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Anovel 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 mgg~'. X-ray absorption spectroscopy showed
that the adsorbed nickel on activated carbon and irradiation-grafted activated carbon was coordinated
with 6 oxygen atoms at 2.04-2.06 A. 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.

1. Introduction

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

Various techniques (e.g. chemical precipitation, electrolysis,
ion exchange and membrane filtration) are currently used to
treat wastewaters before discharge into the environment [1,2]. An
adsorptionis another easier and cheaper technique onto solid mate-
rials, whereby the adsorbate is accumulated on the surface of or
inside an adsorbent. The efficiency of adsorption depends on many
factors, including the surface area, pore size distribution, polarity,
and functional groups of the adsorbent [3-5]. Cheap adsorbents
can be developed for treating wastewaters by various methods,
which include hydrolysis [6,7], esterification [7], saponification [8],
grafting by chemical methods [9-13] or irradiation by UV or y-rays
[14-17] of abundant natural or waste materials. For example, acti-
vated carbon can be used to treat toxic substances, such as nickel
[18,19], copper [20,21], zinc [20,22], toluene [22], cyanide [20,23],
dyes [24,25] in commercial operations, because of its highly porous
structure and large surface area available for adsorption or chemical
reaction.
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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 -y-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 (10g) was soaked with sodium polyacrylate
(PAAS) (150 ml) at room temperature for 1 h, after which it was irra-
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diated with gamma rays from a 6°Co source (Beta Gamma Service
GmbH & Co. KG, Germany) at room temperature with 1.06 kGy h~!
until the total received doses were 10 and 20 kGy. The sample was
then washed with hot water to remove excess of polymer, and the
radiation-grafted activated carbon was dried in the air and stored
in desiccators until use.

2.3. Real rinse water from electroplating wastewater

Nickel-rich wastewater (rinse water) with a nickel concentration
of 145 mg1-1 (pH 3.92) was collected from an electroplating factory
located in Samuthprakarn province (Thailand).

3. Methods
3.1. Surface area determination

Surface area (m? g~!) was measured by nitrogen porosimetry at
77 K and the Brunauer-Emmet-Teller (BET) equation [28] used to
estimate the pore characteristics such as pore diameter and total
pore volume (Quantachrome-autosorb). The total pore volume was
estimated to be the liquid volume of adsorbate (N,) at a relative
pressure of 0.99.

3.2. Functional groups on the adsorbents

Fourier transform infrared spectroscopy (FTIR, Bruker-Vector
22) was used to identify qualitatively the functional groups on the
adsorbents. Spectra were acquired between 4000 and 400cm™!
using the KBr disc technique; samples were ground and well mixed
with KBr in a ratio of 1 mg sample to 550 mg KBr and then com-
pressed in the disc.

3.3. Boehm'’s titration [29]

Boehm'’s titration was used to calculate the number of acidic
surface groups. The adsorbent (1.0 g) was mixed with 50 ml each
of 0.1 M NaOH, NaHCO3 and Na,COs3, and shaken continuously for
24 h. The supernatants were separated by filtration, and 10 ml of
each filtrate used for titration with 0.1 M HCl using methyl orange
as anindicator. Potentiometric titration curves were analyzed in the
pH range 3-11. Note that NaOH neutralizes carboxyl, lactone and
phenolic groups, Na,CO3 neutralizes carboxyl and lactone groups
and NaHCOj3 neutralizes only carboxyl groups.

3.4. Nickel adsorption

The experiments were carried out by using 0.1 g of adsorbents
and 10 ml of nickel-rich wastewater. The mixtures were shaken in
a flask at 150 rpm for 2 h at room temperature, filtered, and the Ni
residue in the supernatants measured using Inductively coupled
plasma spectroscopy (ICP-JY124). The saturated adsorbents were
dried in air and stored in desiccators until investigation with X-ray
absorption spectroscopy (XAS).

The adsorption capacity (ge) was determined by the following
equation:

%:EE%%LZ (1)

where Cy and C, are the initial and equilibrium Ni concentrations
(mgl-1), respectively, V is volume of solution (1), and W is the mass
of adsorbent (g).

Nickel uptake was estimated by the Langmuir isotherm:

Qo = gmaxkaCe
T T+kCe

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 % Nickel removal
(B wiv)
Activated carbon Irradiation-grafted activated carbon
10kGy 20 kGy

1 184 + 1.0 18.8 £ 0.6 29.5+03

3 68.0 + 0.2 68.2 +£ 0.2 79.0 £ 0.8

5 82.7 £ 0.1 82.7 £ 0.1 939 £ 1.0

Table 2

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

Characteristic Activated carbon Irradiation-grafted

activated carbon

1. Surface area by nitrogen porosimetry

Multipoint BET (m2g-1) 899 892
Total pore volume (cm? g—') 0.49 0.49
Average pore diameter (A) 21.77 21.91

II. Surface oxide (mequiv.g ')
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 k; is Langmuir constant, gmgx is indicative of maximum
adsorption capacity, ge is the metal uptake (mgnickelg=! of
adsorbent), and C. is the nickel concentration at equilibrium

(mgl-1).
3.5. Desorption

The adsorbents containing Ni were eluted successively with
10ml of distilled water, 10 ml of 0.0125M H,SO4 and 10ml of
0.025M H,S04. 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(11 1) double crystal monochro-
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.

— Activated carbon
-OH ---- Irradiation-grafied activated carbon

Absorbance

4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavelenght (cm")

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.

However, because of the low nickel content in the samples from the
adsorption experiments, the best achievable edge jump for the Ni-
spectra was about 0.1-0.2. All experiments were carried out under
ambient conditions at 21 °C. Energy calibration was performed with
a nickel metal foil.

In the data analysis, the program ATHENA [30,31] was used for
pre-edge subtraction and normalization of the experimental spec-
tra. Afterwards, the program AUTOBK [32] was used to remove the
post-edge background and to isolate the EXAFS function (k). Curve
fitting analysis of the EXAFS function, weighted with k3, was per-
formed according to the curved wave formalism of the program
EXCURV98 [33] with XALPHA phase and amplitude functions. The
mean free path of the scattered electrons was calculated from the
imaginary part of the potential (VPI set to —4.00), the amplitude
reduction factor (AFAC) was fixed at 0.8 and an overall energy shift
(Ef) was introduced to give a best fit to the data.

4. Result and discussion
4.1. Characterization of adsorbents

Gamma radiation was used as the initiator for grafting acti-
vated carbon with sodium polyacrylate (PAAS). Table 1 shows the
effect of total radiation dose values at 10 and 20kGy for nickel
adsorption. It presents nickel removal by irradiated activated car-
bon at 10kGy was no difference compared to activated carbon.
While, the adsorption by grafted activated carbon at 20 kGy was
higher. Therefore, the suitable total radiation dose (20kGy) can
be induced for the radical formation of surface oxide on the acti-

Table 3
Langmuir isotherm showing the efficiency of nickel adsorption by activated carbon
and irradiation-grafted activated carbon.

Adsorbents Langmuir isotherm

Gmax (Mgg") ks (Img™1) r’
Activated carbon 441 + 0.7 0.005 + 0.001 0.999
Irradiation-grafted activated 55.7 £ 0.6 0.009 + 0.001 0.998

carbon

(d)
Ni adsorbed on irradiation-
1 grafted activated carbon
|©
Ni adsorbed on activated
T carbon
(b)

Normalized absorption (a.u.)

NiSO,*6H,0

(a)

| Ni foil
8300 8320 8340 8360 8380 8400
Energy (eV)

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
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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

I1I. 0.025 M sulfuric acid

Activated carbon 0.8 + 0.1 87.6 £ 3.1 8.8 + 0.6 972 + 14

Irradiation-grafted activated carbon 0.8 £ 0.2 875+ 1.2 93 +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-Bs? Nb.c 4 (A) rd (A) XRDf o° (A) Eff (eV) k-range (A-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

NiSO4-6H,0 Ni-O 6 2.06 + 0.02 2.02 0.074 + 0.007 7.98 3-12 31.51

NiCO; 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

2 Absorber (A)-backscatterers (Bs).
b Coordination number, N.

¢ The fixed multiplicities and crystallographic distances were taken from the following references: NiO (black) [34], NiSO4-6H,0 [35] and NiCOs [36].

4 Interatomic distance, r.
¢ Debye-Waller factor, o.
f Edge position, Er (Fermi energy) relative to calculated vacuum zero.

vated carbon surface that initiates the polymerization of polymer
and thus a mixture of graft between activated carbon and sodium
polyacrylate is obtained. Table 2 shows the surface characteris-
tics of activated carbon and irradiation-grafted activated carbon as
determined by nitrogen porosimetry and Boehm’s titration method.
No differences were observed between the surface areas of acti-
vated carbon and irradiation-grafted activated carbon, but there
were appreciable differences in their carboxyl, phenolic and lac-
tone group contents. IR peaks at 1033-1305cm~!, 1600-1666 cm™!
and 3199-3657 cm~! from C-0, C=0 and O-H, respectively (Fig. 1),
increased as a result of irradiation grafting because of the presence
of carboxylate groups in the sodium polyacrylate (Fig. 2) attached
to the surface of activated carbon after y-irradiation.

4.2. Characterization of nickel wastewater

The pH affects to nickel solubility and nickel precipitation was
studied under initial pH range of 4-8 (Fig. 3). The concentration
of nickel decreased at pH higher than 7.7 because at higher pHs
means higher OH- ions in the solution, that can bind with Ni2* ions

Keth) (A7)

T
3 4 5 6 7 8 9 10 11 12
k(AT

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 55.7mgg"!, respectively (Table 3).
Values of the Langmuir constant (kq) were 0.005 and 0.0091mg~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,

400
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Fig. 5. Experimental (solid line) and calculated (dotted line) EXAFS functions (left) and their Fourier transforms (right) of nickel adsorbed on (a) activated carbon, (b)

irradiation-grafted activated carbon, (¢) NiSO4-6H,0, and (d) NiO (black).
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but ~97% was desorbed with dilute H,SO4, the electronegativity
value of H* ions (EN. H* is 2.20) were able to replace Ni2* ions (EN.
Ni?* is 1.91) indicating that nickel adsorption on activated carbon
and irradiation-grafted activated carbon involves an ion exchange
mechanism.

4.5. X-ray absorption spectroscopy (XAS)

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

Fig. 4 shows the XANES spectra of nickel adsorbed on acti-
vated carbon and irradiation-grafted activated carbon along with
reference samples nickel foil, NiO (black) and NiSO4-6H,0. The
absorption edge energies indicate that nickel is in the +2 oxidation
state and contains octahedral coordination.

The k3-weighted EXAFS functions and the corresponding Fourier
transforms for all of the samples are reported in Fig. 5, and the
structural parameters summarized in Table 5. Fitting NiO and
NiSO4-6H,0 with an octahedral oxygen coordination produced a
first shell at a distance of about 2.07 A [34,35], while the spec-
trum of Ni adsorbed on activated carbon and irradiation-grafted
activated carbon could be fitted with oxygen shell at a distance of
about 2.04-2.06 A and a coordination number of 6.

A second shell could be fitted with carbon atoms at distances
ranging from 2.95 to 3.09 A, which are similar distance of Ni-C in
NiCOj3 [36]. The signal from this shell was very weak signal and it
was not possible to determine the number of carbon atoms.

5. Conclusion

Adsorption of nickel on activated carbon could be increased by
grafting sodium polyacrylate using vy-irradiation. Desorption, FTIR
and XAS studies indicate that the adsorbed Ni was bound to 6
oxygen atoms from carboxyl groups at a distance of 2.04-2.06 A
in first shell. From this result shows the grafting technique with
gamma rays, could be applied to other polymers in order to increase
metal adsorption capacity. This technique will help the treatment
of industrial wastewater economical.
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