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a b s t r a c t

Sodium Carboxymethyl Cellulose (CMC Na)/Sodium Styrene Sulfonate (SSS) hydrogels with grafted and
crosslinked polymeric networks were prepared by �-radiation at atmosphere condition. The obtained
hydrogels were characterized by gel fraction, swelling ratio, TGA and FTIR spectroscopy. The results
showed the ratio of CMC and SSS 1:0 gave the highest gel fraction, compared with other ratios. The
swelling capacity increased by increasing SSS content due to the presence of SO3Na, OH groups in gel
structure. The FTIR spectrum of CMC/SSS gel showed the new absorption peaks at 1034 and 1012 cm−1

corresponds to SO Na group. The metal ion adsorption capacity of CMC/SSS gel was investigated. The

eywords:
-Radiation
arboxymethyl cellulose
odium styrene sulfonate
ydrogel
rafting

3

grafted gel effectively removed metal ions, especially Cr and Pb. The effects of hydrogel composition,
contact time, and initial concentration on the adsorption capacity of the grafted hydrogels were studied.
The adsorption kinetics and equilibrium isotherms were investigated using pseudo-second-order model
and Langmuir model.

© 2016 Published by Elsevier Ltd.

etal adsorption

. Introduction

Water sources like lakes, sea, groundwater, etc. are becoming
olluted by different kinds of contaminants, including toxic heavy
etals (e.g., Cr, Pb, Cu, Ni, Cd, Fe, etc.) accidentally and delib-

rately discharged into these surface waters by commercial and
ndustrial establishments. The resulting environmental hazards are
ndesirable and therefore heavy metal ions must be appropriately
emoved using new/improved techniques. Currently, many meth-
ds are being used to remove heavy metal ions from wastewaters
uch as chemical precipitation, reverse osmosis, membrane filtra-
ion, and electro-chemical treatment technologies (Barakat, 2011).
owever, the effectiveness of these methods is limited in the case of

ow metal ion concentration. Adsorption method using polymeric
aterial is one of the important alternatives available for such sit-

ation (Crini, 2005). A variety of low cost adsorbent materials from
atural polymers has been considered because of their excellent

roperties of complexation, flocculation, chelation, separation, and
dsorption of a whole range of pollutants.

∗ Corresponding author at: Department of Applied Quantum Physics and Nuclear
ngineering, Faculty of Engineering, Kyushu University, 744 Motooka, Fukuoka 819-
395, Japan.

E-mail address: hong@athena.ap.kyushu-u-ac.jp (T.H. Tran).

ttp://dx.doi.org/10.1016/j.carbpol.2016.09.049
144-8617/© 2016 Published by Elsevier Ltd.
Cellulose and its derivatives have received much attention
recently because they are naturally found. As such they are
biodegradable and relatively safe (Sultana, Islam, Dafader, & Haque,
2012) in addition to their unique structure and distinctive prop-
erties. Carboxymethyl cellulose (CMC) especially, is a strong
adsorbent for removal of a wide range of heavy metal ion pollutants
such as U (II) (Ma, Hsiao, & Chu, 2012), Ag (I), Fe (III), Cu (II) (Liu
et al., 2015), Ni (II), Cr (III) and Zn (II) (Sehaqui et al., 2014). Wang
et al. (Wang & Wang, 2011) observed that the presence of reactive
carboxymethyl groups (–CH2COOH) render the CMC soluble, chem-
ically reactive and strongly chelating and this makes the application
of CMC in adsorbent fields more attractive and promising. Further-
more, the useful properties of cellulose and CMC can be improved
via graft polymerization with hydrophilic vinyl monomers such as
acrylic acid (AA) (Gu, 2001), acryl amide (AAm) (Ghosh, Dev, &
Samanta, 1995), acrylonitrile (Gupta & Sahoo, 2001) and acrylate
(Mondal, 2013). CMC-g-Poly (AA) gels have showed higher floc-
culation efficiency than CMC itself reflecting the role of poly (AA)
in river water clarification (Mishra, Rani, & Sen, 2012). Hydrogels
prepared from CMC and AAm are efficient adsorbents with 80.31%
reduction in turbidity of kaolin suspension whereas the turbidity
capacity of CMC hydrogels is 13.75% (Ogbeifun & Okieimen, 2004).
Another vinyl monomer also containing hydrophilic group but
has not been much considered is sodium styrene sulfonate (SSS).
The main advantages of SSS as compared to other monomers are

dx.doi.org/10.1016/j.carbpol.2016.09.049
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2016.09.049&domain=pdf
mailto:hong@athena.ap.kyushu-u-ac.jp
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Table 1
Initial concentration of metal ions for adsorption (ppb).
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Metal Pb(II) Cu(II) Zn(II) Cd(II) 

Conc. (ppb) 10 100 100 3 

igher reactivity, low toxicity and high thermal stability (Korus,
012). SSS is also classified as a good vinyl monomer for preparing
olyelectrolyte complex hydrogels by mixing with polysaccha-
ides (Kumar, Setia, & Mahadevan, 2012). On the basis of above
ackground, a series of gamma  radiation induced CMC/SSS hydro-
els were prepared and used as adsorbents for heavy metal ions
dsorption from aqueous solution. The parameters influencing the
dsorption capacity of grafted gels such as SSS content, contact
ime, and initial concentration were investigated.

. Experimental

.1. Materials and reagents

Sodium carboxymethyl cellulose (CMC Na; Mw ∼ 700,000) was
btained from Alfa Aesar (England). Sodium 4-Styrenesulfonate
onomer (SSS) and the multi-element metal ion stock solu-

ion TraceCERT® were purchased from Fluka, Sigma-Aldrich
Switzerland). Water was used in all experiments purified by Puric

 (Organo, Japan). All other reagents such as Sodium hydroxide
nd Hydrochloride acid were analytical grade and used as received
ithout further purification.

.2. Preparation of the copolymer hydrogels

A series of hydrogels were prepared by the following proce-
ure. An aqueous solution of 20 wt% CMC/SSS in paste-like state
ith different compositions was put into polypropylene tubes.

ach mixture was centrifuged at 10,000 rpm for at least 5 h using
SIANGTAI Model CN-1050 (Taiwan) in order to remove tiny bub-
les. After the �-ray irradiation from 20 to 100 kGy by the 60Co
ource of Kyushu University’s Center for Accelerator and Beam
pplied Science, the irradiated gels were extracted, washed with
istilled water to remove un-reacted component. The particles size

raction 5 mm3 (∼0.20 g) was chosen for all experiments.

.3. Characterization

.3.1. Gel fraction and swelling properties
The gel content in the sample was estimated by measuring

ts insoluble part gravimetrically after the extraction in distilled
ater at room temperature for 48 h. The gelled parts were dried

o constant weight at 50 ◦C. Gel fraction was determined from the
ollowing Eq. (1):

el fraction(%) = Wd

Wo
× 100 (1)

here Wd (g) is the weight of dried gel after extraction and W0 (g)
he initial weight of dry gel.

The grafted hydrogels were soaked in distilled–deionized water
or a certain time at room temperature. After wiping excess water
t the surface of the gel, the weight of swollen gel was  measured.
welling ratio (Sw) of the blend hydrogels was calculated from the
ollowing Eq. (2):

( ) Ws − W

w g/g = d

Wd
(2)

here Ws (g) is the weight of the swollen gel and Wd (g) the weight
f dried gel.
) Cr(III) Mo(II) Mn(II) Fe(II) Ni(II)

50 70 50 300 10

2.3.2. Fourier transforms infrared (FTIR) and carbon-13 nuclear
magnetic resonance (13C NMR) spectroscopy analysis

FTIR analysis was performed to determine the nature of modi-
fication of CMC/SSS hydrogels by using the FTIR (Jasco FT/IR 4100,
Japan) ATR method in the range from 400 to 4000 cm−1.

13C NMR  spectrum was  recorded on a JEOL JNM-ECA-400 NMR
spectrometer. (Japan).

2.3.3. Thermo-gravimetric analysis (TGA) and scanning electron
microscopy (SEM)

The CMC  and CMC/SSS hydrogels were dried in vacuum oven at
50 ◦C for several days. TGA of hydrogels was performed on Jupiter
STA 449 F3 over a temperature range of 20–800 ◦C with heating
rate of 5 ◦C/min and nitrogen flow rate of 40 mL/min.

The surface morphology SEM of CMC  and CMC/SSS hydrogels
were taken with a Shimadzu SS-550S instrument (Japan). The
coater was used to pre-coat conductive carbon onto surface before
observing the microstructure at 15 kV.

2.4. Adsorption procedure

Batch adsorption experiments were carried out with a known
mass of adsorbent was  dipped into concentrated analyte solutions
in closed vessels at room temperature of 25 ◦C. The grafted gel
(0.20 g) was initially pre-treated in 10−4 M sodium hydroxide solu-
tion for at 24 h prior to immersion into 30 mL  of multi-element
solution containing different initial concentration of metal ions
shown in Table 1 for 24 h. The remaining metal ions in aqueous
solution were determined by inductively coupled plasma mass
spectrometer (ICP-MS, Agilent 7700X, Japan). The amount of heavy
metals adsorbed at equilibrium and the percentage of metal ion
removal in multi-element adsorption studies were interpreted as
follows (3):

qe = V (C0 − Ce)
w

and % removal = C0 − Cf
Cf

(3)

where, qe is the amount of adsorbed metal ion at equilibrium (metal
adsorption capacity) in �g/g; V is the volume of adsorption medium
in liter; C0, Ce, Cf are the initial, equilibrium and final metal ion
concentration in �g/L, respectively and w the weight of dried gel
in grams. All tests were carried out at least three times and average
was used in the analysis.

3. Results and discussion

3.1. Synthesis of CMC/SSS graft copolymer

The mechanism of synthetic vinyl monomer grafting onto
polysaccharides using �-radiation as the initiator has been well
studied (Abd El-Mohdy, 2007). Scheme 1 shows the brief proposed
synthesis of the graft copolymers based on CMC  and SSS by using
�-radiation. At first, under �-radiation, water molecules generate
many energetic species including HO• and H• radicals. Then, those
HO• and H• radicals extract H atoms from hydroxyl group of CMC
chains and vinyl group of SSS to form the new CMC  radicals and SSS

radicals (Bao, Ma,  & Li, 2011; Rivas & Muñoz, 2009). And thereafter,
random reactions of these radicals leads to CMC/SSS graft copoly-
mer  which allows the production of much perfect network of higher
cross-linking and grafting density.
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Scheme 1. A brief proposed mechanism for irra
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Fig. 1. Gel fraction and swelling ratio versus SSS concentration.

.2. Characteristics of grafted gels

.2.1. Effect ratio of CMC  and SSS on gel fraction and swelling
atio

The effect of SSS has been investigated on the gel fraction
y varying the concentration of SSS as shown in Fig. 1. It was
bserved that by increasing the concentration of SSS, the content
f gel decreases constantly. The observed decrease in gel fraction is
ainly due to the presence of CMC. In aqueous paste-like condition

MC radicals overlap and coil up and then, entangle to become a
el. Similar results have been reported on aqueous state radiation
f CMC  (Yoshii et al., 2003). It also was found that as high the con-
entration of monomer SSS leads to graft onto the CMC  backbone
eadily.

Swelling ability Sw is one of the most important properties of
olymer adsorbents because it allows the diffusion of metal ions

nto the pores of gels and then favors the interaction of ions with

ctive sites. Fig. 1 also shows the results of water adsorption capac-
ty versus SSS concentration. In contrast with the decrease in the gel
raction, the Sw increased with increasing the SSS content. The high-
st swelling capacity was found for CMC/SSS gels with ratio of 1:2
diation-induced grafting of SSS onto CMC.

while the lowest value corresponds to gels with ratio of 1:0. Since
SSS is a hydrophilic monomer, it increases the water adsorbing
capacity and water retention character of grafted gels. The presence
of SSS is responsible for maximum hydrophilic character in grafted
gels thereby increasing the ability of absorbing and retaining water.
In other words, as the weight ratio of SSS to CMC  increases, more
SSS molecules could be available in the vicinity of the chain prop-
agating sites of CMC  macro radicals as well as increase hydrophilic
groups such as SO3Na, OH which enhances the hydrophilicity of
the corresponding superabsorbent hydrogels, and then the swelling
capacity is improved. A similar result has been reported by B. Rivas
et al. (Morales & Rivas, 2014). The degree of swelling decreases at
the expense of increasing polymer volume fraction in the gel and
network chain density. These results are reasonable.

3.2.2. FTIR and C NMR spectra
Infrared spectra of CMC, SSS and CMC/SSS are illustrated in

Fig. 2(A). The FTIR spectrum of CMC  shows the strong peak
around 3313 cm−1 due to the free O H stretching vibration as
well as inter- and intra-molecular hydrogen bonds in cellulose
molecules (Pushpamalar, Langford, Ahmad, & Lim, 2006). The band
at 1651 cm−1 confirmed the presence of COO− and assigned to
stretching of the carboxyl group. The band at 1423 cm−1 and
1332 cm−1 was assigned to O H stretching in-plane and C H
stretching in symmetric of CMC. The main characteristic band of
SSS at 1042 and 988 cm−1 ( SO3Na group), 1187 and 1141 cm−1

(S O stretch) and 1651, 1530 & 1400 cm−1( Car Car bonds) are
also shown. In the spectrum of grafted gels, in addition to the char-
acteristic bands of CMC, new absorption peaks were observed. The
new band at 1034 and 1012 cm−1 corresponds to −SO3Na group
while the bands detected at 1195 and 1126 cm−1 are due to S O
stretching vibration to confirm the presence of function groups
responsible for the adsorption of metal ions.

The 13C NMR  for CMC/SSS (Fig. 2(B)) shows peaks at 103.6 (C1);
81.6 and 74.7 (C2 C5) and 361.41 (C6) ppm respectively attributed
glucosamine ring of cellulose. The signal at 178.1 ppm corresponds
to the carbonyl carbon (C8) in the anionic COO−Na+ groups. Peaks
at 45.0 and 40.6 (Ca, Cb) ppm are attributed to the carbon of SSS
which are closest to the ether linkage with CMC. Peaks at 148.2
(Cc) and 126.8 (Cd, Ce) ppm are attributed to the aromatic carbons
of the SSS unit. The signal at 141.9 ppm is in good agreement with

the chemical shift expected for a Cf to a sulfonic acid group. These
spectral results confirmed the presence of both CMC  and SSS in
the CMC/SSS hydrogel, i.e. SSS was  grafted successfully onto CMC
backbone.
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Fig. 2. Spectral characterization of C

.2.3. Thermo-gravimetric analysis (TGA) and scanning electron

icroscopy (SEM)

The formation of grafted gels between CMC  and SSS was checked
y thermo-gravimetric analysis in comparison with only CMC. The
GA curves of CMC  and CMC/SSS gels are shown in Fig. 3. Two  stages
SS hydrogel. (A) FTIR; (B) 13C NMR.

of mass loss were observed in the TGA curves of CMC  and CMC/SSS

gel. The weight loss of CMC  gel consists of the following stages: first
15% for the evaporation and the de-crosslinking in the temperature
range 17–220 ◦C and another 30% for the thermal decomposition
in the range 220–290 ◦C. Similarly, CMC/SSS first lost 30% weight
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rom 17 to 415 ◦C and then lost 10% weight from 415 to 440 ◦C. The
esults indicate that CMC/SSS gel has much bounding water by its
tronger hydrophilicity although both were dried for 24 h at 50 ◦C in
he vacuum oven. Fig. 3 also shows the temperature decomposition
f SSS in grafted polymer is higher than temperature decomposition
f pure CMC.
Examination of CMC  and CMC/SSS hydrogels using SEM
icroscopy revealed more information regarding their surface
orphology. As it can be seen in the SEM image (Fig. 4), the CMC

ydrogel presented a less rough surface. By grafting CMC  with SSS,

Fig. 4. SEM micrographs of CMC  (A), CMC/SSS 2:1 (B), 
Fig. 5. Effect of hydrogel composition on the removal percentage of various metals.

the surface become rougher, more pores and hills with enhanced
SSS and reduced CMC  contents. Thus, comparison of these figures
reveals that grafting has taken place.

3.3. Metal ion retention properties
3.3.1. Effect of hydrogel composition
The nature of the adsorption depends on several factors: the

adsorbents, initial feed concentration of metal ions or contact time,
etc. Fig. 5 shows a clear dependence of metal ion uptake on copoly-

CMC/SSS 1:1 (C) and CMC/SSS 1:2 (D) hydrogels.



340 T.H. Tran et al. / Carbohydrate Pol

F

m
i
r
C
g
b
i
n
h
b
t
g
o
t
c
i
b
c
w
a
m
2

dt
= k1 (qe − qt) (4)
ig. 6. Effect of pH on the adsorption of multi-elements onto CMC/SSS hydrogel.

er  hydrogel composition. As can be seen, the retention of metal
on increases with increasing SSS content. The CMC/SSS gels with
atio 1:2 showed high metal removal capacities at equilibrium for
r (68.0%), Pb (41.4%), Mn  (35.2%) and Fe (33.5%) compare with CMC
els, 31.9, 27.0, 12.3 and 17.9%, respectively. The CMC/SSS adsor-
ents did not present selectivity behavior for any specific metal

on except Cr (III), which means that the percentage removal does
ot depend on the metal ion’s size even though the metal ions
ave different ionic radii, Pb (II) 133 pm and Mn  (II) 81 pm.  This
ehavior can be mainly due to the electrostatic interaction between
he hydrophilic negatively charged sulfonic and carboxylic acid
roups and the positively charged counter metal ions in the aque-
us solution. The higher the valance of counter ions, the larger is
he electrostatic attraction. Therefore, adsorbents tend to prefer
ounter ions of higher valence such as Cr (III). The higher metal
on removal of CMC/SSS gels in comparison with the CMC  gels can
e explained due to the presence of two groups, the sulfonic and
arboxylic acid groups on the synthesized gels available to interact
ith the metal ions and remove them while CMC  gels contain only

 carboxylic group. In addition, sulfonic groups with pKa < 1 have

uch acid strength than carboxyl groups with pKa∼ 4–5 (Wilkins,

006).

Fig. 7. Kinetics for the multi-element
ymers 157 (2017) 335–343

Another reason for the better performance of the CMC/SSS gels
compared to the CMC  gels is that the CMC/SSS gels have higher
swelling capacities than the CMC  gels. Therefore, the active groups
will be more accessible and easier for metal ions in solution to
diffuse into grafted gels.

3.3.2. Effect of adsorbate solution pH
The pH of the metal ions solution can influence strongly adsorp-

tion properties of hydrogel. This is because ion H3O+ competing
with the positively charged metal ions on the active sites of the
adsorbent. From the results shown in Fig. 6, the adsorption capaci-
ties for the multi-elements onto CMC/SSS hydrogel increase sharply
as the pH value of solution increases from 2 to 5 because the
functional groups were deprotonated and are free to exchange or
complex the metal ion (Rafatullah, Sulaiman, Hashim, & Ahmad,
2009). At the pH > 5, a decrease of adsorption for metal ions was
observed due to metal precipitation appeared and the adsorbent
was deteriorated with the accumulation of metal ions. Therefore,
pH 5 was selected to be the optimum pH for further studies.

3.3.3. Kinetics
The kinetics of metal ions removal CMC/SSS gels indicated rapid

binding of metal ions to the adsorbents during 10 h (Fig. 7), followed
by a slow increase until equilibrium state was reached after 26 h and
unchanged in equilibrium time up to 48 h. The initial rapid phase
may  be due to the increased number of vacant sites available at the
initial stage. Generally, when adsorption involves a surface reaction
process, the initial adsorption is rapid. Then, a slower adsorption
would follow as the available adsorption site gradually decreases
because of the pore diffusion of metal ions into the polymer matrix,
i.e., intra-particular diffusion or chemical reaction would be the rate
limiting step of sorption kinetics.

To elucidate the kinetics of the adsorption capacity of metal ions
on grafted adsorbents at fixed concentration, the pseudo-first order
kinetic model represented by the Lagergren Eq. (4) (Periasamy,
1994) and pseudo-second order kinetic model represented by the
Eq. (5) (Ho & McKay, 1999) were used.

dqt
dqt
dt

= k2(qe − qt)2 (5)

 adsorption onto CMC/SSS gels.
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Table  2
Kinetic parameters of metal adsorption onto CMC/SSS adsorbent.

Metal Pseudo-first-order model qex (�g g−1) Pseudo-second-order model

qcal (�g g−1) k1 (min−1) R2 qcal (�g g−1) k2 (g �g−1 min−1) R2

Cr 14.30 0.0080 0.968 14.97 15.38 0.0007 0.996
Mn  3.17 0.0044 0.976 3.29 3.51 0.0016 0.996
Fe  38.75 0.0086 0.964 40.65 41.67 0.0003 0.995
Ni  0.81 0.0058 0.981 0.86 0.90 0.0084 0.998
Cu  7.18 0.0035 0.983 7.34 8.01 0.0005 0.996
Zn  7.55 0.0035 0.981 7.71 8.48 0.0005 0.986
Mo  2.54 0.0054 0.976 2.64 2.78 0.0026 0.988

0.23 0.24 0.0278 0.9989
1.81 1.82 0.0087 0.993
0.31 0.32 0.0285 0.997
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Cd  0.22 0.0053 0.983 

Pb  1.70 0.0110 0.951 

U  0.29 0.0067 0.980 

here k1, k2 are the rate constants of adsorption, qt and qe are the
mounts of metal adsorbed (�g/g) at a time t and at equilibrium
ime (min.), respectively.

The kinetic parameters the pseudo-first-order and the pseudo-
econd-order models are shown in Fig. 7 and Table 2. Based
n regression coefficient values (R2) and comparable theoretical
nd experimental q values, it can be said the pseudo-second-
rder kinetic model gave better fitting than the pseudo-first-order
inetic model. The results suggested that the pseudo-second-order
dsorption mechanism dominated the adsorption process, and
dsorption rates of metal ions onto gels were probably controlled
y the chemical process, i.e. the chemisorptions involving valence
orces through sharing or exchange of electrons between adsorbent
nd sorbate, not the physisorptions were significant (Ho & McKay,
999). In fact, SSS has sulfonate group, therefore, the metal ion
ould be absorbed by interaction between the metal ion molecules
nd –SO3

− groups of SSS. Furthermore, the calculated qcal values
or the pseudo-second-order kinetic model show good agreement

ith the experimental qex values.
The kinetic data were also applied to the Webber Morris intra-

article diffusion model (6) which is expressed as (Weber & Morris,
963)

t = kid.t
0.5 + C (6)

here, qt (�g/g) is the amount of metal ions adsorbed at time t,
 is the intercept, and kid is the intra-particle diffusion rate con-
tant. The intra-particle diffusion model was proposed to identify
he adsorption mechanism and to predict the rate-controlling step.
f intra-particle diffusion is the sole rate-controlling step, the plot
f qt versus t0.5 will pass through the origin.

Fig. 8 shows the plot of the data obtained for the adsorption
f multi-elements onto grafted hydrogels. The plot is not linear

ver the whole time range; however, it exhibits a tri-linearity,
evealing the existence of three successive adsorption stages: (1)
he initial steep phase represented surface diffusion; (2) the sec-
nd less steep phase represented a gradual sorption of gels where

able 3
sotherm parameters for metal adsorption onto CMC/SSS gels.

Metal Langmuir isotherm 

q max (�g/g) kL (L/�g) R2

Cr 36.65 0.0140 0.97
Mn  8.78 0.0198 0.96
Fe  79.78 0.0054 0.99
Ni  2.67 0.0694 0.97
Cu  25.19 0.0061 0.98
Zn  30.34 0.0052 0.98
Mo  7.19 0.0107 0.97
Cd  0.42 0.5774 0.98
Pb  3.60 0.1514 0.98
U  0.58 0.7231 0.99
Fig. 8. Intra-particle diffusion model plots for multi-element sorption on to grafted
gels.

intra-particle diffusion highly involved in the rate control of this
mechanism; and (3) the final equilibrium phase where the intra-
particle diffusion starts to slow down. This also has been observed
by previous investigate (Chiou, Ho, & Li, 2004; Mishra, 2016; Olu-
owolabi, Diagboya, & Adebowale, 2014). Since the second linear
plots do not pass through the origin, intra-particle diffusion was  not
the only rate-limiting step. Some other processes may  also control
the rate of adsorption but only one predominates at any particular
time phase. The values of the intra-particle diffusion rate constant,
calculated from the slope of the straight line part of the curve.

3.3.4. Equilibrium isotherms
In order to evaluate the maximum metal ion uptake by grafted

gel, adsorption isotherm experiments were conducted. The non-

linear Langmuir and Freundlich models were employed most
commonly (Benamer et al., 2011) to fit the resulted equilibrium
data because they provide better fitting than the linear form (Ho,
2006).

Freundlich isotherm

kf (�g/g) n R2

0 2.2772 2.1176 0.899
6 0.7027 2.2454 0.888
0 6.1617 2.8610 0.913
5 0.3051 1.9139 0.916
6 0.7070 1.8222 0.940
1 0.6592 1.7177 0.937
6 0.3823 2.0980 0.918
9 0.1682 2.9750 0. 896
4 0.8420 2.6940 0.890
5 0.2515 2.7898 0.930
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Fig. 9. Adsorption isother

The Langmuir isotherm is used to evaluate the sorption capacity
f the chelating material. The linear form of this isotherm can be
ritten as (7):

e = qmax.kL.Ce
1 + kL.Ce

(7)

here Ce is the equilibrium concentration of adsorbate (�g/L) and
e is the amount adsorbed per gram of adsorbent at equilibrium
�g/g), kL is Langmuir isotherm constant (L/�g) and q max is the

aximum monolayer coverage of metal ion capacity (�g/g).
The Langmuir constant kL of CMC/SSS gels is the adsorption

quilibrium constant related to the affinity of the binding sites
nd energy of adsorption, which calculated to be highest for U
0.7231 L/�g). The stronger binding energy of U than others was
scribed to the stronger electrostatic interactions between U and
dsorbent. As shown in Table 3, the maximum monolayer capac-
ty of the CMC/SSS adsorbent for high removal of Fe2+, Zn2+ and
r3+ were found to be 79.78, 30.34 and 36.65 �g g−1, respectively.
he main reason for this priority could result from higher initial
oncentration. Similar trends are reported by other researcher (Ali,
012).

The Freundlich equation used to evaluate heterogeneous surface
nergies is expressed as follows (8):

e = kf .C
1
n
e (8)

here kf indicates Freundlich constants is related to the adsorption
quilibrium constant (�g/g), Ce is the equilibrium concentration
�g/L) and n an empirical parameter related to the intensity of
dsorption, which varies with the heterogeneity of the adsorbent.
he value kf and n are also summarized in Table 3. The number
f active sites n in the hydrogels for all investigated metal ions
as greater than unit indicates that the sorption by hydrogels is

avorable (Ramesh, Hasegawa, Sugimoto, Maki, & Ueda, 2008).
The metal ion uptake increased with increasing equilibrium con-

entrations (Fig. 9). By comparing the correlation coefficients in
able 3, it was found that the Langmuir isotherm model has a better
t compare to Freundlich model for CMC/SSS gels and this phe-
omenon suggests that the maximum monolayer adsorption takes
lace on the surface of the gels, rather than a multilayer adsorption.
. Conclusion

Heavy metal contamination has been a serious problem
hroughout the world because of the hazardous effects on the
etal ions by CMC/SSS gel.

health of humans. Even though there are well established tech-
niques for the heavy metal removal from drinking water, their
usage can be limited by cost. Hence, there exists a need to develop
a method for heavy metal removal from aqueous solution which
is cost effective, efficient and eco-friendly. We  propose a novel
method of using CMC  grafted with SSS to remove heavy metals
from water. Based on the results the following can be concluded:

- The CMC/SSS hydrogel was  synthesized by using gamma  irradi-
ation. Water absorbency for this hydrogel showed higher than
CMC  hydrogel resulting from the COOH and SO3H groups on
the polymer chains.

- The hydrogel’s functional groups revealed by spectroscopic anal-
yses and later tested for adsorption properties included the
carboxylate and sulfonate moieties. These groups enabled suc-
cessful adsorption of metal ions from aqueous solution. The
optimum pH value for metal uptake was around 6.

- The kinetics of adsorption process indicated that adsorption pro-
cess was  chemisorption process and monolayer sorption took
place on the surface of the CMC/SSS hydrogel.
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