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a b s t r a c t

A novel sodium polyacrylate grafted activated carbon was produced by using gamma radiation to increase
the number of functional groups on the surface. After irradiation the capacity for nickel adsorption was
studied and found to have increased from 44.1 to 55.7 mg g−1. X-ray absorption spectroscopy showed
that the adsorbed nickel on activated carbon and irradiation-grafted activated carbon was coordinated
vailable online 10 June 2009
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with 6 oxygen atoms at 2.04–2.06 Å. It is proposed that this grafting technique could be applied to other
adsorbents to increase the efficiency of metal adsorption.

© 2009 Elsevier B.V. All rights reserved.
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. Introduction

Heavy metal pollution of waters comes from various industries,
uch as steel production, mining, electronics, and motor vehicles
hat have inadequate wastewater management. Excessive levels of
eavy metals have been linked with a wide range of health con-
itions, including skin disease, birth defects and cancer. As a result
he World Health Organization has recommended strict controls on
he percentages of various heavy metals in effluent waters.

Various techniques (e.g. chemical precipitation, electrolysis,
on exchange and membrane filtration) are currently used to
reat wastewaters before discharge into the environment [1,2]. An
dsorption is another easier and cheaper technique onto solid mate-
ials, whereby the adsorbate is accumulated on the surface of or
nside an adsorbent. The efficiency of adsorption depends on many
actors, including the surface area, pore size distribution, polarity,
nd functional groups of the adsorbent [3–5]. Cheap adsorbents
an be developed for treating wastewaters by various methods,
hich include hydrolysis [6,7], esterification [7], saponification [8],

rafting by chemical methods [9–13] or irradiation by UV or �-rays
14–17] of abundant natural or waste materials. For example, acti-
ated carbon can be used to treat toxic substances, such as nickel

18,19], copper [20,21], zinc [20,22], toluene [22], cyanide [20,23],
yes [24,25] in commercial operations, because of its highly porous
tructure and large surface area available for adsorption or chemical
eaction.

∗ Corresponding author. Tel.: +66 2 470 7535; fax: +66 2 452 3455.
E-mail addresses: paitip@hotmail.com, paitip.thi@kmutt.ac.th (P. Thiravetyan).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.06.008
The aim of the present research was to develop a novel acti-
vated carbon to treat nickel-contaminated wastewater. Previous
work has shown that carboxyl groups are involved in nickel adsorp-
tion [26,27] and that the number of functional groups on the surface
of sample could be increasing by grafted monomers or polymers
on adsorbents. We have also found that the generation of –COONa
groups on the surface of coir pith by treatment with sodium hydrox-
ide increased the efficiency of nickel adsorption [27]. In the present
work, we report investigations of the effects of �-radiation on the
efficiency of activated carbon grafted with sodium polyacrylate (as
polymer) for nickel adsorption, since –COONa should be generated.
Measurements of the adsorption capacity, mechanism of adsorp-
tion and desorption, Fourier transform infrared spectroscopy (FTIR)
and X-ray absorption spectroscopy (XAS) have been used to char-
acterize the adsorbents.

2. Materials

2.1. Activated carbon

The activated carbon used in this work was made by Sigma
Chemicals Pty Ltd. It was washed with distilled water and dried
in the air, then stored in desiccators to control its moisture content.
Sodium polyacrylate (PAAS) produced by Fluka, molecular weight
16,000.
2.2. Preparation of irradiation-grafted activated carbon

Activated carbon (10 g) was soaked with sodium polyacrylate
(PAAS) (150 ml) at room temperature for 1 h, after which it was irra-

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:paitip@hotmail.com
mailto:paitip.thi@kmutt.ac.th
dx.doi.org/10.1016/j.jhazmat.2009.06.008
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Table 1
Percentage of nickel removal by activated carbon and irradiation-grafted activated
carbon at 10 and 20 kGy at various adsorbent dosages.

Adsorbent dosage
(% w/v)

% Nickel removal

Activated carbon Irradiation-grafted activated carbon

10 kGy 20 kGy

1 18.4 ± 1.0 18.8 ± 0.6 29.5 ± 0.3
3 68.0 ± 0.2 68.2 ± 0.2 79.0 ± 0.8
5 82.7 ± 0.1 82.7 ± 0.1 93.9 ± 1.0

Table 2
Surface characteristics of activated carbon and irradiation-grafted activated carbon.

Characteristic Activated carbon Irradiation-grafted
activated carbon

I. Surface area by nitrogen porosimetry
Multipoint BET (m2 g−1) 899 892
Total pore volume (cm3 g−1) 0.49 0.49
Average pore diameter (Å) 21.77 21.91

II. Surface oxide (mequiv. g−1)

mator in transmission mode. The references and samples were
embedded in a cellulose matrix while the samples were added with
cellulose and pressed into pellets. The concentrations of the ref-
erence samples were adjusted to yield an edge jump of about 1.
36 A. Ewecharoen et al. / Journal of H

iated with gamma rays from a 60Co source (Beta Gamma Service
mbH & Co. KG, Germany) at room temperature with 1.06 kGy h−1

ntil the total received doses were 10 and 20 kGy. The sample was
hen washed with hot water to remove excess of polymer, and the
adiation-grafted activated carbon was dried in the air and stored
n desiccators until use.

.3. Real rinse water from electroplating wastewater

Nickel-rich wastewater (rinse water) with a nickel concentration
f 145 mg l−1 (pH 3.92) was collected from an electroplating factory

ocated in Samuthprakarn province (Thailand).

. Methods

.1. Surface area determination

Surface area (m2 g−1) was measured by nitrogen porosimetry at
7 K and the Brunauer–Emmet–Teller (BET) equation [28] used to
stimate the pore characteristics such as pore diameter and total
ore volume (Quantachrome-autosorb). The total pore volume was
stimated to be the liquid volume of adsorbate (N2) at a relative
ressure of 0.99.

.2. Functional groups on the adsorbents

Fourier transform infrared spectroscopy (FTIR, Bruker-Vector
2) was used to identify qualitatively the functional groups on the
dsorbents. Spectra were acquired between 4000 and 400 cm−1

sing the KBr disc technique; samples were ground and well mixed
ith KBr in a ratio of 1 mg sample to 550 mg KBr and then com-

ressed in the disc.

.3. Boehm’s titration [29]

Boehm’s titration was used to calculate the number of acidic
urface groups. The adsorbent (1.0 g) was mixed with 50 ml each
f 0.1 M NaOH, NaHCO3 and Na2CO3, and shaken continuously for
4 h. The supernatants were separated by filtration, and 10 ml of
ach filtrate used for titration with 0.1 M HCl using methyl orange
s an indicator. Potentiometric titration curves were analyzed in the
H range 3–11. Note that NaOH neutralizes carboxyl, lactone and
henolic groups, Na2CO3 neutralizes carboxyl and lactone groups
nd NaHCO3 neutralizes only carboxyl groups.

.4. Nickel adsorption

The experiments were carried out by using 0.1 g of adsorbents
nd 10 ml of nickel-rich wastewater. The mixtures were shaken in
flask at 150 rpm for 2 h at room temperature, filtered, and the Ni

esidue in the supernatants measured using Inductively coupled
lasma spectroscopy (ICP-JY124). The saturated adsorbents were
ried in air and stored in desiccators until investigation with X-ray
bsorption spectroscopy (XAS).

The adsorption capacity (qe) was determined by the following
quation:

e = (C0 − Ce) × V

W
(1)

here C0 and Ce are the initial and equilibrium Ni concentrations
mg l−1), respectively, V is volume of solution (l), and W is the mass

f adsorbent (g).

Nickel uptake was estimated by the Langmuir isotherm:

e = qmaxkaCe

1 + kaCe
(2)
Carboxyl 0.71 ± 0.04 1.16 ± 0.06
Lactone 3.15 ± 0.16 2.29 ± 0.10
Phenolic 0.46 ± 0.02 0.55 ± 0.03

where ka is Langmuir constant, qmax is indicative of maximum
adsorption capacity, qe is the metal uptake (mg nickel g−1 of
adsorbent), and Ce is the nickel concentration at equilibrium
(mg l−1).

3.5. Desorption

The adsorbents containing Ni were eluted successively with
10 ml of distilled water, 10 ml of 0.0125 M H2SO4 and 10 ml of
0.025 M H2SO4. Ni concentrations were measured by ICP spec-
troscopy.

3.6. X-ray absorption spectroscopy (XAS) investigations

XANES and EXAFS measurements at the Ni K-edge (8333 eV)
were performed at the beamline X1 of the Hamburger Synchrotron-
strahlungslabor (HASYLAB) at DESY in Hamburg, Germany. The
samples were measured with a Si(1 1 1) double crystal monochro-
Fig. 1. IR spectra of activated carbon and irradiation-grafted activated carbon.
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Fig. 2. The structure of sodium polyacrylate.
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Fig. 3. Effect of pH to nickel precipitation.

owever, because of the low nickel content in the samples from the
dsorption experiments, the best achievable edge jump for the Ni-
pectra was about 0.1–0.2. All experiments were carried out under
mbient conditions at 21 ◦C. Energy calibration was performed with
nickel metal foil.

In the data analysis, the program ATHENA [30,31] was used for
re-edge subtraction and normalization of the experimental spec-
ra. Afterwards, the program AUTOBK [32] was used to remove the
ost-edge background and to isolate the EXAFS function �(k). Curve
tting analysis of the EXAFS function, weighted with k3, was per-

ormed according to the curved wave formalism of the program
XCURV98 [33] with XALPHA phase and amplitude functions. The
ean free path of the scattered electrons was calculated from the

maginary part of the potential (VPI set to −4.00), the amplitude
eduction factor (AFAC) was fixed at 0.8 and an overall energy shift
Ef) was introduced to give a best fit to the data.

. Result and discussion

.1. Characterization of adsorbents

Gamma radiation was used as the initiator for grafting acti-
ated carbon with sodium polyacrylate (PAAS). Table 1 shows the
ffect of total radiation dose values at 10 and 20 kGy for nickel

dsorption. It presents nickel removal by irradiated activated car-
on at 10 kGy was no difference compared to activated carbon.
hile, the adsorption by grafted activated carbon at 20 kGy was

igher. Therefore, the suitable total radiation dose (20 kGy) can
e induced for the radical formation of surface oxide on the acti-

able 3
angmuir isotherm showing the efficiency of nickel adsorption by activated carbon
nd irradiation-grafted activated carbon.

dsorbents Langmuir isotherm

qmax (mg g−1) ka (l mg−1) r2

ctivated carbon 44.1 ± 0.7 0.005 ± 0.001 0.999
rradiation-grafted activated

carbon
55.7 ± 0.6 0.009 ± 0.001 0.998

Fig. 4. XANES spectra of nickel adsorbed on activated carbon and irradiation-grafted
activated carbon compared with nickel reference standards.
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Table 4
Desorption of nickel from nickel-adsorbed activated carbon and nickel-adsorbed irradiation-grafted activated carbon.

Adsorbents % Nickel desorption % Total desorption

I. Distilled water II. 0.0125 M sulfuric acid III. 0.025 M sulfuric acid

Activated carbon 0.8 ± 0.1 87.6 ± 3.1 8.8 ± 0.6 97.2 ± 1.4
Irradiation-grafted activated carbon 0.8 ± 0.2 87.5 ± 1.2 9.3 ± 0.3 97.5 ± 0.6

Table 5
Structure parameters obtained from the XAS analysis of activated carbon and irradiation-grafted activated carbon.

References A–Bsa Nb,c rd (Å) rd (Å) XRDf �e (Å) Ef
f (eV) k-range (Å−1) Fit-index

NiO (black) Ni–O 6 2.07 ± 0.02 2.09 0.077 ± 0.008 8.68 3–12 19.28
Ni–Ni 12 2.94 ± 0.03 2.95 0.089 ± 0.013

NiSO4·6H2O Ni–O 6 2.06 ± 0.02 2.02 0.074 ± 0.007 7.98 3–12 31.51
NiCO3 Ni–O 6 – 2.08 – – – –

Ni–C 6 2.93
Activated carbon Ni–O 6 2.04 ± 0.02 – 0.074 ± 0.007 8.05 3–12 45.09
Irradiation-grafted activated carbon Ni–O 6 2.05 ± 0.02 – 0.083 ± 0.008 7.76 3–12 45.15

a Absorber (A)–backscatterers (Bs).
b Coordination number, N.
c wing
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The fixed multiplicities and crystallographic distances were taken from the follo
d Interatomic distance, r.
e Debye–Waller factor, �.
f Edge position, Ef (Fermi energy) relative to calculated vacuum zero.

ated carbon surface that initiates the polymerization of polymer
nd thus a mixture of graft between activated carbon and sodium
olyacrylate is obtained. Table 2 shows the surface characteris-
ics of activated carbon and irradiation-grafted activated carbon as
etermined by nitrogen porosimetry and Boehm’s titration method.
o differences were observed between the surface areas of acti-
ated carbon and irradiation-grafted activated carbon, but there
ere appreciable differences in their carboxyl, phenolic and lac-

one group contents. IR peaks at 1033–1305 cm−1, 1600–1666 cm−1

nd 3199–3657 cm−1 from C–O, C O and O–H, respectively (Fig. 1),
ncreased as a result of irradiation grafting because of the presence
f carboxylate groups in the sodium polyacrylate (Fig. 2) attached
o the surface of activated carbon after �-irradiation.

.2. Characterization of nickel wastewater
The pH affects to nickel solubility and nickel precipitation was
tudied under initial pH range of 4–8 (Fig. 3). The concentration
f nickel decreased at pH higher than 7.7 because at higher pHs
eans higher OH− ions in the solution, that can bind with Ni2+ ions

ig. 5. Experimental (solid line) and calculated (dotted line) EXAFS functions (left) an
rradiation-grafted activated carbon, (c) NiSO4·6H2O, and (d) NiO (black).
references: NiO (black) [34], NiSO4·6H2O [35] and NiCO3 [36].

to hydroxide complexes form as the nickel hydroxide. Therefore,
the system pH should not exceed 7.7.

4.3. Adsorption isotherm study

Maximum values of nickel adsorption (qmax) by activated
carbon and irradiation-grafted activated carbon fitted to Langmuir
isotherms, were 44.1 and 55.7 mg g−1, respectively (Table 3).
Values of the Langmuir constant (ka) were 0.005 and 0.009 l mg−1,
respectively, for activated carbon and irradiation-grafted activated
carbon, indicating the affinity of the binding sites to binding with
Ni2+ ions was higher with the irradiation-grafted activated carbon.
This result shows that the capacity for nickel adsorption by both
adsorbents is dependent mainly on the number of the functional
groups on their surfaces.
4.4. Desorption

The results from the Ni desorption experiments are presented in
Table 4. With both adsorbents <1% of the Ni was released by water,

d their Fourier transforms (right) of nickel adsorbed on (a) activated carbon, (b)
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ut ∼97% was desorbed with dilute H2SO4, the electronegativity
alue of H+ ions (EN. H+ is 2.20) were able to replace Ni2+ ions (EN.
i2+ is 1.91) indicating that nickel adsorption on activated carbon
nd irradiation-grafted activated carbon involves an ion exchange
echanism.

.5. X-ray absorption spectroscopy (XAS)

X-ray absorption spectroscopy (XAS) was used to characterize
he chemical state and environment of the Ni. X-ray absorption near
dge structure (XANES) provided information on the coordination
eometry and oxidation state of the metal, whereas X-ray absorp-
ion fine structure (EXAFS) data contain information about the
ackscattering atoms, coordination numbers and bond distances.

Fig. 4 shows the XANES spectra of nickel adsorbed on acti-
ated carbon and irradiation-grafted activated carbon along with
eference samples nickel foil, NiO (black) and NiSO4·6H2O. The
bsorption edge energies indicate that nickel is in the +2 oxidation
tate and contains octahedral coordination.

The k3-weighted EXAFS functions and the corresponding Fourier
ransforms for all of the samples are reported in Fig. 5, and the
tructural parameters summarized in Table 5. Fitting NiO and
iSO4·6H2O with an octahedral oxygen coordination produced a
rst shell at a distance of about 2.07 Å [34,35], while the spec-

rum of Ni adsorbed on activated carbon and irradiation-grafted
ctivated carbon could be fitted with oxygen shell at a distance of
bout 2.04–2.06 Å and a coordination number of 6.

A second shell could be fitted with carbon atoms at distances
anging from 2.95 to 3.09 Å, which are similar distance of Ni–C in
iCO3 [36]. The signal from this shell was very weak signal and it
as not possible to determine the number of carbon atoms.

. Conclusion

Adsorption of nickel on activated carbon could be increased by
rafting sodium polyacrylate using �-irradiation. Desorption, FTIR
nd XAS studies indicate that the adsorbed Ni was bound to 6
xygen atoms from carboxyl groups at a distance of 2.04–2.06 Å
n first shell. From this result shows the grafting technique with
amma rays, could be applied to other polymers in order to increase
etal adsorption capacity. This technique will help the treatment

f industrial wastewater economical.
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