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Novel  pH-sensitive  hydrogels  based  on chitosan,  itaconic  acid  and  methacrylic  acid  were  applied  as
adsorbents  for  the  removal  of Zn2+ ions  from  aqueous  solution.  In batch  tests,  the  influence  of  solution  pH,
contact  time,  initial  metal  ion  concentration  and  temperature  was  examined.  The  sorption  was  found  pH
dependent,  pH  5.5  being  the  optimum  value.  The  adsorption  process  was  well  described  by the  pseudo-
second  order  kinetic.  The  hydrogels  were  characterized  by spectral  (Fourier  transform  infrared—FTIR)
and  structural  (SEM/EDX  and  atomic  force  microscopy—AFM)  analyses.  The  surface  topography  changes
ydrogel
inetic model
dsorption isotherm
eparation
tomic force microscopy

were  observed  by  atomic  force  microscopy,  while  the  changes  in  surface  composition  were  detected
using  phase  imaging  AFM.  The  negative  values  of  free energy  and  enthalpy  indicated  that  the  adsorption
is  spontaneous  and  exothermic  one.  The  best  fitting  isotherms  were  Langmuir  and  Redlich–Peterson
and  it was  found  that  both  linear  and  nonlinear  methods  were  appropriate  for obtaining  the  isotherm
parameters.  However,  the  increase  of  temperature  leads  to  higher  adsorption  capacity,  since  swelling
degree  increased  with  temperature.
. Introduction

Trace elements, especially heavy metals, are currently pollu-
ants of great concern, due to increased awareness of their potential
azardous effects. Released in environment mostly by industrial
lants or mining activities, they pollute soil, surface waters, sedi-
ents, as well as ground water. Many industrial activities generate

eavy metal contaminated wastewaters with very diverse compo-
itions that pose serious environmental risks if not treated [1].  As
table and persistent, they may  accumulate in living organisms,
nter and become concentrated in a food chain. Even low concen-
rations of heavy metals have damaging effects to men  and animals
ecause there is no good mechanism for their elimination from the
ody [2].

Zinc as an essential trace element is crucial to survival and health
aintenance of living organisms. However, insufficient, as well as

xcessive intake, can cause disease and toxicity. Zinc human tox-

city can occur in both acute and chronic forms. Acute adverse
ffects of high zinc intake include nausea, vomiting, loss of appetite,
bdominal cramps, diarrhea, and headaches [3].  Also, it should be

∗ Corresponding author. Tel.: +381 11 3303730; fax: +381 11 3370387.
E-mail address: meli@tmf.bg.ac.rs (M.T. Kalagasidis Krušić).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.05.093
© 2011 Elsevier B.V. All rights reserved.

emphasized that zinc and its salts have high acute and chronic
toxicity to aquatic life in polluted waters.

Zinc has many commercial applications such as coatings to pre-
vent rust, in dry-cell batteries, in many alloys (such as brass and
bronze), and in the production of die castings. Compounds of zinc
are used in the manufacture of paints, plastics, rubber, dyes, wood
preservatives and cosmetics. Due to its high production and appli-
cation, zinc can be found in emission, effluents, sludges and waste.

Recently, articles dealing with Zn2+ separation from synthetic
wastewater have been published: removal by simultaneous sul-
fate reduction and zinc precipitation in a single gas-lift bioreactor
[4]; biosorption by orange waste in batch and packed-bed systems
[5]; removal by using hybrid precursor of silicon and carbon [6];
sorption by the Serbian natural clinoptilolite [7] and separation
by extractant-impregnated organogels [8].  Since clay minerals are
already known to be efficient sorbent of various pollutants [9–18],
bentonite was  also used for the Zn2+ removal from aqueous solution
[19,20].

Novel pH-sensitive hydrogels based on chitosan, itaconic acid
and methacrylic acid were synthesised as a combination of natu-

ral and synthetic polymers with improved mechanical properties
and tunable swelling [21]. One of these materials was applied as
efficient adsorbent of Cd2+ ions from aqueous solution [22]. In the
present study the same hydrogel was used as a sorbent for Zn2+

dx.doi.org/10.1016/j.jhazmat.2011.05.093
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:meli@tmf.bg.ac.rs
dx.doi.org/10.1016/j.jhazmat.2011.05.093
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ons and also two other hydrogels based on chitosan, itaconic acid
nd methacrylic acid were examined.

The objective of this research was the investigation and charac-
erization of new pH-sensitive chitosan based materials as a sorbent
or Zn2+ ion removal from synthetic wastewater solution. SEM/EDX,
TIR and AFM analyses were applied for their characterization. The
nfluence of different variables like pH, temperature, contact time
nd initial concentration on the Zn2+ ions uptake was examined.

. Materials and methods

.1. Materials and methods

The synthesis and characterization of pH-sensitive hydrogels
ased on chitosan (Ch), itaconic acid (IA) and methacrylic acid
MAA) have been already described [21]. In this research the hydro-
els Ch/IA/MAA-1, Ch/IA/MAA-2 and Ch/IA/MAA-3 were examined
s sorbents for Zn2+ ions. Chitosan Ch/IA/MAA weight ratios
ere 1:1.56:10 (Ch/IA/MAA-1 and Ch/IA/MAA-2) and 1:1.56:7.5

Ch/IA/MAA-3). The redox pair KPS (K2S2O8) and KPyS (K2S2O7),
oth 0.2 wt.% with respect to the total weight of the reaction mix-
ure, was used as initiator and N,N′-methylenebisacrylamide (MBA)
s the crosslinking agent. The MBA  concentration was 0.2 wt.% for

h/IA/MAA-1 and Ch/IA/MAA-3 and 0.4 wt.% for Ch/IA/MAA-2.

Zinc stock solution (1000 mg/L) was prepared by dissolving a
alculated amount of Zn(NO3)2·6H2O (Merck, p.a.). Double distilled
eionized water was used through the research.

able 1
haracteristic parameters of the applied kinetic models and the correlation coefficients.

Sample Parameters qe,exp (mg/g) Pseudo-first order mod

k1 (min−1) qe,ca

Ch/IA/MAA-1 Initial Zn(II) concentration; sample dose: 0.035 g; pH 5.5; V = 50
4.6  1.43 2.66 1.65
9.2  2.65 1.57 2.02

14.1  5.46 1.42 4.48
Temperature (◦C); C0: 9.2 mg/L; sample dose: 0.035 g; pH 5.5; V
25 2.65 1.57 2.02
37 3.97 1.16 2.38
45  6.34 1.38 2.98

Ch/IA/MAA-3 Initial Zn(II) concentration; sample dose: 0.035 g; pH 5.5; V = 50
4.6  1.84 1.56 1.88
9.2  3.23 1.54 2.51

14.1  5.90 1.42 4.48
Temperature (◦C); C0: 9.2 mg/L; sample dose: 0.035 g; pH 5.5; V
25 3.23 1.54 2.51
37  4.64 1.42 2.41
45  5.53 1.14 3.07

Sample Parameters qe,exp (mg/g) Pseudo-first order mod

k1 (min−1) qe,ca

Ch/IA/MAA-1 Initial Zn(II) concentration; sample dose: 0.035 g; pH 5.5; V = 50
4.6  1.43 2.15 1.68
9.2  2.65 1.84 3.15

14.1  5.46 1.33 6.16
Temperature (◦C); C0: 9.2 mg/L; sample dose: 0.035 g; pH 5.5; V
25 2.65 1.14 3.15
37  3.97 1.28 3.55
45  6.34 1.47 5.85

Ch/IA/MAA-3 Initial Zn(II) concentration; sample dose: 0.035 g; pH 5.5; V = 50
4.6  1.84 1.09 2.20
9.2  3.23 1.12 3.82

14.1  5.90 1.10 6.58
Temperature (◦C); C0: 9.2 mg/L; sample dose: 0.035 g; pH 5.5; V
25 3.23 1.44 3.82
37  4.64 1.28 4.09
45 5.53 1.05 4.45

1—the rate constant of pseudo-first order model, k2—the rate constant of pseudo-second
Fig. 1. Effect of pH on Zn2+ ion adsorption onto Ch/IA/MAA hydrogels. Amount of
hydrogel 0.035 g; Co = 10 mg/L; temperature 25 ◦C; contact time 48 h.

All batch kinetics experiments were carried out by mixing
0.035 g of hydrogel with 50 mL  of aqueous solution of Zn2+ ions.

The adsorbate concentration (4.6, 9.2 and 14.1 mg/L), pH, adsorp-
tion time (0.5–48 h) and temperature (25 ◦C, 37 ◦C and 45 ◦C)
were varied. The pH of the aqueous phase was adjusted within

el linear method Pseudo-second order model linear method

l (mg/g) R2 k2 (g/mg min) qe,cal (mg/g) R2

 mL;  t = 25 ◦C
 0.9014 2.55 1.60 0.9885

 0.9047 1.24 2.93 0.9958
 0.9821 0.56 6.11 0.9994

 = 50 mL;
 0.9047 1.24 2.93 0.9958

 0.9741 1.35 4.10 0.9934
 0.9884 1.51 7.37 0.9900

 mL;  t = 25 ◦C
 0.9276 1.34 1.82 0.9639
 0.9897 0.91 3.68 0.9921
 0.9921 0.41 7.05 0.9934

 = 50 mL;
 0.9897 0.91 3.68 0.9921
 0.9654 1.03 5.02 0.9980

 0.9852 1.06 5.66 0.9924

el non-linear method Pseudo-second order model non-linear method

l (mg/g) R2 k2 (g/mg min) qe,cal (mg/g) R2

 mL;  t = 25 ◦C
 0.9868 2.49 1.40 0.9978
 0.9881 1.18 2.60 0.9985
 0.9831 0.85 5.23 0.9946

 = 50 mL;
 0.9891 1.33 2.60 0.9966
 0.9873 1.42 3.77 0.9944
 0.9857 1.49 6.12 0.9942

 mL;  t = 25 ◦C
 0.9746 1.21 1.80 0.9912

 0.9890 1.14 3.17 0.9910
 0.9874 0.75 6.00 0.9964

 = 50 mL;
 0.9800 1.00 3.17 0.9910

 0.9771 1.19 4.59 0.9986
 0.9862 1.16 5.62 0.9987

 order model.



848 N.B. Milosavljević et al. / Journal of Hazardous Materials 192 (2011) 846– 854

Fig. 2. Sorption kinetics of Ch/IA/MAA-1 (a) and Ch/IA/MAA-3 (b) hydrogel at differ-
ent initial Zn2+ concentrations. Amount of sorbent 0.035 g; volume of the solution
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Table 2
Isotherm parameters obtained using the linear and non-linear method for the
adsorption of Zn2+ ions onto the Ch/IA/MAA-3 hydrogel at 25 ◦C, 37 ◦C and 45 ◦C
at  different temperatures.

Parameter 25 ◦C 37 ◦C 45 ◦C

Langmuir linear
qmax (mg/g) 105.5 109.4 111.6
KL (L/g) 4.50 5.3 7.3
R2 0.9955 0.9967 0.9933

Freundlich linear
KF (mg/g)(L/mg)1/n 2.02 2.51 3.72
n  1.72 1.78 1.94
R2 0.9875 0.9892 0.9887

Redlich Peterson linear
A (L/g) 0.629 0.865 0.887
B  (L/mg)g 0.027 0.021 0.023
g  0.776 0.848 0.824
R2 0.9924 0.9975 0.9968

Langmuir nonlinear
qmax (mg/g) 104.2 107.9 117.5
KL (L/g) 4.1 6.5 8.2
R2 0.9920 0.9959 0.9947

Freundlich nonlinear
KF (mg/g)(L/mg)1/n 2.1 2.9 4.2
n  1.75 1.97 2.02
R2 0.9833 0.9824 0.9742

Redlich Peterson nonlinear
A (L/g) 0.653 0.712 0.980
B  (L/mg)g 0.031 0.019 0.021
g  0.755 0.833 0.866
R2 0.9966 0.9983 0.9982

can be attributed to its lower swelling degree, compared with other
0 mL;  initial pH 5.5; temperature 25 ◦C; contact time 0.5–48 h.

he range 2.2–6.8. The flasks were agitated on a thermostatted
echanical shaker (WNB-14, Memmert). The concentration of

n2+ ion in solution was determined by ICP-MS Agilent Technolo-
ies 7500ce system. Adsorption isotherms were studied over a
arge Zn2+ initial concentration range, from 4.6 to 660 mg/L at
H 5.5.

Fourier transform infrared (FTIR) spectra of unloaded and loaded
ydrogel were obtained using a Bomem MB  100 FTIR spectropho-
ometer.

The morphology of the prepared hydrogel was investigated
sing SEM/EDX, on a JEOL JSM-5800 scanning electron micro-
cope.

Multimode quadrex SPM with Nanoscope IIIe controller (Veeco
nstruments, Inc.), operated under ambient conditions was used
o simultaneously acquire surface topography and phase images.
tandard AFM tapping mode was explored using a commer-
ial Veeco RTESP AFM probe. All measurements were performed
n one series using the same cantilever and with the same

alue of the drive amplitude set at 32.2 mV.  The drive frequency
as 246.830 kHz, while the amplitude set point was 2.7 ± 0.1
.

qmax—maximum sorption capacity; KL—Langmuir constant; KF—Freundlich
isotherm constant; n—Freundlich exponent; A, B, g—Redlich–Peterson isotherm
constants.

3. Results and discussion

3.1. Sorption studies

Experiments with initial pH ranging from 2.2 to 6.8 and Zn2+

initial concentration of 10 mg/L were carried out by adding 0.035 g
of hydrogel (Ch/IA/MAA-1, Ch/IA/MAA-2 and Ch/IA/MAA-3) into
50 mL  of zinc-nitrate solution.

The Zn2+ ion adsorption is highly dependent on solution pH for
all examined hydrogels, as shown in Fig. 1. The maximum adsorp-
tion of Zn2+ ions onto all three adsorbents occurred at pH 5.5. The
pH of aqueous solution is very important parameter for Zn2+ ion
sorption on Ch/IA/MAA hydrogel because it affects the metal chem-
istry in the solution and the hydrogel properties like swelling and
charge of the functional groups, as well. An increase of solution
pH from 2.2 to 5.5 substantially increases the metal ion adsorp-
tion and then declines with a further increase of pH. Depending
on the solution pH, different metallic species are present (Zn2+,
Zn(OH)+, Zn(OH)2(s), etc.) [23] and at pH 2.2–5 the Zn2+ ions are the
main species in the solution. In the pH range 2.2–5.5 the pH depen-
dence of Zn2+ ion adsorption on the examined hydrogels can largely
be related to swelling and charge of hydrogel functional groups
because at pH 5.45 all acid groups become ionized. Also, electro-
static repulsive forces between anions lead to a marked increase
of swelling [21]. At pH > 6 hydrogen bonding between amine and
hydroxyl groups takes place and the shrinkage of the gels occurs.
Also, few authors performed Zn2+ ion adsorption at pH about 6 to
avoid any possible precipitation [7,24].

The lower adsorption capacity of Ch/IA/MAA-2 hydrogel (Fig. 1)
two  hydrogels, being a consequence of the increased MBA  concen-
tration (0.4%). It has been shown that with the increase of the MBA
concentration increases the extent of crosslinking and the degree
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Fig. 3. FTIR spectra of the (a) Ch/IA/MAA-1 and (b) Ch/IA/MA

f swelling decreases, at all pH values [21]. Higher amount of Zn2+

ons is adsorbed by Ch/IA/MAA-3 (Fig. 1) which has lower swelling
egree and lower MAA  content than Ch/IA/MAA-1 hydrogel [21].

The subsequent experiments were performed with two  hydro-
els, Ch/IA/MAA-1 and Ch/IA/MAA-3 at pH 5.5.

The results of kinetic experiments are presented in Fig. 2(a and
). The amount of Zn (mg) adsorbed per gram of Ch/IA/MAA hydro-
el, qt, versus contact time (0–48 h) for different initial metal ion
oncentrations is shown. For both hydrogels the increase of the
nitial concentration, as well as contact time, leads to an increase
n the amount of metal ion adsorbed; the Ch/IA/MAA-3 exhibits

 little bit higher sorption capacity. Due to similar properties of
xamined materials for both of them equilibrium is reached within
0 h. The contact time of 48 h was chosen for the further sorption
xperiments.

In order to investigate the rate constant, adsorption process
as analyzed using two the most widely applied kinetic models

n sorption processes, pseudo-first model proposed by Lagergren
25] and pseudo-second order proposed by Ho and McKay [26]. The
haracteristic parameters of the studied kinetic models and their
orresponding correlation coefficients are presented in Table 1.
udging from the correlation coefficients, R2, the pseudo-second
rder model fits better with the experimental data than pseudo-
rst model for both hydrogels and also the calculated qe values
qe,cal) obtained with pseudo-second order kinetic model are more

onsistent with the experimental qe values (qe,exp). Obviously, the
dsorption process of Zn2+ ions on Ch/IA/MAA-1 and Ch/IA/MAA-

 hydrogels can be well described by the pseudo-second order
odel. Moreover, for the system studied at increased temperatures
drogel samples before (1) and after (2) Zn2+ ions adsorption.

the pseudo-second order model provides better correlation of the
experimental data, comparing with the pseudo-first model.

3.2. Characterization of hydrogels

Fig. 3 shows the FTIR spectra of Ch/IA/MAA-1 and Ch/IA/MAA-
3 hydrogels, free and metal-loaded. The wide absorption band at
∼3435 cm−1 is characteristic of the N–H and –OH stretching vibra-
tions. The intensity of this band decreases in the FTIR spectrum of
zinc-loaded hydrogels indicating that these two groups are possibly
involved in the adsorption. Also, the FTIR spectra of Ch/IA/MAA-1
showed that the C O stretching vibration from carboxylic groups
obviously weakened after adsorption and the strong absorption
band at 1712 cm−1 (Fig. 3a-1) shifted to the lower wave number,
1705 cm−1 (Fig. 3a-2) in the metal loaded spectrum. Similar pat-
tern was  observed for Ch/IA/MAA-3 hydrogel where absorption
band at 1718 cm−1 (Fig. 3b-1) shifted to 1715 cm−1 (Fig. 3b-2) after
zinc adsorption, indicating that the same groups are involved in
adsorption. The absorption band at ∼1540 cm−1, assigned to the
ionic interaction between Ch and the acids, as well as the absorp-
tion band at ∼1165 cm−1, assigned to the deformation absorption
bands of –OH groups, were enhanced and shifted to higher wave
numbers after zinc adsorption, for both hydrogels. On the basis of
the FTIR spectra of unloaded and loaded hydrogel it seems that
–NH2, –OH and –COOH groups are involved in Zn2+ ion bonding to

the hydrogels.

The SEM images of Ch/IA/MAA-1 and Ch/IA/MAA-3 hydrogels,
before and after adsorption are shown in Fig. 4a′ Fig. 4 shows
that the structure of the unloaded Ch/IA/MAA-1 hydrogel is highly
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Fig. 4. (a′) SEM micrograph ‘bar’ 500 �m,  90×;  zoom ‘bar’ 200 �m,  300× and (a′′) EDX spectra of intact Ch/IA/MAA-1 sample. (b′) SEM micrograph ‘bar’ 200 �m,  250×; zoom
‘ h zinc
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bar’  200 �m,  500× and (b′′) EDX spectra of Ch/IA/MAA-1 sample after loading wit
00  �m,  300× and (c′′) EDX spectra of intact Ch/IA/MAA-3 sample. (d′) SEM microg
ample after loading with zinc nitrate solution (324.8 mg/L).

orous while from Fig. 4b′ is obvious that zinc ions adsorption
auses significant changes in its structure. Typical EDX spectra of
he unloaded Ch/IA/MAA-1 hydrogel and the hydrogel after zinc
dsorption are presented in Fig. 4(a′′ and b′′). EDX was employed to
onfirm whether the electron dense part on the hydrogel is made up
f Zn2+ ions. The existence of zinc ions on the Ch/IA/MAA-1 hydro-

el is confirmed by EDX spectra; while the EDX spectrum for the
ntact hydrogel did not show the characteristic peak of zinc, the
DX spectrum of zinc-loaded hydrogel showed clearly the peak of
inc, intensity of which is proportional to the metal concentration.
 nitrate solution (324.8 mg/L). (c′) SEM micrograph ‘bar’ 500 �m,  90×; zoom ‘bar’
ar’ 200 �m,  250×; zoom ‘bar’ 100 �m,  500× and (d′′) EDX spectra of Ch/IA/MAA-3

On Fig. 4c′ the unloaded highly porous Ch/IA/MAA-3 hydrogel
is shown, and on Fig. 4d′ the same hydrogel after zinc adsorption,
which caused significant changes in its structure. EDX spectras of
the unloaded Ch/IA/MAA-3 hydrogel and the same hydrogel after
zinc adsorption are presented in Fig. 4(c′′ and d′′).

Hydrogel morphology is obviously dependent on the MAA  con-

tent, and larger pores are observed for the Ch/IA/MAA-1 hydrogel.
The surface of Ch/IA/MAA-3 hydrogel was  more porous and pro-
vided larger surface area for Zn2+ ion adsorption. This is confirmed
by EDX spectrum of zinc-loaded hydrogels (Fig. 4b′ and b′′) where
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behind. Presence of displaced grains and holes on the surface in
the zinc containing phase is indicated by a light contrast in phase
image, Fig. 7d. The agglomeration is more pronounced resulting in
N.B. Milosavljević et al. / Journal of H

ntensity of the peak of zinc is higher for Ch/IA/MAA-3 hydrogel
omparing with Ch/IA/MAA-1 hydrogel.

On the basis of the results obtained, Ch/IA/MAA-3 hydrogel was
hosen for adsorption isotherm experiment.

.3. Adsorption isotherms

The experimental equilibrium isotherms for adsorption of Zn2+

ons on Ch/IA/MAA-3 hydrogel at different temperatures are pre-
ented at Fig. 5. The equilibrium adsorption data were subjected to
he three widely used isotherms, Langmuir and Freundlich, as two
arameter isotherms, and Redlich–Peterson, as a three parameter
odel. Linear and nonlinear methods were used in order to obtain

he best fitting of the isotherms; the parameters of the adsorption
sotherms are presented in Table 2.

The linear and nonlinear correlation coefficients for the Lang-
uir and Redlich–Peterson model are higher, than those of the

reundlich model, at all temperatures, thus indicating that the
angmuir and the Redlich–Peterson isotherms best fitted for the
dsorption of Zn2+ ions on Ch/IA/MAA-3 hydrogel under the con-
entration range studied. The prediction of the adsorption process
an be performed using both linear and nonlinear method since
he calculated isotherm parameters obtained using these methods
ere similar.

The studies of the temperature effect on the Zn2+ ions adsorp-
ion by Ch/IA/MAA-3 hydrogel were carried out at three different
emperatures (25 ◦C, 37 ◦C and 45 ◦C) at optimum pH value of 5.5,
ontact time 48 h and adsorbent dosage level of 0.035 g.

The Langmuir constant KL is used in the following equation to
etermine the Gibbs free energy change of adsorption, �G, at dif-
erent temperatures:

G = −RT ln KL (1)

here R is the universal gas constant (8.314 J/mol K) and T is the
emperature.

The thermodynamic parameters, enthalpy change (�H) and
ntropy change (�S), are calculated from the values of the slope
nd intercept of a plot ln KL versus 1/T  (Eq. (2)).

n KL = �S

R
− �H

RT
(2)

The negative values of �G  obtained (−20.84, −22.10 and
23.52 kJ/mol at 25 ◦C, 37 ◦C and 45 ◦C, respectively) confirm the

easibility of the process and the spontaneous nature of Zn2+

on adsorption on Ch/IA/MAA-3 hydrogel. Also the value of �G
ecomes more negative with the increase of temperature.

The values obtained for the enthalpy change, �H, and the
ntropy change, �S,  were −18.26 kJ/mol and 130.93 J/mol K,
espectively. Even the negative value of �H indicates that the
dsorption reaction is exothermic, the results obtained showed
hat with the increase of temperature, the process becomes more
pontaneous and the adsorption capacity also increased. Namely,
emperature also has significant influence on the hydrogel swelling,
s shown in Fig. 6. As the swelling values exhibit great difference
n the investigated temperature range, increased sorption capacity
s attributed to the higher degree of swelling at elevated tempera-
ures.

The positive value of �S  suggests some structural changes dur-
ng Zn2+ ion adsorption and Ch/IA/MAA-3 hydrogel interactions.

amely, it has been previously concluded that some water struc-

ural break-down in the adsorption process could be expected [27].
robably the size of hydration sphere of Zn2+ ions, hydration energy
nd structure of the hydrogel contribute to the obtained �S  value.
Fig. 5. Adsorption equilibrium isotherms of Ch/IA/MAA-3 hydrogel. Amount of
hydrogel 0.035 g; pH 5.5; contact time 48 h.

3.4. AFM surface topography and phase images

Surface topography images were acquired using tapping-mode
atomic force microscopy (AFM), while simultaneously recorded
phase AFM images were used to detect the changes in surface chem-
ical composition after Zn2+ ions were adsorbed by the reference
sample from solutions containing different Zn concentrations.

Characteristic three dimensional (3D) surface topography and
phase AFM images (500 nm × 500 nm)  of the reference sample and
of ones modified by absorbed Zn, are presented in Fig. 7. Grains of
various sizes randomly aggregated can be seen in Fig. 7a. Due to
the contrast enhancement in phase images, particular grains are
clearly highlighted in Fig. 7b.

Upon Zn adsorption, a significant change in surface topography
is obtained. Grains of the reference sample are agglomerated giv-
ing thus flattened domains of the Zn/ref surface, as illustrated in
Fig. 7c. Another consequence of the agglomeration is the appear-
ance of very large grains, displacement of which leaves huge holes
Fig. 6. The effect of temperature on the swelling of Ch/IA/MAA-3 hydrogel.
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Fig. 7. AFM images (500 nm × 500 nm)  showing: (a) the morphology of the reference sample and (b) the corresponding phase image; (c) the morphology of the same sample
containing Zn2+ ions, after adsorption from the Zn2+ ion solution (initial concentration 80 mg/L) and d) the corresponding phase image; (e) the same sample containing Zn2+

ions adsorbed (initial concentration 320 mg/L) and (f) the corresponding phase image. For surface morphology images z-range is 10 nm, while for phase images z-range is
60◦ .
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Table 3
Maximum adsorption capacity of different adsorbents for Zn2+ ions at 25 ◦C.

Adsorbent qmax (mg/g) Reference

Natural bentonite 68.5 [20]
Orange waste 34.5 [5]
Hybrid precursors of silicon and carbon 28.76 [6]
Serbian natural clinoptilolite 12.0 [7]
pH  sensitive hydrogel 110a [28]
Chelating Polymeric Hydrogel 83.2 [29]
Oxidized carbon nanotubes 1.0 [30]
Ch/IA/MAA hydrogel 105.5 Present study

a pH 8, probably precipitation takes place.

Table 4
The influence of desorbing agents on the desorption efficiency of Zn(II) from the
zinc-loaded Ch/IA/MAA-3 hydrogel.

Desorbing agent Desorption efficiency (%)

0.01 M HNO3 100.0
0.1 M HNO3 100.0
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[

[

[

[

[
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[20] T. Kanti Sen, D. Gomez, Adsorption of zinc (Zn2+) from aqueous solution on
0.01 M CH3COOH 50.3
0.1 M CH3COOH 100.0

 relatively rough surface morphology in the case when Zn2+ ions
re absorbed from more concentrated solutions, as can be seen from
he topography AFM image given in Fig. 7e. Details of such zinc con-
aining phase can be seen in a corresponding phase image given in
ig. 7f, which shows only grainy structure with no flat domains.

Adsorption capacities of different sorbents, reported recently in
he literature, are included in Table 3 along with the values obtained
n this study. Obviously, the Ch/IA/MAA-3 hydrogel exhibits higher
dsorption capacity. Apart from the adsorption on the surface of the
ydrogel, sorption takes place in the bulk, as confirmed by SEM/EDX
nalysis and AFM surface topography and phase images.

.5. Desorption studies

Consecutive sorption-desorption cycles were conducted to
xplore the potential of reusability of the hydrogels and recov-
ry of metal ions. The sorption/desorption cycles were repeated
or three times using 0.035 g of the sorbent and 660 mg/L of Zn2+

on solution in total volume of 50 mL.  Desorption was  done with
NO3 and CH3COOH (mass of loaded sorbent 0.035 g; volume of

olution 50 mL,  concentration 0.01 and 0.1 mol/L; duration of pro-
ess 24 h). The solution was analyzed for desorbed Zn2+ ions using
CP-MS. Both HNO3 solutions, 0.1 mol/L and 0.01 mol/L, appeared to
e effective for zinc ion desorption (100.0%), Table 4. The 0.01 mol/L
NO3 solution was used in further sorption/desorption studies. The
dsorption capacities did not show any significant decrease after
he third reuse cycle.

. Conclusions

In this study, pH-sensitive hydrogels based on chitosan, itaconic
cid and methacrylic acid were used as a sorbent for removal of
n2+ ions from aqueous solution. Solution pH and temperature had
ignificant effect on the Zn2+ ion sorption since they had influence
o the properties of hydrogels, as well as to the sorption process.

Kinetic studies show that experimental data can be described by
he pseudo-second order kinetic for both hydrogels, Ch/IA/MAA-1
nd Ch/IA/MAA-3. FTIR spectra of these hydrogels indicated that
NH2, –OH and –COOH groups were all involved in the adsorp-
ion process. On the basis of the results obtained, three examined

h/IA/MAA hydrogels could be considered as a potential sorbent for
n2+ ion removal from aqueous solution, but Ch/IA/MAA-3 hydrogel
as the most efficient.

[

ous Materials 192 (2011) 846– 854 853

The Langmuir and Redlich–Peterson isotherm model were
found to fit the equilibrium adsorption data on Ch/IA/MAA-3 hydro-
gel well, while the values of Gibbs free energy change indicated that
the process is spontaneous. Even it was concluded that the process
is exothermic because of negative �H, an increase in tempera-
ture resulted in improved sorption performance due to the higher
degree of swelling of hydrogel at elevated temperatures. The value
obtained for maximum sorption capacity of 105.5 mg/g at 25 ◦C,
is higher in comparison with other sorbents reported recently in
literature. The hydrogel can be regenerated with 0.01 mol/L HNO3.
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