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Abstract In this study, novel kappa-carrageenan/poly(vinyl alcohol) nanocom-

posite hydrogels were developed by incorporating sodium montmorillonite nan-

oclay. The mixture of polymers and montmorillonite was crosslinked with freezing–

thawing technique and subsequent with K? ions. The structure of nanocomposite

hydrogels was characterized with the FTIR, SEM, XRD, and TEM techniques. By

introducing montmorillonite nanoclay, the swelling capacity of nanocomposites was

decreased from 1200 to 320 % due to the crosslinking role of montmorillonite

nanoclay. The adsorption of cationic crystal violet dye on nanocomposite hydrogels

was studied via batch adsorption system on the subject of contact time, nanoclay

content, pH of dye solution, temperature, and ion strength of dye solution. Com-

pared with clay-free hydrogel, the nanocomposites indicated a relatively improved

adsorption capacity at the same batch system. The variation in the pH of initial dye

solution had no significant effect on dye adsorption capacity of hydrogels. Study on

salinity of dye solutions showed that while the NaCl salt had less effect on ad-

sorption capacity of hydrogels, in the presence of CaCl2 and AlCl3 salts, the ad-

sorption capacity of nanocomposites was significantly decreased. The adsorption

kinetics of crystal violet on hydrogels was well described by the pseudo-second-

order model. Also, the equilibrium dye adsorption data were analyzed with non-

linear Langmuir and Freundlich models and the equilibrium process was followed

well the Langmuir model. According to the Langmuir model, the maximum ad-

sorption capacity of nanocomposites was obtained 151 mg g-1. Thermodynamic

parameters confirmed the spontaneity of the adsorption process. Therefore, the
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synthesized hydrogel nanocomposites could be employed as a low-cost adsorbent in

the removal of dyes from aqueous solution.

Keywords Kappa-carrageenan � Hydrogel � Nanocomposite � Poly(vinyl alcohol) �
Montmorillonite � Adsorption � Crystal violet

Introduction

The blending of polymers is an efficient and simple route to improve the cost-

effectiveness of commercial products [1]. Recently, the polymer–inorganic

nanocomposites based on synthetic/natural polymers by incorporation of inorganic

layered silicates have attracted both academia and industry because of their unique

properties [2–4]. Alternatively, synthesizing interpenetrating polymer network

(IPN) is a well-known way to force the compatibility of immiscible polymers [5].

IPN is an intimate combination of two polymers both in the same network, which is

obtained when at least one polymer is synthesized and/or crosslinked independently

in the immediate vicinity of the other [6]. A semi-interpenetrating networks (semi-

IPNs) which consist of both linear and crosslinked polymer have been used to

improve the properties of polymer blends and composites. Carrageenans are linear

sulfate polysaccharides that are obtained by extraction from certain edible species of

red seaweeds [7]. Because of their exceptional properties, carrageenans are widely

used as ingredients in a variety of applications. They have several major

characteristics that make them very useful in just about any food and non-food

applications. Since carrageenan is a highly negatively charged macromolecule, it

can be able to interact with any species carrying a positive charge. Many reports are

published in this regard such as interaction of carrageenan with univalent and

divalent cations [8], gelatin [9], and chitosan [10].

Since kappa-carrageenan contains high contents of sulfate and hydroxyl

functional groups, it may potentially be miscible with poly(vinyl alcohol) (PVA)

due to the formation of hydrogen bonds. PVA has been extensively used in many

biomaterial applications due to its unique properties such as: easy preparation, good

biodegradability, excellent chemical resistance, good mechanical properties,

processability and good chemical resistance [11]. In addition, because of the strong

hydrophilic and hydrogen bonding character of PVA, it can form new materials

which can be applied in medicine and pharmaceutical industry [11]. However, low

gel strength, poor mechanical reliability, and low fracture toughness have limited its

application. The freezing–thawing method is regarded the best and the preferred

physically crosslinking method for overcoming these limitations without using any

traditional toxic chemical crosslinking agent [12]. It is generally accepted that PVA

chains can undergo crosslinking via a freeze–thaw process and the degree of

crosslinking increases with the number of cycles [13]. PVA networks prepared by

this method show many useful properties like high mechanical strength, rubberlike

elasticity, stability at room temperature, ability to retain their original shape, high

water content, biocompatibility, and lack of toxicity [14].
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Hydrogels are three-dimensional polymeric networks capable of holding large

quantities of water in its structure [15]. Polymer hydrogels have gained great

attention in wide variety of biomedical applications such as wound dressings [16],

contact lenses [17], artificial organs [18], tissue engineering [19] and drug delivery

systems [20, 21] due to their unique swelling behaviors. However, poor mechanical

properties of hydrogels are serious impediments that must be resolved for their

commercial applications [22]. To date, most conventional hydrogels are crosslinked

by organic compounds. However, an inhomogeneous randomly crosslinked network

often makes the hydrogel weak and fragile, which limits its application seriously

[23].

In recent studies, polymer–clay nanocomposite hydrogels have been extensively

studied to improve the mechanical strength and swelling properties [24, 25]. In the

initial phase of the development of nanocomposite hydrogels, various clay minerals

were widely added to polymer hydrogels matrix to improve their weak mechanical

stability [26–28]. Among them, montmorillonite and attapulgite were extensively

used as reinforcing fillers in the preparation of nanocomposite hydrogels [29, 30].

The incorporation of inorganic layered silicates into pure polymeric networks with

uniform dispersion not only can improve the water-absorbing properties and the gel

strength of the resultant absorbing materials, but also can reduce the final production

cost [31].

Removal of dyes is nowadays regarded as an important practice in textile

wastewater treatment. Numerous methods have been used to decolorize dye from

aqueous solutions. However, most of these methods are generally expensive. As a

consequence, there has been considerable effort directed toward development of

low-cost adsorbents for dye removal [32]. Because of low cost, abundance, and high

sorption capacities, natural-based hydrogel nanocomposites are interesting materials

for use as adsorbents. Hence, many researchers recently have studied the feasibility

of using natural polymers for the removal of various dyes [33–37]. Carrageenans are

relatively new polysaccharides in the synthesis of natural-based dye adsorbent

polymers. In this work, the main idea for synthesis of carrageenan-based adsorbent

is originated from the presence of hydrophilic sulfate groups in its backbones with

high ionization tendency which increases the charge density in final product.

Moreover, the presence of the natural parts guarantees biodegradability of the

adsorbing materials.

Although different hydrogels were developed by incorporation of carrageenan

and poly(vinyl alcohol) [38–42], study on preparation, characterization and

adsorption properties of carrageenan–PVA hydrogels for removal of dyes has not

yet been studied extensively. Therefore, following continuous research on synthesis

of hydrogel nanocomposites based on carrageenan [43–46], we attempted to prepare

carrageenan–PVA–montmorillonite nanocomposites. To nutshell, we studied the

structure of nanocomposite hydrogels and investigated the swelling of nanocom-

posites. Crystal violet as a model dye was selected to study the adsorption behavior

of synthesized hydrogels.
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Experimental

Materials

The polysaccharide, kappa-carrageenan (jC, from Condinson Co., Denmark),

sodium montmorillonite (NaMMT, from Southern Clay), poly(vinyl alcohol) (PVA,

MW 89,000–98,000; degree of hydrolysis 99 %, from Aldrich Chemicals), and

crystal violet (CV, from Difko Chemical Company, UK) were used without further

purification. The molecular structure and identification information of crystal violet

dye are depicted in Table 1.

Preparation of hydrogel nanocomposites

A general procedure for the synthesis of the jC-based hydrogel nanocomposites was

conducted as follows. 1.0 g of PVA was added in 50 mL of doubly distilled water at

70 �C. After complete dissolution of PVA, 1.0 g of jC was added to the solution

and the mixture stirred until complete dissolution of jC. Then, an appropriate

weight of the NaMMT nanoclay [0 g, Mont (zero); 0.1 g, Mont (0.1); 0.2 g, Mont

(0.2); 0.4 g, Mont (0.4); and 0.6 g, Mont (0.6)] was added to the polymers solution

and allowed to stir at 70 �C for 20 min. The resulted solution was then sonicated for

20 min at 80 �C to obtain a homogeneous solution. The operating frequency used in

sonication was 70 kHz. At first, the sonicated solution containing PVA, jC, and

NaMMT was cooled to ambient temperature and the products were kept frozen at

-20 �C for overnight. The frozen hydrogels were thawed at ambient temperature

for 5 h. The process involved freezing–thawing was repeated 4 times. After

freezing–thawing steps, the hydrogels were immersed into 0.5 M of KCl solution

for 60 min to provide mechanically acceptable hydrogels for further experiments.

The crosslinked nanocomposite hydrogels were immersed into excess distilled

water for purification for overnight. Finally, the hydrogels were cut into discs with

0.5 mm radius and 0.4 mm thickness and dried at room temperature for constant

weight.

Swelling measurements

Dried discs were used to determine the water absorbency of hydrogels. The

equilibrium swelling (ES) capacity was determined by immersing the nanocom-

posites (*0.1 g) in 50 mL of distilled water and allowed to swell at room

temperature for certain times (10–250 min). Then, they were removed from aqueous

solutions and blotted with filter paper to remove surface water, weighed and the

percentage of ES was calculated twice using Eq. (1):

ES ð%Þ ¼ Weight of swollen hydrogel � Weight of dried hydrogel

Weight of dried hydrogel
� 100 ð1Þ
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Adsorption studies

Adsorption of CV dye on nanocomposites was carried out by immersing

the *0.05 g of samples into dye solution (50 mL, 25 mg L-1 of CV). All

adsorption experiments were examined through a batch method on a shaker with a

constant speed at 120 rpm and at ambient temperature (25 �C). To study the

adsorption kinetics, at specified time intervals, the amount of adsorbed CV was

evaluated using a UV spectrometer at kmax = 595 nm. The solutions were

centrifuged (at 3000 rpm for 10 min) before measurements. The content of

adsorbed dye was calculated twice using Eq. (2):

qt ¼
ðC0 � CtÞ � V

W
ð2Þ

where C0 is the initial CV concentration (mg L-1); Ct is the remaining dye con-

centration in the solution at time t; V is the volume of dye solution used (L); and

W (g) is the weight of nanocomposite. Adsorption isotherm was carried out by

immersing of 0.05 g of nanocomposites into 50 mL of dye solutions with 25, 50,

100, 150, and 200 mg L-1 of CV at 25 �C for 24 h. The equilibrium adsorption

capacity of nanocomposites, qe (mg g-1), was determined using Eq. (2). At this

Equation, the Ct and the qt will be replaced with equilibrium concentration of dye in

the solution (Ce) and equilibrium adsorption capacity (qe), respectively. To inves-

tigate the effect of pH on adsorption, the pH of initial dye solution was adjusted by

the addition of 0.1 M HCl or 0.1 M NaOH solutions.

Instrumental analysis

Fourier transform infrared (FTIR) spectroscopy absorption spectra of samples were

taken in KBr pellets, using an FTIR spectrophotometer (Bruker, Germany) at room

temperature. The surface morphology of the hydrogel was examined using scanning

electron microscopy (SEM). Samples for SEM were prepared by specific time dried

in room condition (25 �C). Dried powder sample was coated with a thin layer of

palladium gold alloy and imaged in a SEM instrument (Vega-Tescan, Czech

Republic). Transmission electron microscopy (TEM) micrographs were recorded

with a Philips CM10 (UK) operating at 60 kV tension. The X-ray diffraction

patterns of samples were also recorded using a Siemens D-500 X-ray diffractometer

with wavelength k = 1.54 A� (Cu–Ka), at a tube voltage of 35 kV, and tube current

of 30 mA.

Results and discussion

Mechanism of preparation of hydrogel nanocomposite

Scheme 1 displays a simple method for preparation of a novel semi-interpenetrating

polymer network (semi-IPN) hydrogel nanocomposite composed of a mixture of

kappa-carrageenan (jC) and poly(vinyl alcohol) by incorporation of sodium
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montmorillonite (NaMMT). To obtain hydrogel nanocomposites, the crosslinking of

the mixture was done in two stages. First, the freezing–thawing method was applied

to crosslink the PVA component [47]. In fact, the PVA molecular chains were

associated fully through hydrogen bonds during the freezing/thawing process.

Moreover, as the PVA chains come into close contact with each other, crystallite

formation occurs [48]. So, the repeated freezing–thawing cycles cause to a non-

degradable three-dimensional structure in physical PVA networks, leading to the

formation of the compact product with high mechanical strength. Several

researchers have shown evidence of hydrogen bonding and crystallite formation

[49–52]. After freezing–thawing for 4 times, the hydrogels were transferred into

PVA crystallite

PVA chainK+

κC chain
Aggregated 
domains of κC

-
O3SO

kappa-carrageenan poly (vinyl alcohol) sodium montmorillonite

OH

n

(Hydrogel nanocomposite)

O
O

OH

O
OH

O

OH

O

+ +

Freezing-Thawing

Ultrasonication

KCl solution

Scheme 1 Proposed mechanistic pathway for synthesis of jC–PVA/NaMMT semi-IPN hydrogel
nanocomposite
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KCl solution for crosslinking of the jC component. The anionic sulfate groups on

jC backbones can be interacted electrostatically with K? cations and led to

crosslink of jC component. Several papers have reported the interaction of kappa-

carrageenans with cations such as K?, Na? and Ca2? to form ionically crosslinked

helical molecules [53–55]. Carrageenans are aggregated with various cations and

degree of aggregation is strongly dependent on the type and concentration of salt

added to the carrageenan solution. In general, the mechanism of crosslinking of jC

chains by K? ions was previously investigated by a Domain model [53] using a

double helix formation. According to this model, direct intermolecular association

through double helices is confined to the formation of small independent domains

involving a limited number of chains, and more long-range crosslinking is by

association between helices in different domains. On the basis of this accepted

model, the mechanism of gelation is outlined schematically in Scheme 1. It may be

noted that NaMMT can act as co-crosslinker of hydrophilic polymers in solution

due to the formation of hydrogen bonding between silanol groups (–Si–OH) on the

layer surface of montmorillonite and hydrophilic functional groups on polymer

backbones [56].

Characterization

After introducing montmorillonite to the polymer structure, the resulting nanocom-

posite hydrogels have different changes such as the structural characteristics that are

discussed below.

FTIR analysis

Fourier transform infrared (FTIR) spectroscopy is an analytical technique used to

identify especially organic materials. This technique measures the absorption of

infrared radiation by the sample versus wavelength. The infrared absorption bands

identify molecular components and structures. In fact, the wavelengths that are

absorbed by the sample are characteristic of its molecular structure. To investigate

the information on the structure of the jC–PVA/MMT nanocomposites, infrared

spectroscopy was firstly used.

Figure 1 shows the FTIR spectra of raw materials (i.e., jC, PVA, NaMMT), clay-

free hydrogel [Mont (zero)], and the hydrogel nanocomposite [Mont (0.2)]. In the

spectrum of jC (Fig. 1a), the bands observed at 846, 922, 1043 and 1377 cm-1 can

be attributed to the D-galactose-4-sulfate, 3,6-anhydro-D-galactose, glycosidic

linkage and ester sulfate stretching of jC, respectively. The broad band at

3200–3400 cm-1 is due to stretching of –OH groups of substrate. The FTIR

spectrum of pure PVA (Fig. 1b) included the C–O stretching band at around

1095 cm-1, C–C stretching band at around 1449 cm-1, C–H stretching band at

around 2939 cm-1, broad O–H stretching band at around 3200–3600 cm-1. For the

pristine NaMMT (Fig. 1c), the characteristic bands at around 525 and 1052 cm-1

were assigned to the Si–O stretching bands in the structure of the nanoclay. And the

small band at around 3650 cm-1 was attributed to the O–H stretching band of the

nanoclay.
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Fig. 1 FTIR spectra of jC (a),
PVA (b), NaMMT (c), pure
hydrogel without NaMMT (d),
and the hydrogel nanocomposite
containing 0.2 g of NaMMT (e)
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The hydrogel nanocomposite product comprises crosslinked jC and PVA

backbones incorporated with NaMMT. Compared to clay-free hydrogel (Fig. 1d),

intense of some of the sulfate stretching of jC in the hydrogel nanocomposite

(Fig. 1e) was diminished that established the hydrogen bonding formation and

crosslinking between these groups and Si–OH on the layer surface of NaMMT

nanoclay. Also, for the jC–PVA/MMT nanocomposite samples, the C–O stretching

band of PVA and the Si–O stretching band of clay were overlapped slightly to

become a broader band at around 1048 cm-1. This band indicated the presence of

Si–O group due to the clay layer in the nanocomposite samples. Besides, the O–H

stretching bands of the MMT clay (at around 3650 cm-1) were shifted to lower

wave number and towards the O–H stretching bands of the PVA (at around

3200–3450 cm-1) and they combined together to become broader hydroxyl

stretching band. In brief, FTIR indicated that introducing NaMMT into jC and

PVA chains caused some interactions between the silanol and functional groups on

polymers.

SEM and TEM analysis

Scanning electron microscopy (SEM) is a method for high-resolution imaging of

surfaces. The SEM uses a focused beam of high-energy electrons to generate a

variety of signals at the surface of solid specimens. The electrons interact with

atoms in the sample, producing various signals that can be detected and that contain

information about the sample’s surface topography and composition. Therefore, the

SEM images were used to study the morphology of hydrogels. Figure 2 shows the

SEM images of the fracture surface of the clay-free hydrogel [Mont (zero), Fig. 2a]

and the hydrogel nanocomposites [Mont (0.2) and Mont (0.4), Fig. 2b, c]. As can be

seen, the clay-free hydrogel contained a smooth and non-aggregated surface. The

surface morphology of nanocomposite hydrogels was not changed remarkably and

obtained relatively similar to clay-free hydrogel. These results indicate the well

dispersing of clay in nanocomposite matrix.

A transmission electron microscope (TEM) utilizes energetic electrons to provide

morphologic, compositional and crystallographic information on samples with very

Fig. 2 SEM images of the fracture surface of the free NaMMT hydrogel a and the hydrogel
nanocomposites containing 0.2 g b and 0.4 g c of NaMMT
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high spatial resolution. At a maximum potential magnification of 1 nm, TEMs are

the most powerful microscopes. TEMs produce high-resolution, two-dimensional

black and white images from the interaction that takes place between prepared

samples and a high-energy electron beam transmitted through a very thin sample in

the vacuum chamber. In the case of nanocomposites, TEM provides very useful

information such as the particle size and polydispersity profile of nanoclay. Also,

the TEM can be used to study the type of clay dispersion in the polymer composites.

Thus, the TEM micrographs of Mont (0.2) and Mont (0.4) were studied and the

results shown in Fig. 3a, b. Exfoliated clay layers can be seen in micrograph of

Mont (0.2). In fact, when the clay content is low, aggregated sections were not

found in nanocomposite matrix. In contrast, not only exfoliated and intercalated clay

layers in Mont (0.4) with high content of clay are observed, but also the aggregated

sections are appeared.

XRD analysis

X-Ray diffraction (XRD) is a laboratory-based technique commonly used for

identifying the atomic and molecular structure of crystalline materials and analysis

of unit cell dimensions. In this method, the crystalline atoms cause a beam of

incident X-rays to diffract into many specific directions. By measuring the angles

and intensities of these diffracted beams, a three-dimensional picture of the density

of electrons within the crystal was obtained. XRD is the principal method that has

been also used to examine the extent of intercalation and exfoliation. The peak

position and the interlayer spacing are two parts of the information provided by

XRD measurements. In Fig. 4, XRD patterns of the nanocomposites Mont (0.2) and

Mont (0.4) were compared with the pristine NaMMT. According to XRD data, it

can be observed that the natural NaMMT shows a strong characteristic peak at

2h = 8.5� with a basal spacing of 18 Å (Fig. 4a). However, the absence of this basal

peak in nanocomposite Mont (0.2) suggests a high dispersion of clay platelets

(exfoliation) in the nanocomposite material (Fig. 4b). The broad and short

characteristic peaks of NaMMT with a shifting to low angle in the nanocomposite

Mont (0.4) indicated that the platelets of nanoclay have been exfoliated and are

thoroughly dispersed in the polymer matrix at nanoscale after crosslinking and

Fig. 3 TEM images of the hydrogel nanocomposites containing 0.2 g a and 0.4 g b of NaMMT
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forming a nanocomposite structure (Fig. 4c). Also, in comparison with natural

NaMMT, the 001 peak of pristine clay was shifted towards lower angle 2h = 7.0�

with low intensity, corresponding to a basal spacing of 23 Å. This indicated that by

increasing the clay content, in addition to the exfoliation, the expansion of the

Fig. 4 XRD patterns of pure NaMMT (a) and the hydrogel nanocomposites containing (b) 0.2 g and
(c) 0.4 g of NaMMT
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interlayer space had occurred because of the intercalation of the polymer molecules.

The XRD results confirmed the TEM micrographs of nanocomposites.

Swelling study

In general, the swelling capacity of hydrogels is strongly influenced by their

chemical composition. To understand the effect of NaMMT on the swelling

behavior of the hydrogels, the swelling capacity was investigated by varying the

nanoclay content from 0.1 up to 0.6 g (Fig. 5). It was clearly observed that the

ultimate swelling capacity decreased as the NaMMT amount increased. This

observation can be described by the interactions between the NaMMT layers and

polymeric chains through formation of hydrogen bonding [56]. This interaction can

lead to increase in the crosslinking points and therefore results in decreased swelling

capacity [3]. Although with increasing NaMMT content the surface area of the

resulted nanocomposites will be increased, but due to the crosslinking role of

nanoclays the swelling capacity will be decreased. Meanwhile, the products

obtained without applying repeated freezing–thawing cycles do not posses good

dimensional stability, so that the swollen gel strength is not sufficient to be referred

as a real crosslinked polymer network.

Dye adsorption study

Effect of pH on dye adsorption

The pH of the initial dye solution is an important factor in adsorption process. This

behavior arises from the nature of the active centers on the adsorbents [57]. To

investigate the adsorption of CV dye on adsorbents, the pH of the initial dye

0

200

400

600

800

1000

1200

1400

0 50 100 150 200 250 300
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Fig. 5 The swelling behavior of the pure hydrogel and the hydrogel nanocomposites with various
content of NaMMT
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solution was changed between 2 and 10 and the results are shown in Fig. 6. During

adsorption, the existence of anionic sulfate groups is necessary for the interaction of

hydrogel nanocomposite with positively charged CV molecules, as is simply shown

in Scheme 2. Compared to hydrogels carrying carboxylate pendants, the adsorption

capacity of jC-based hydrogels for CV was not significantly changed in the pH

range of 2–10. This behavior is originated from the pKa of anionic sulfate groups on

jC. According to literatures, the pKa of these anionic sulfates is around 2 and its

ionization occurs above this value [58, 59]. This behavior of the corresponding

hydrogels was similar to our previous work discussing about the adsorption of CV

dye on nanocomposite hydrogels composed of jC and alginate biopolymers [46]. At

pH 2, a reduction in dye affinity for hydrogels was seen and may be attributed to the

screening effect of the counter ions (H?) that restricts the approaching of cationic

dye on sulfate groups. In fact, in the overall pH range, these sulfate groups are in the

dissociated form. Lower adsorption of CV at acidic pHs is due to the presence of

excess H? ions competing with the cation groups on the dye for adsorption sites.

Effect of nanoclay content and contact time on dye adsorption

The effect of both nanoclay content and contact time on the adsorption of CV on

hydrogel nanocomposite is shown in Fig. 7. As shown, the adsorption capacity of

the nanocomposites increased approximately with an increase in the content of

NaMMT. The increase in CV adsorption could be due to the negative surface of the

clay. The higher the content of NaMMT in the nanocomposite with a constant

weight ratio of jC and PVA, the higher the concentration of negative charges results

in the hydrogel nanocomposites. In fact, nanoclays are already reported as good

adsorbents for various adsorbates due to their large specific surface area and high

negatively charge density [60]. In a previous work, we reported magnetic adsorbents

by incorporating jC and PVA. When the magnetite nanoparticles incorporated in

0

5

10

15

20

25

PH=2 pH=4 pH=6 pH=8 pH=10
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m

g 
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Fig. 6 Effect of pH of initial dye solution on CV adsorption
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jC/PVA hydrogels, the dye adsorption capacity was decreased due to the decreased

water absorbency of hydrogel [41]. In this study, the dye adsorption capacity was

enhanced by the introduction of NaMMt, although the swelling capacity of

nanocomposite was decreased.

Figure 7 also demonstrates the effect of contact time on CV adsorption capacity

of the hydrogel nanocomposites. The adsorption capacity was increased versus

agitation time up to 90 min and then, further increase in the agitation time had

practically no remarkable effect on the qe. It is obvious that increasing the

adsorption time provides better opportunity for interaction between the adsorbent

and the adsorbate. That is, the equilibrium is attained after 90 min, within the

concentration range studied.

Effect of salt solution on dye adsorption

The presence of salt in dye solutions can affect the adsorption process. In this

section of work, we studied the effect of different salts with the same concentration

(0.15 M of NaCl, CaCl2 and AlCl3) on CV adsorption. The effect of different salts

on adsorption of CV on hydrogels is presented in Fig. 8. By introducing NaCl in dye

solution, the adsorption capacity of hydrogels was slightly decreased. Most of dyes

nanocomposite

OSO3

Si-O

CV(Me)2N

CV(Me)2N

Hydrogel

-

-
+

+

Scheme 2 Electrostatic
interactions between negative
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contain hydrophobic structure and the solubility of these dyes is reduced in the

presence of salt, and mainly an enhancement in dye adsorption is observed [61].

This reduction in the solubility of dyes is originated from increasing in polarity of

the solution. In contrast, in the adsorbents with ionic pendants, often a reduction in

dye adsorption is obtained. The corresponding decrement in the dye adsorption

capacity of nanocomposite hydrogels can be attributed to the neutralization or

screening of anionic sulfate (–OSO3
-) groups on jC by metal ions [61, 62]. This

effect can result in a reduction in electrostatic interactions between cationic dye and

anionic sulfate groups on adsorbent. In the dye solutions with CaCl2 and AlCl3 salts,

the adsorption capacity of hydrogels for dye was significantly lower in comparison

with NaCl solution. This behavior is due to the coordination of the Ca2? and Al3?

ions with the anionic centers of hydrogels. These complexes can be led to a

reduction in swelling of hydrogels and subsequently their diminished surface area.

The reduction in surface of hydrogels can led to a reduction in dye adsorption

capacity.

Effect of temperature on dye adsorption

Thermodynamic parameters should be considered as important factors in the design

of adsorption process. It is necessary to specify the change of thermodynamic

parameters to estimate the feasibility and mechanism of adsorption process. So,

thermodynamic parameters including standard Gibbs free energy (DG, kJ mol-1),

enthalpy change (DH, kJ mol-1), and entropy change (DS, J K-1 mol-1) can be

used for estimation of the feasibility adsorption process and are calculated according

to the following equations [63]:

Ln KD ¼ DSo

R
� DHo

RT
ð3Þ
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DGo ¼ DHo � TDSo ð4Þ

where KD is ratio of concentration of CV on adsorbent at equilibrium (qe) to the

remaining concentration of the dye in solution at equilibrium (Ce). DH
o and DSo were

obtained from slope and intercept of curve of plotting the Ln KD versus 1/T, re-

spectively (Fig. 9). The calculated thermodynamic parameters for the adsorption of

CV dye are presented in Table 2. The negative value of DGo at all the temperatures

suggests that the adsorption of CV dye on the adsorbent is thermodynamically fea-

sible and spontaneous in nature. Also, as the temperature increased from 298 to

318 K, the DGo values decreased, indicated high driving force and hence higher

adsorption capacity at higher temperatures. The positive DSo value stipulates an

increased randomness of the adsorbed dye molecules on nanocomposite surfaces.

The negative values of DHo indicate that the adsorption is exothermic in nature.

Therefore, due to electrostatically interactions between anionic sulfate groups of jC

and cationic CV molecules, the adsorption is spontaneous and exothermic.

Adsorption kinetics

The kinetic parameters are useful for the prediction of adsorption rate, which gives

important information for the efficiency of adsorption. Therefore, to show the most

suitable model for the experimental kinetic data, pseudo-first-order and pseudo-

second-order kinetic models were used. The linear form of the pseudo-first-order

rate equation is given as [57]:

Ln ðqe � qtÞ ¼ Ln qe1 � k1t ð5Þ

where qe and qt are the amounts of CV adsorbed (mg g-1) at equilibrium and at a

predetermined time (t), respectively. qe1 and k1 (min-1) show the theoretical

equilibrium adsorption and rate constant of pseudo-first-order kinetic, respectively.

The linear form of the pseudo-second-order rate equation is expressed as [57]:

y = -9527.4x + 32.522
R² = 0.9914

0

0.5

1

1.5

2

2.5

3

0.0031 0.00315 0.0032 0.00325 0.0033 0.00335 0.0034

Ln
K L

1/T, K-1

Fig. 9 Plot of Ln KL versus 1/T
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Table 2 Thermodynamic parameters for the adsorption of CV onto hydrogel nanocomposites containing

0.4 g content of NaMMT

T (K) Thermodynamic parameters R2

DGo (kJ mol-1) DSo (J K-1 mol-1) DHo (kJ mol-1)

298 -2

308 -4 271 -79.258 0.9914

318 -6

Fig. 10 Plots of Ln (qe - qt) and t/qt versus time in pseudo-first-order (a) and pseudo-second-order
(b) equations for the hydrogel nanocomposite containing 0.1 g content of NaMMT
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t

qt

¼ 1

k2q
2
e2

þ t

qe2

ð6Þ

where k2 (g mg-1 min-1) is the pseudo-second-order rate constant and qe2 is the

theoretical adsorbed dye (mg g-1).

To obtain model calculations for pseudo-first-order and pseudo-second-order

kinetics, we plotted Ln (qe-qt) against t and t/qt against t (Fig. 10). The obtained

kinetic parameters and correlation coefficients (R2) are summarized in Table 3. The

fits of experimental kinetic data to the above-mentioned rate models were evaluated

by R2. The values of R2 for the pseudo-second-order model were C0.998 for all

samples, and the adsorption capacities calculated (qe2) by this model were also

closer to those determined by experiments (qe,exp). These results indicated better fit

to pseudo-second-order than pseudo-first-order rate model to describe the adsorption

process of CV on hydrogel nanocomposites. In fact, the pseudo-second-order model

is based on the assumption that the rate-determining step may be a chemical

sorption involving valence forces through sharing or the exchange of electrons

between adsorbent and adsorbate.

Adsorption isotherms

The adsorption isotherm expresses the correlation between the content of adsorbed

dye on adsorbent and remained dye concentration at equilibrium time [46]. So, in

this work, the experimental data from adsorption isotherms were fitted to non-linear

Langmuir and Freundlich models to describe the adsorption process. Langmuir

model describes monolayer adsorption of adsorbate on specific homogeneous sites

within the adsorbent. This non-linear model is expressed by Eq. (7) [64]:

qe ¼
qmKLCe

1 þ KLCe

ð7Þ

where Ce is the equilibrium dye concentration in the solution (mg L-1), KL is the

Langmuir adsorption constant related to the energy of adsorption (L mg-1), and qm

is the maximum adsorption capacity (mg g-1). Dimensionless constant adsorption

parameter RL as one of the essential characteristics of the Langmuir isotherm is

expressed as follows [65]:

Table 3 Constants of pseudo-first-order and pseudo-second-order rate models for CV adsorption onto

hydrogel nanocomposites

First-order kinetics Second-order kinetics qe,exp

k1 9 10-3 R2 qe1 k2 9 10-3 R2 qe2

Mont (zero) 204.4 0.9689 19.57 53.2 0.9882 21.28 22.52

Mont (0.1) 17.7 0.8010 8.17 106.1 0.9998 22.47 22.89

Mont (0.2) 19.2 0.7689 13.02 44.2 0.9981 24.45 24.40

Mont (0.4) 16.0 0.6686 6.86 99.3 0.9995 22.12 22.52

Mont (0.6) 19.3 0.7048 7.55 95.8 0.9995 20.88 21.01
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RL ¼ 1

1 þ KLCo

ð8Þ

where KL is the Langmuir constant (L mg-1) and Co is the initial concentration of

dye. In fact, the RL value describes the type and shape of the isotherm [65] as

summarized in Table 4.

Unlike the Langmuir model, in the Freundlich model the adsorption of adsorbate

occurs on a heterogeneous surface by multilayer sorption. Non-linear Freundlich

model is defined as follows [64]:

qe ¼ KFC
1=n
e ð9Þ

where KF is the equilibrium adsorption coefficient (mg g-1)(L mg-1)1/n and 1/n is

the empirical constant. The n value depicts the favorability of adsorption process

and KF is related to the adsorption capacity of adsorbent.

The validity of models was estimated by regression coefficient [r2, Eq. (10)] and

Chi-square test [v2, Eq. (11)] that obtained from the analysis of variance (ANOVA)

in origin. A well fitting occurs when the r2 is close to unity and v2 be the lowest

[66].

r2 ¼
ðqi;meas � �qi;calÞ2

Pn

i¼1

ðqi;meas � �qi;calÞ2 þ ðqi;meas � qi;calÞ2
ð10Þ

v2 ¼
Xn

i¼1

ðqi;cal � qi;measÞ2

qi;meas

ð11Þ

where qi,meas and qi,cal are the experimental and calculated amount of dye adsorp-

tion, respectively. The �qcal value indicates the average of q calculated theoretically.

Table 4 RL values and

isotherms
RL value Type of isotherm

RL[ 1 Unfavorable

RL = 1 Linear

0\RL\ 1 Favorable

RL = 0 Irreversible

Table 5 Constants parameters of isotherm models for adsorption of CV on hydrogels

Freundlich model Langmuir model qm,exp

n KF v2 r2 qm KL v2 r2 RL

Mont (zero) 4.16 71.5 46.2 0.79 134 0.067 0.73 0.92 0.37 125

Mont (0.1) 2.94 40.5 1.09 0.73 145 0.127 0.0025 0.96 0.24 145

Mont (0.2) 2.76 36.7 0.02 0.82 150 0.016 7 9 10-5 0.95 0.71 151

Mont (0.4) 1.55 9.16 1.66 0.98 140 0.120 0.185 0.99 0.25 135

Mont (0.6) 8.33 56.2 4.30 0.80 140 0.020 0.17 0.99 0.66 145

1358 Polym. Bull. (2015) 72:1339–1363

123



The adsorption constant parameters, r2 and v2 obtained after fitting the adsorption

isotherm data to Langmuir and Freundlich models are summarized in Table 5.

Figure 11 displays curves comparing the modeled adsorption isotherms with

practical data. According to Fig. 11, it was observed that the adsorption of dye on

hydrogels followed well the Langmuir model than that of the Freundlich model.

Moreover, according to the data from Table 5, the values of regression coefficient r2

(close to unity, r2[ 0.98) and Chi-square test v2 (low value) confirmed the well

fitting of experimental data to Langmuir model. In addition, the maximum

adsorption capacity of hydrogels obtained from Langmuir model was relatively in

agreement with experimental data. This fitting revealed that a monolayer adsorption

of dye takes place on hydrogel adsorbents. The values of RL for hydrogels were also

calculated from Langmuir model and were found to be between 0 and 1 indicating

favorable adsorption system (see also Table 4).

Finally, the maximum adsorption capacity of the present work is compared with

other dye adsorbents reported in the literatures as given in Table 6. According to

these data, the adsorption capacity of the hydrogel nanocomposites prepared in this

study was comparable with that of other adsorbents.

Conclusion

In the present research, a new hydrogel nanocomposite composed of kappa-

carrageenan and poly(vinyl alcohol) was synthesized by freezing–thawing method

in the presence of sodium montmorillonite. Specific interactions of NaMMT with

functional groups of jC and PVA through hydrogen bonding were estimated by

FTIR. Also, XRD and TEM showed a layered morphology due to the penetration of
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Fig. 11 Comparison between the experimental and modeled isotherms plots for adsorption of CV dye
onto the hydrogel nanocomposite containing 0.2 g content of NaMMT
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polymer chains into NaMMT silicate layers. According to XRD and TEM results,

the nanoclay showed intercalated and exfoliated structure.

The modified hydrogel nanocomposite was then used for removal of crystal

violet from aqueous solution. The adsorption capacity of nanocomposites was found

to vary with content of NaMMT, pH, salt solution, and contact time as well as

temperature of solution. Thermodynamic parameters also indicated that the

adsorption was spontaneous and endothermic in nature.

Moreover, the fitting of experimental kinetic data to rate models showed that the

pseudo-second-order model was the best fitted than the pseudo-first-order model in

adsorption of CV onto nanocomposites. Besides, the data indicated that the CV

adsorption onto the hydrogel nanocomposites obeys the Langmuir isotherm model.

According to this model, maximum dye adsorption capacity was achieved

151 mg g-1.

Overall, the obtained results suggested that the hydrogel nanocomposites

synthesized in this work could be used as an effective adsorbent for adsorption of

CV in the field of wastewater treatment.
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