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Abstract Superadsorbent poly (acrylamide-co-itaconic acid)/nanoclay hydrogels

were prepared by in situ free-radical polymerization of acrylamide and itaconic acid

in an aqueous media with nanoclay as a crosslinker. The properties of nanocom-

posite hydrogels (NCHs) were characterized by FTIR spectroscopy, XRD patterns,

and TGA thermal methods. Morphology of the samples was also examined by

scanning electron microscopy. The swelling properties and cationic dye adsorption

behaviors of the NCHs were also investigated. The adsorption behavior of the

cationic dyes such as methylene green (MG), methylene blue (MB), and crystal

violet (CV) were studied on the NCHs. The effects of the clay content of the

hydrogel on its cationic dye uptake behavior were studied. The adsorption studies

indicated that the rates of dye uptake by the NCHs increased in the following order:

MG[MB[CV. The effect of time on the different dye adsorption by the NCH

was nearly the same. The NCHs may be considered as a good candidate for envi-

ronmental applications to retain more water and to remove dyes.
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Introduction

Polymeric hydrogels, consisting of a three-dimensional polymer network and water

filling at the interstitial space of the network, have attracted much attention of

scientists as functional soft materials. To date, hydrogels have been used in many

fields such as soft contact lenses, super adsorbent polymeric gels used in sanitary
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napkins and disposable diapers, carriers for protein and nucleic acid in gel

electrophoresis, amendments in greening and agriculture, medical and food

products, etc. Also, many functional, polymeric hydrogels have been investigated

for their potential use in glucose-responsive, insulin-releasing gels [1], photore-

sponsive gels [2], enzyme carriers [3], separation devices [4], colloid crystals [5],

and cell-cultivation substrates [6]. Hydrogels loaded with dispersed clays are a new

class of composite materials which combine the elasticity and permeability of the

gels with the high ability of the clays to adsorb different substances [7–9]. Many

hydrogel composites such as polyacrylamide (PAAm) with bentonites [7, 10–12] or

montmorillonites [13], polyacrylic acid [14] or poly (N-isopropylacrylamide) [15]

with montmorillonites, etc., have been studied. Among the possible host materials,

clays are natural, abundant, and inexpensive minerals that have a unique layered

structure, high-mechanical strength, as well as high chemical resistance. It is well

known that clays are good adsorbents for removing dye and other contaminants

from the wastewater of the textile and dye industries. Because many types of clay

can absorb/desorb organic molecules, they are widely used as carriers or supports

for pharmaceuticals.

Recently, clay–polymer nanocomposites (NCs) have been the focus of much

attention because of their excellent physical properties, such as their toughness, high

modulus, heat resistance, transparency, and so on [16]. These properties are superior

to those that would be expected by a simple additive rule. This is partially due to the

strong interactions at the clay–polymer interface. Owing to the nature of the

complex molecules of clay, a variety of chemical reactions can take place at its

surface due to its high chemical reactivity, including reactions with a complex

chemistry [17, 18].

For the removal of cationic dyes, polymer hydrogels and their composites

have been employed because of their unique properties, such as their excellent

dimensional and adsorption behaviors. Most of these hydrogels are prepared by

the copolymerization of AAm with some kinds of acid, to endow them with the

ability to remove cationic dyes from the water. The acid, which has negative

charges, can interact with the cationic dye. Recently, some researchers used

clay-filled hydrogel composites for the removal of cationic dyes [19–22]. To

date, the clays used are all natural and all the hydrogels used for this purpose

were crosslinked by an organic crosslinker. Recently, Haraguchi et al. [19]

prepared nanoclay incorporated hydrogels using hectorite clay as a crosslinker

in place of the traditional organic crosslinkers. It was found that the

mechanical properties of the NC hydrogels improved with increasing hectorite

content [20–22].

In recent years, a series of papers has been published by Guven [23, 24] and

Katime et al. [25–30] who synthesized new hydrogels from the copolymers of

acrylamide, itaconic acid and maleic acid, and showed that the use of even very

small quantities of diprotic acid proved to impart remarkable properties to the

hydrogels of starting monomers and/or homopolymers. However, none of them has

been concerned with solvent effect on swelling–shrinking properties of these

hydrogels.
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The aim of this study is to investigate the swelling properties and dye

adsorption characteristics of nanoclay crosslinked poly (AAm-co-IA) hydrogels.

Dynamic swelling studies are important for the swelling characterization of NCH

systems. In view of our current interest in adsorption of water-soluble cationic

dyes with nanoclay crosslinked polymers hydrogels [31], in this research work,

authors have made an attempt to find a convenient method of removing water-

soluble cationic dyes from aqueous solutions by adsorption on a novel polymeric

adsorbent such as poly (AAm-co-IA)/Laponite clay hydrogels. The structure of the

three different water-soluble cationic dyes used in this work, include methylene

green (MG), methylene blue (MB), and crystal violet (CV), and are shown in

Scheme 1.

Experimental

Materials

Acrylamide (AAm) and itaconic acid (IA) (chemically pure; Shanghai Fine

Chemical Material Institute, Chemical Purity, Shanghai, China), ammonium

persulfate (APS), and N,N,N’,N’-tetramethyldiamine (TEMED) (analytical reagent;

Shanghai Chemical Reagent) were used as received. Laponite XLS (cation

exchange capacity � 104 mequiv/100 g), were obtained from KanTo Chemical

Industries, Ltd., Tokyo, Japan and Rockwood Co. (Princeton, NJ, USA), respec-

tively. Laponite RD was provided by Rockwood Additive Limited (surface area:

370 m2/g, bulk density: 1,000 kg/m3, chemical composition: SiO2 59.5 %, MgO

27.5 %, Li2O 0.8 %, Na2O 2.8 %, loss on ignition: 8.2 %). All solutions used in the

experiments were prepared in deionized water. The cationic dyes namely, MG, MB,

and CV (Merck, Darmstadt, Germany), were of analytical reagent grade and used as

received. Deionized water was distilled for all experiments including the swelling

experiments.

Preparation of poly (AAm-co-IA) nanocomposite hydrogels

NCHs were prepared using initial solutions consisting of comonomers (AAm and

IA), crosslinker (clay), solvent (water), initiator (APS), and catalyst (TEMED). The

molar ratio between AAm and IA was 1.74:0.26. The NCHs were prepared by the

in situ free-radical polymerization of comonomers in the presence of the water-

swollen inorganic clay without using any organic crosslinker [32]. First, a

transparent aqueous solution consisting of water (27 ml), AAm (3 g), IA (0.22 g),

and various amounts of inorganic clay (1–4.0 g) was prepared. The catalyst

(TEMED, 24 ll) and subsequently, the aqueous solution of the initiator (0.05 g

APS) were added to the former solution with stirring at freezing temperature. Then,

the copolymerization of AAm and IA was allowed to proceed in a water bath at

25 �C for 48 h. The hydrogels were heat treated in an incubator at 60 �C for

different duration (10–14 days).
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Characterization

The UV–visible spectra of the dye solution were recorded using an Uvikon 923

Double Beam UV/VIS spectrophotometer. The absorption spectra of the dilute dye

solution in water were recorded in the wavelength range of 300–1,000 nm using a

3-ml stopper silica cell with a path length of 10 mm. Distilled water was chosen as

the reference. Optimized NCH was used to study XRD and scanning electron

microscopy (SEM). FTIR spectra of samples were taken in KBr pellets using a

Perkin–Elmer PE 1600 FTIR spectrophotometer. So, after purifying NCHs

according to measurement of gel content, the dried powders were used to study

instrumental analysis. The dried sample was coated with a thin layer of gold and

imaged in an SEM instrument (Philips, XL30). One-dimensional, wide-angle X-ray

diffraction patterns were obtained by using a Philips X’Pert MPD X-ray

diffractometer with wavelength, k = 1.54 Å (Cu-Ka), at a tube voltage of 40 kV

and tube current of 40 mA. Thermogravimetric analysis (TGA) of the NCHs was

carried out on a 2100 thermoanalytical system, USA. The TGA scans were recorded

in the temperature range of 25–600 �C with a heating rate of 10 �C/min in air

media.

Swelling behavior of NCH

A gravimetric procedure was adopted to monitor the swelling behavior of the NCHs

in the different aqueous dye solutions and water. In brief, a known weight of NCH

was immersed in distilled water at 25 �C and taken out at regular intervals of time to

measure the change in weight. The measurements were continued until a constant

weight was reached for each sample. The swelling percentage (water uptake) (Q)

was calculated with the following equation:

ESðg=gÞ ¼ Ws �Wd

Wd

ð1Þ

where Ws is the mass of the swollen hydrogel at time t and Wd is the mass of the

original hydrogel (after drying).

Scheme 1 Structure of methylene green (MG), methylene blue (MB), and crystal violet (CV)
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Adsorption of cationic dye

For the adsorption kinetics, the adsorptions of cationic dye onto the poly (AAm-co-

IA)/clay NCHs were examined in batch mode. NCHs were immersed in 100 ml of

dye solutions at 25 �C with 30 mg l-1. During the adsorption process, a small

amount of the dye solution was withdrawn from the system at regular intervals of

time and the dye concentrations were measured using a UV–visible spectropho-

tometer. The amount of the dye adsorbed by the hydrogel at time t, Q (mg g-1 dried

hydrogel), was calculated using the following relation:

Q ¼ Ci � Ce

m
� V ð2Þ

where Ci and Ce are the initial and the equilibrium concentrations of cationic dyes

(mg ml-1), V is the total volume of dye solutions (ml), and m is the mass of the dry

NCH(g). As mentioned before, NCHs were subjected to heat treatment at 60 �C for

10–14 day. So, the effects of the heat treatment of the NCHs on their dye uptake

behavior were monitored. The removal efficiency (RE %) of the dye was calculated

using the following relation:

REð%Þ ¼ Ci � Ce

Ci

� 100 ð3Þ

Partitioning of dissolved constituents between an aqueous phase and the

adsorbents in water and sediments has commonly been described by an empirical

partition coefficient that simply relates the total concentration of the dissolved

species to the total concentration of the adsorbed species.

Kd ¼
Ci � Ce

Ci

ð4Þ

where Kd is the empirical partition coefficient at equilibrium.

Results and discussion

Synthesis and characterization

The proposed mechanism of the grafting copolymerization reaction is presented in

Scheme 2. Superabsorbent copolymers of acrylamide (Am) and itaconic acid (ItA)

were prepared by free-radical polymerization of the monomers in aqueous solution

using sodium persulfate (SPS) and N,N,N0,N0-tetramethylenediamine (TMEDA) as

initiating system. Clay was used as crosslinking agent. The polymerization was

initiated first by the reaction of SPS and TMEDA to form a complex that produces

more free radicals leading to high efficiency of initiation as illustrated in Scheme 2.

Figure 1 shows the appearances of NC gels synthesized in glass vessels. It was

found that the shape of the resulting hydrogel was the same as that of the vessel

used. The hydrogels were alternately moved into water at 25 �C.
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Instrumental analyses of poly (AAm-co-IA)/clay NCHs

FT-IR spectra

Figure 2 shows the FT-IR spectra of NCHs and the nanoclay. The spectra of the

NCHs contained all bands of the clay. This was also demonstrated by the vibrations

of the –COOH and CONH2 groups at 1,674 and 1,457 cm-1 and by the vibrations of

the –OH and –NH groups at 3,436 cm-1. As shown in Fig. 1, the bands at 1,007,

653, 538, and 471 cm-1 are assigned to Si–O stretching, Al–O was stretching and

M–O stretching (M is multivalent metal).

XRD analyses

The XRD patterns of clay and NCHs containing 1.0, 2.0, 3.0, and 4.0 g were studied

and shown in Fig. 3. The profiles were collected from 2 to 10� (2h). It is suggested
that polymer intercalated into the gallery of clay. The XRD pattern of pure clay

Scheme 2 Proposed mechanism for synthesis of poly (AAm-co-IA) nanocomposite hydrogels

Fig. 1 Appearances of NC gels before adding of water (a) and after adding of water (b and c)
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showed the main diffraction peak of at 2h = 7–8, which disappeared in the

diffraction profiles of NCHs. It can be concluded that the interlayer distance of clay

was changed and the clay layers are completely exfoliated and uniformly dispersed

in organic network.

Thermal characterization

The thermogravimetric curves of the prepared NCHs contain 1.0 and 4.0 g clay

were studied up to 600 �C and depicted in Fig. 4. Three main decomposition

regions of the samples were revealed. The first is in the range for 1.0 g clay from

28.26 to 192.72 �C. This weight loss can be attributed to the moisture in the

samples. The values of weight loss for NCH is 4.78 wt% in this stage. As shown in

Fig. 3, the weight loss of NCH increase to 17.52 wt% at 289.37 �C, and 46.70 wt%

at 600 �C. For NCH containing 4.0 g clay, weight loss is 7.00 wt% at 239.76 �C,
15.00 wt% at 372.43 �C, and 25.25 wt% at 600 �C. As shown in Fig. 4, by

increasing the clay content, thermal stability of the NCHs was clearly improved.

These observations have indicated that grafting has improved the thermal stability

of polymer, and thermal stability was found to be dependent on the degree of

grafting onto polymer.

Fig. 2 FT-IR patterns of poly (AAm-co-IA) nanocomposite hydrogels with 1.0, 2.0, 3.0, and 4.0 g clay
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Scanning electron microscopy

One of the most important properties of NCs that can be considered is hydrogel

microstructure morphology. Figure 5 shows the surface morphology of clay NCH

containing 3.0 g clay. According to these images, the NCH surface is completely

different from the one of clay, which shows uniform dispersion of clay in organic

network.

Effect of comonomers ratio on swelling capacity

The swelling capacity of NCH as a function of the comonomers ratio is illustrated in

Fig. 6. It is observed that the absorbency is substantially increased with an increased

Fig. 3 XRD patterns of poly (AAm-co-IA) nanocomposite hydrogels with a 1.0 g clay, b 2.0 g clay,
c 3.0 g clay, d 4.0 g clay, and e pure clay
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in the IA/AAm ratio and then decreased. The initial increment in swelling values

can be attributed to increase in ionic groups existing in copolymer chains along with

increase of IA in the hydrogel, which allows polymer coils to expand more easily.

The swelling-loss after the maximum may be originated from reducing the hydrogel

strength and increasing sol content because of the higher amount of IA [33]. As

shown in Fig. 5, an IA/AAm ratio of 0.149 provides the best value of swelling.

Effect of clay content on swelling behavior

Figure 7 shows the equilibrium swelling ratio of NCHs in distilled water. As is well

known, the equilibrium swelling ratio of a hydrogel depends on the hydrophilicity

of the polymer chains and the physical structure of the hydrogels. Maximum

swelling (116 g/g) was obtained at 3.0 g of nanoclay. When clay is present in the

sorption system, they compete and are preferably coordinated with –NH2 and –

CO2H groups of polymer chains [34]. When the clay content in NCH is low,

separation of chains takes place easily, and subsequently the osmotic pressure on the

Fig. 4 TGA patterns of poly (AAm-co-IA) nanocomposite hydrogels with 1.0 and 4.0 g clay

Fig. 5 SEM micrographs of nanocomposites containing 3.0 g of clay. a Scale bar of 10 lm and b scale
bar of 0.5 lm

Hydrogel with High Laponite Content as Nanoclay 7051

123



inside of the nanocomposite is increased. Enhancement of osmotic pressure in

hydrogel causes an increase in water absorbency of hydrogel [35]. On the other

hand, when the content of clay is higher than 3.0 g, clay counter ions remain in the

local volume around the clay particles or between the plates and do not contribute to

the total osmotic pressure inside the hydrogel [36]. Also, it has been reported that

clay can act as a crosslinker in hydrogel systems. It is clear that by increasing the

clay content, the crosslinking density increases and results in low swelling capacity

[37–39].

Water retention capacity

It is important to investigate the water retention ability of a composite hydrogel in

view of practical applications. Figure 8 shows the water retention ability of swollen

NCHs on at a temperature of 80 �C. According to the literature [35], the water in a

hydrogel can be classified into bound water, half-bound water, and free water.

Compared to bound water and half-bound water, the free water in a hydrogel has

Fig. 6 Effect of weight ratio of
IA/AAm on the swelling
capacity

Fig. 7 Effect of poly (AAm-co-IA)/clay NC hydrogels with 1.0, 2.0, 3.0, and 4.0 g of clay on swelling
behavior
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high mobility and can easily be lost. The percentages of bound water and half-bound

water content in swollen gel are related to the number of hydrophilic groups (–

CO2H and –CONH2) in a unit volume in hydrogel. As shown in Fig. 7, NCH with

1.0, 2.0, 3.0, and 4.0 g clay lost its whole absorbed water approximately within 8,

10, 11, and 12 h, respectively. These observations depict that inclusion of nanoclay

into hydrogel composition can improve its water retention property under heating

because of increasing hydrophilic groups within the hydrogel.

Effect of nanoclay content on cationic dye adsorption

For the adsorption studies of dyes, the NCHs were placed in aqueous solutions of

the cationic dyes consisting of MG, MB, and CV and allowed to equilibrate for

24 h. At the end of the 6-h period, the NCHs in the solution of all three dyes showed

dark colorations of the original dye solutions, which confirm the cationic dyes

adsorption by the NCHs. The mechanism of dye adsorption by the hydrogel is

mainly due to the ion exchangeability and the physical interactions such as dipole–

dipole interactions and hydrogen bond formation between the dye molecules and

hydrogels. As is well known, the modified Laponite clay contains anionic charges

on its surface and, after the incorporation of the clay into poly (AAm-co-IA), the

number of anionic groups in the nanocomposite are increased. Therefore, the NCHs

have many anionic groups that allow for the increased interaction between the

cationic groups of the dyes and anionic groups of the NCHs.

Figure 9 shows the adsorption of the three different dyes onto the NCHs with

different amounts of nanoclay. The equilibrium dye uptake behavior of hydrogels

may be influenced by the size, chemical structure, polarity, and solubility parameter

of dyes, and the nature of hydrogels. In Fig. 9, it is clearly seen that the dye uptake

behavior differs for the three dyes, which have different molecule structures and

consequently different hydrogel–dye interactions. Organic cations can bind to the

NCHs in different ways. Through ion exchange, the cations (metal ions) on the

hydrogel surface can be exchanged by the dye cations, and this results in a neutral

Fig. 8 Water retention capacity of hydrogel with 1.0, 2.0, 3.0, and 4.0 g clay
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complex between the dye cation and the negative site present on the hydrogel

surface. As can be seen in Fig. 9, at low nanoclay content, clay is easily ionized and

dispersed into the polymer gels, thus improving the hydrophilicity of the hydrogel,

which favors the adsorption of cationic dyes. At a higher amount of nanoclay, more

clay particles act as an additional network point, then the reaction occurs between –

OH groups on the surface of nanoclay and functional groups of polymer, and

accordingly, the crosslink density of the hydrogel becomes larger. In addition, the

amount of ionic groups like –COOH-, –NH2, and –OH groups decreases, which is

also an important reason for the decrease in adsorption capacity for dyes due to

reduced electrostatic attraction.

The calculated dye RE % and empirical partition coefficient at the equilibrium

(Kd) values for the NCHs with different nanoclay contents are given in Figs. 10 and

11. From Fig. 10, it can be seen that the RE % for MG is above 92 %. This result

indicates that the synthesized NCHs are efficient materials for the removal of MG

from water. This may be due to the greater physical interaction of the MG dye

toward the NCHs than the other dyes probably because of higher interaction of the –

NO2 group of MG dye with –CO2H and –NH2 groups in NCHs due to hydrogen

bond. The Kd values are increased for MG in the range of 9.38–11.93 that this

results show an similar trends to the RE % data (Fig. 11). These results show that

MG adsorption is higher than CV and MB and in continue we chose MG as a model

dye for another research.

Effect of contact time on cationic dye adsorption

It is important to determine the contact time effect on sorption capacity of an

adsorbent for a given initial adsorbate concentration. From Fig. 12, it can be

observed that the adsorption rate of MG is faster than MB and CV due to the better

interaction of MG dye with adsorbent because of structural reasons as explained in

previous section. The experimental data showed that more than 80 % of MG

Fig. 9 Equilibrium dye uptake amounts of poly (AAm-co-IA)/clay NC hydrogels
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removal, 67 % of MB removal, and 19 % of CV removal were achieved by the

prepared NCHs within the initial 1 h. Table 1 shows the RE % and Kd values of the

NCHs for MG, MB, and CV cationic dyes. It was noticed that in 24 h there was

approximately 11 % improvement in the dye adsorption for MG, 9 % improvement

for MB, and 317 % improvement for CV. A drastic increase in the Kd values was

also noticed for 24 h of the NCHs. These results show that time direct effect of the

adsorption dyes. Also, the result of the equilibrium swelling is parallel to the result

of the dye uptake speed. This may be because the swelling ability of the hydrogel

can influence the movement of the dye molecules, so as to influence the interaction

between the dye molecules and nanoclay.

Effect of dye on the swelling behavior of NCHs

The swelling capacity of nanocomposite in 30 ppm of MG, MB, and CV dye

solutions was studied (Fig. 13). As can be seen, swelling increased with the increase

of time until 24 h for all three dyes. Maximum swelling is for CV (102.54) and

Fig. 10 Equilibrium removal efficiency of poly (AAm-co-IA)/clay NC hydrogels

Fig. 11 Equilibrium Kd of poly
(AAm-co-IA)/clay NC
hydrogels
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obtained at 24 h. It is observed that the absorbency is substantially increased from

3.75 g/g for 1 h to 102.54 g/g for 24 h. These results show that when increasing the

dye adsorption, swelling decreased because of functional groups interaction through

NCHs with dye molecule cause to less osmotic pressure. The adsorption of MG by

NCH is more than other dyes and cause to less swelling of NCH in water.

Conclusions

On the basis of the XRD measurements, it can be concluded that in the NCHs the

clay is extensively exfoliated, and the clay platelets are dispersed uniformly

throughout the sample. The effects of the clay contents on the dyes uptake behavior

were studied. There is optimal clay content in the NCHs for the effective removal of

cationic dyes. The values of the equilibrium swelling degree (qe) in the dye

solutions follow the order: MG[MB[CV. A significant improvement in the dye

uptake speed, RE %, and empirical partition coefficient (Kd) values for the 24 h

Fig. 12 The effect of the time for poly (AAm-co-IA)/clay NC hydrogels on the MG, MB, and CV
adsorption behavior equilibrium dye uptakes

Table 1 Effect of time on the MG, MB, and CV adsorption by poly (AAm-co-IA)/clay NC hydrogel

Duration of heat treatment (h) Removal efficiency (%) Kd

MG MB CV MG MB CV

1 83.33 67.46 19.20 5 2.07 0.270

2 85.35 68.60 22.40 5.82 2.18 0.290

4 85.47 69.23 22.69 5.88 2.25 0.297

8 86.76 70.13 23.19 6.55 2.34 0.301

16 89.11 71.83 41.01 8.19 2.54 0.695

24 92.26 73.33 60.81 11.93 2.75 1.550
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time NC hydrogels was noticed. Thus, NCHs can be used as an adsorbent for the

treatment of wastewater containing pollutants such as cationic dyes, which is an

important problem for the textile industry.
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