 
containing hydroxamic acid groups (…).
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PMA-grafted-DPWF. The surface is homogeneous because of 
the chemical bonds formed after the grafting process [30]. 

3.3. Adsorption studies

3.3.1. Effect of initial pH

The pH of the solution has a significant effect on the 
removal of heavy metals from aqueous solutions. The solu-
bility of the adsorbates, the concentration of the counter ions 
and the degree of ionization of the adsorbate during the reac-
tion are affected by the pH of the solution [38]. In this work, 
the effect of pH on the adsorption of Cr(III) was investigated 
using a fixed concentration of Cr(III) of 50 mg/L, 1.0 g of the 
resin, a reaction period of 1 h at a temperature of 25°C. The 
pH of the metal ion solutions was adjusted using the required 
volumes of 0.1 M acetic acid/sodium acetate buffer solution. 
Buffer solutions of a pH range of 1.0–6.0 were used to study 
the effect of the pH on the percentage removal of Cr(III). 

The pH range of 4–6 was found to be optimum where at pH 5 
the percentage removal of Cr(III) was found to be 99.87%. In 
case of pH 4 and pH 6 the percentage removals were 39.75% 
and 98.52%, respectively, as can be seen from Fig. 13. 

3.3.2. Effect of contact time and the initial concentration 
of the Cr(III) on the removal

Fig. 14 shows the relationship between the adsorption 
of Cr(III) and the contact time using different initial con-
centrations of Cr(III) (30, 50 and 70 mg/L) at a pH of 5.5 and 
a temperature of 25°C. It is obvious from this figure that 
the amount of Cr(III) adsorbed increases with time and the 
adsorption is fast during the first period of 10 min. After the 
period of 10 min the adsorption slows down then becomes 
almost constant at the equilibrium point after a period of 
40 min which is it gradually decreases to become constant 
at the equilibrium point. It is obvious from Fig. 12 which 
also shows that the amount of Cr(III) adsorbed, qe (mg/g), 
increases with an increase of the initial concentration of 
the Cr(III). 

3.3.3. Effect of adsorbent dosage

The adsorbent dosage is one of the important parameters 
that determine the adsorption capacity of an adsorbent for a 
given initial concentration. Fig. 15 shows the effect of increasing 

Fig. 11. Scanning electron micrographs of DPWF before grafting 
(575×).

Fig. 12. Scanning electron micrographs of DPWF after grafting 
(575×).

Fig. 13. Effect of pH on the adsorption of (Cr3+) ions of a 
concentration of 50 mg/L, time 60 min and temperature 25°C.

Fig. 15. Effect of adsorbent dosage on the adsorption of Cr(III) at 
pH 5.5, Cr(III) concentration 50 mg/L, time 60 min at a tempera-
ture of 25°C. 

Fig. 14. Effect of the contact time on the adsorption of (Cr3+) 
at different initial concentrations, at a solution pH 5.5 and a 
temperature of 25°C.



A.M. Abulkibash et al. / Desalination and Water Treatment 97 (2017) 251–261258

the adsorbent dose from 0.05 to 0.2 g/L of the resin on the adsorp-
tion of 50 mg/L of Cr(III) at 25°C. It was found that the percent-
age removal of Cr(III) has increased from 67.24% to 100.00% 
when the amount of the resin was increased from 0.05 to 0.2 g/L. 
This high percentage of Cr(III) removal can be attributed to the 
huge surface that has a great number of adsorption sites result-
ing from increasing the amount of the resin [39].

3.4. Adsorption kinetics

Adsorption kinetics explains the rate of the solute uptake 
at the solid–solution interface and provides important 
information about the reaction pathways and the mecha-
nisms of the reactions. The kinetics of Cr(III) adsorption on 
the chelating resin was analyzed using pseudo-first-order, 
pseudo-second-order and intraparticle diffusion models. 
The agreement between the experimental data and the model 
predicted values was indicated by the correlation coefficients 
(R2). A relatively high R2 value indicates that the model suc-
cessfully describes the kinetics of Cr(III) adsorption.

3.4.1. The pseudo-first-order equation

The pseudo-first-order equation, described in 
solid–liquid systems, is generally expressed as:

log( ) log
.

q q q
k t

e t e− = − 1

2 303
  (2)

where qt is the amount of Cr(III) adsorbed at time t (mg/g) 
and qe is the amount adsorbed at equilibrium. k1 is the rate 
constant of pseudo-first-order adsorption (per minute). 
Fig. 16 shows the resulting plots of the pseudo-first-order 
model for the adsorption of Cr(III) ions onto the chelating 

resin using three initial concentrations. The values of the 
rate constant k1 and the adsorption density qe which were 
obtained from the slopes and intercepts of the plots of 
log(qe – qt) vs. t are shown in Table 1. From this table, it is 
obvious that the values of the correlation coefficients (R2) 
obtained are low. In addition, the resulting plots are of poor 
linearity. Furthermore, the apparent disagreement between 
the experimentally observed equilibrium adsorption (qe, 
experimental) and the theoretically derived (qe, calculated) 
using Eq. (3). As a result one can conclude that indicate that 
the adsorption mechanism of Cr(III) on the surface of chelat-
ing resin cannot be explained using the pseudo-first-order 
kinetic model.

3.4.2. The pseudo-second-order equation

The pseudo-second-order adsorption kinetic model was 
investigated using the equation:

d
d
q
t

k q qt
e t= −2

2( )  (3)

where qe and qt are the adsorption capacities at equilibrium 
and at time t (mg/g), respectively, k2 is the rate constant of the 
pseudo-second-order adsorption (mg/g/min). For the bound-
ary conditions t = 0 to t = t and qt = 0 to qt = qt, the integrated 
form of Eq. (3) will be:

1 1
2q q q
k t

e t e−
= +   (4)

which is the integrated rate law for a pseudo-second-order 
reaction. On rearranging Eq. (4), Eq. (5) which has a linear 
form is obtained:

t
q k q

t
qt e e

= +
1

2
2  (5)

The initial adsorption rate, h (mg/g/min) is given as:

h k qe= 2
2  (6)

Eq. (5) can be written as:

t
q h

t
qt e

= +
1  (7)

From Eq. (5), the plots of t/qt vs. t give a linear plot 
which is shown in Fig. 17. The values of qe (calculated) 
and k2 which are adsorption parameters were determined 

Fig. 16. Lagergren first-order plot for Cr(III) adsorption on the 
chelating resin for three initial concentrations at pH 5.5 and a 
temperature of 25°C.

Table 1
Kinetic constant parameters obtained for Cr(III) adsorption on chelating resin

Adsorbate Pseudo-first–order Pseudo-second-order Intraparticle diffusion model
Ci 
(mg/L)

qe,exp 
(mg/g)

K1 (10–3) 
(min–1)

qe,cal 
(mg/g)

R2 K2 (10–2) 
(g/mg min)

qe,cal 
(mg/g) 

h  
(g/min)

R2 kid 

(mg/g min)
C 
(mg/g)

R2

Chromium(III) 70 30.24 53.2 1,451.4 0.966 0.22 36.23 2.86 0.997 2.834 9.0232 0.972
50 22.96 61.02 670.2 0.983 0.33 20.96 1.44 0.973 1.615 4.8067 0.975
30 14.12 51.4 53.1 0.866 2.06 15.94 5.23 0.999 0.667 10.486 0.756
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from the slopes and intercepts of the plots, respectively 
(Table 1). The values of the correlation coefficients (R2) 
obtained from the pseudo-second-order kinetic model 
are large. Moreover, the equilibrium adsorption capac-
ity (qe,cal) derived from Eq. (5) also agrees well with the 
experimentally observed data. These results indicate that 
the adsorption of Cr(III) on the chelating resin belongs to 
the second-order kinetic model, where the Cr(III) ions are 
adsorbed on the surface of the resin via chemical interac-
tion such as ionic or covalent bonding [40].

3.4.3. The intraparticle diffusion model

The mechanism of adsorption of Cr(III) ions on the che-
lating resin was identified by testing the experimental data of 
adsorption process using the intraparticle diffusion model. 
Many consecutive steps may involve in the sorption of an 
adsorbate by a porous solid adsorbent, which are, first, the 
place where the adsorbate moves from the bulk solution to 
the external surface of the adsorbent which is called surface 
diffusion. Second, the movement of the molecules into the 
interior of the adsorbent particles and this is called intrapar-
ticle or pore diffusion. Third, the adsorption of Cr(III) ions 
on the interior sites of the resin. The intraparticle diffusion 
model is expressed as:

qt = kidt1/2 + C  (8)

where kid is the intraparticle diffusion rate constant 
(mg/g/min1/2), C is the intercept (mg/g) the plots of qt vs. t1/2 
are shown in Fig. 18. It is clear that the lines of all the stud-
ied concentrations do not pass through the point of origin. 
This indicates that adsorption mechanism seems to be very 
complex. 

3.5. Adsorption isotherm models

Various isotherm models were applied to determination 
of adsorption efficiency in the adsorption of heavy metals 
from aqueous solution, and the importance of the adsorption 
isotherms the description of the fraction of sorbate molecules 
that are split between liquid and solid phase at equilibrium.
Langmuir and Freundlich adsorption isotherm models were 
studied for the adsorption of Cr(III) on the chelating resin.

3.5.1. The Langmuir isotherm model

The Langmuir model presumes that the adsorbent has a 
homogenous surface with a finite number of adsorption sites 
that accommodate the adsorbate species in a monolayer form 
[41]. The surface of the adsorbent will reach the saturation 
point when all the adsorption sites are filled by the adsorbate 
species and there is no chance for more adsorption to take 
place. The linear equation is expressed as:

C
q K q

C
q

e

e L m

e

m

= +
1  (9)

where qe is the amount of Cr(III) ions adsorbed (mg/g) at 
equilibrium. Ce is the equilibrium concentration (mg/L) of 
Cr(III) in solution, qm gives the maximum theoretical mono-
layer adsorption capacity (mg/g) and KL is Langmuir equi-
librium constant (L/mg) which is related to the affinity of 
adsorption sites.

From the plot of Ce/qe vs. Ce, the values of qm and KL can 
be obtained from the slope and the intercept, respectively. 
The correlation coefficients (R2) can also be obtained from 
Table 2. The linearity of the plot (Fig. 19) indicates that the 
Langmuir adsorption isotherm which assumes the formation 
of a monolayer on the surface of the adsorbent is applicable 
in this study. Moreover, the experimental data shows a high 
correlation with the Langmuir model. For this model, the 
separation factor (RL) defined by Weber and Chakkravorti 
[42], is a characteristic dimensionless equilibrium parameter. 

R
K CL
L

=
+
1

1 0

 (10)

where KL (L/mg) is the Langmuir constant and C0 (mg/L) is 
the lowest initial concentration of Cr(III). From the average 
value of (RL), Table 2, which is greater than zero and less than 
unity for each initial concentration. This indicates the favor-
able adsorption of Cr(III) on the chelating and the isotherm 
data fits well with this model.

3.5.2. The Freundlich isotherm model

The Freundlich model is used to study the adsorption on 
a heterogeneous surface. The mass of the chelating resin is 

Fig. 17. Pseudo-second-order kinetic plot for Cr(III) adsorption 
on chelating resin for different initial feed concentration at pH 
5.5 and temperature 25°C.

Fig. 18. Intraparticle diffusion kinetic plot for Cr(III) adsorption 
on chelating resin for different initial feed concentration at pH 
5.5 and temperature 25°C.
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fixed and the various initial concentrations of Cr(III) were 
used to obtain the equilibrium data. The linear equation of 
Freundlich isotherm model is:

ln ln lnq K
n

Ce F e= +
1  (11)

where KF (mg/g) and 1/n (g/L) are Freundlich adsorption 
constants, indicating the adsorption capacity and adsorption 
intensity, respectively. 

lnqe against lnCe was plotted and straight lines were 
obtained for the adsorption of Cr(III) on the chelating resin as 
can be seen from Fig. 20. The values of Freundlich adsorption 
constants KF and n were calculated from the intercept and 
the slope of the same plot and listed in Table 2, the values of 
correlation coefficient (R2) give an indication of a poor agree-
ment between the experimental data and the Freundlich 
model. Also, the value of n > 1 represents a favorable adsorp-
tion condition, which means that Cr(III) ions are favorably 
adsorbed by the prepared chelating resin [43].

4. Conclusions

DPWF was grafted with MA monomer using hydrogen 
peroxide as an initiator and ammonium ferrous sulfate as a 
catalyst. Parameters that affect the grafting process include the 
amount of the catalyst, the concentration of the initiator, the 
volume of the monomer, the time and the temperature of 
the reaction were studied. The optimum conditions that give 
a highest percentage of grafting of 220% were found to be: 
0.15 mmol of the catalyst, 0.03 M H2O2, 8 mL MA, a reaction 
time of 2 h and a temperature of 90°C. FTIR data and the SEM 
micrographs of the purified product confirmed the comple-
tion of grafting process. An ion-exchanger was prepared and 
used for the removal of chromium ion from water.
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