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ABSTRACT

We synthesized novel magnetic nanocomposite hydrogels of κ-carrageenan by incorporating
magnetic laponite RD. The magnetite nanoparticles were embedded in laponite RD through
in situ method. The structure of nanocomposites were characterized using X-ray diffraction,
scanning electron microscopy, transmission electron microscopy, and vibrating sample mag-
netometer techniques. The swelling of hydrogel nanocomposites was studied and decrease in
water absorbency was found by introducing magnetic laponite RD. The results indicated that
the water absorbency was independent on pH of swelling media. The magnetic nanocompos-
ites were examined as adsorbents for the removal of crystal violet (CV) from aqueous solu-
tions. The removal of CV was investigated through batch method on the subject of contact
time, initial pH of dye solution, ion strength, and initial concentration of CV. The effect of pH
revealed that the adsorption process was independent of pH. Compared to the neat κ-car-
rageenan hydrogel (78 mg/g), the nanocomposites showed high adsorption capacity for CV
due to the introduced magnetic laponite RD (164 mg/g). The adsorption isotherm data were
modeled by Langmuir, Freundlich, and Dubinin–Radushkevich isotherm models. The correla-
tion of adsorption isotherm data by mentioned models was affected by the content of magnetic
laponite RD. Based on Dubinin–Radushkevich isotherm models, the adsorption process was
associated with physical adsorption mechanism. Investigation of thermodynamic parameters
revealed that the adsorption of CV on nanocomposites was occurred spontaneously.
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1. Introduction

Today, adsorption technology is extensively used
in many industrial fields, such as wastewater

treatment, food processing, protein purification, ana-
lytical, determinations and many other applications
[1–4]. The adsorbents derived from polyionic polysac-
charides have been gaining considerable attractions
recently. In fact, polysaccharides are naturally
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occurring biopolymers that are extracted from renew-
able sources on a large scale with low cost. Due to the
easy availability, many efforts have been done to pre-
pare adsorbents derived from polysaccharides [5].
Some important polysaccharides, such as chitosan [6],
sodium alginate [7], and κ-carrageenan [8], have been
used in wastewater treatment especially in the
removal of toxic dyes and metal ions.

Hydrogels are three-dimensional hydrophilic poly-
mers that can absorb a large amount of aqueous solu-
tions without dissolving in media [9]. The presence of
ionic groups in the hydrogels opens potential area of
application particularly removal of pollutants from
wastewaters. The hydrogels composed of sodium algi-
nate with carboxylate groups (–CO�

2 ) [7], chitosan with
pendants amine (–NH2) [10], carboxymethyl cellulose
with anionic carboxylate [11], κ-carrageenan with anio-
nic sulfate groups (–OSO�

3 ) [12] have been synthesized
and evaluated as adsorbents to remove cationic dyes
from wastewaters. Unfortunately, the low apparent
strength of polysaccharide-based hydrogels restricts
them in utilizing as appropriate adsorbent. Introduc-
tion of nanoclays, such as montmorillonite, laponite
RD, and sepiolite for preparing nanocomposite adsor-
bents, is an easy and efficient route to overcome men-
tioned disadvantage [13]. In addition to clays, silica,
and titanium oxide nanoparticles have been used to
prepare nanocomposite hydrogels with high adsorp-
tion capacity or degradation ability for toxic dyes
[2,4]. Besides, the use of magnetic adsorbents for the
removal of dyes from wastewaters is attractive due to
the facile separation of adsorbents from solutions
using a permanent magnet [14]. The common mag-
netic nanoparticles used for the preparation of mag-
netic adsorbents are magnetite type of iron oxides
(Fe3O4) which is synthesized from co-precipitation of
Fe2+/Fe3+ iron ions. The magnetic alginate [15], chi-
tosan [16], and κ-carrageenan [17] adsorbents have
been utilized for the removal of dyes from wastewa-
ters. Nanocomposites adsorbents comprising only nan-
oclays [7] or only magnetic Fe3O4 [17] have been
applied to adsorb dye from wastes. There are just few
reports in simultaneous incorporation of nanoclay and
magnetite [18]. It has been reported that the laponite
RD contains a large surface area with anionic centers
and can makes strong interactions with active ingredi-
ents [19]. Thus, in this study, we attempt to synthesize
magnetic Fe3O4 nanoparticles through in situ coprecip-
itation of iron ions in the presence of laponite RD nan-
oclay. Then, the κ-carrageenan-based magnetic
hydrogel nanocomposites were prepared by the incor-
poration of magnetic laponite RD. The structure of
magnetic nanocomposite hydrogels was characterized
by scanning electron microscopy (SEM), transmission

electron microscopy (TEM), X-ray diffraction (XRD),
and vibrating sample magnetometer (VSM) tech-
niques. The magnetic nanocomposite hydrogels were
examined for the removal of cationic dye crystal violet
from colored water. The isotherm and thermodynamic
of adsorption process as well as the effect of salinity
and pH on adsorption process were investigated.

2. Materials and methods

2.1. Materials

κ-Carrageenan was obtained from Condinson Co.
(Denmark). 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%).
Acrylamide (AAm) was purchased from Nalco Chemi-
cal Co. (the Netherlands) and used after recrystalliza-
tion from acetone. N,N-Methylenebisacrylamide
(MBA, Fluka) and ammonium persulfate (APS, Merck)
were used as received. The other chemicals were ana-
lytical grades and used as received.

2.2. Synthesis of Magnetic Laponite RD

About 3 g of laponite RD was dispersed in 200 mL
distilled water and stirred for overnight. Then, the dis-
persed clay was sonicated for 10 min. The operating
frequency used in sonication was 50 kHz. The iron
salts (1.9 g FeSO4·7H2O and 3 g FeCl3·6H2O; the Fe3+:
Fe2+ ratio was 1.6) were dissolved in 20 mL of distilled
water. The solution of iron salts was added to the
solution of laponite RD and allowed to stir under N2

gas for 1 h. Then, the ammonia solution (3 M) was
slowly dropped into solution and allowed to reach the
pH of solution to 10. The temperature of solution was
adjusted at 70˚C and stirred for 2 h. The solution of
magnetic laponite RD was cooled to ambient tempera-
ture. The produced magnetic laponite RD was sepa-
rated by permanent magnet. The product was washed
with distilled water for several times until neutraliza-
tion. Finally, the magnetic laponite RD was separated
by magnet and the volume of solution was adjusted at
80 mL. The solution was sonicated for 10 min and a
fluidly solution was obtained. The fluidly solution was
used to synthesize nanocomposite hydrogels.

2.3. Synthesis of nanocomposite hydrogels

The nanocomposites based on κ-carrageenan were
synthesized though grafting of acrylamide monomer
onto κ-carrageenan in the presence of magnetic lapo-
nite RD and MBA crosslinker. The initial contents of
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materials used to synthesize hydrogels were illus-
trated in Table 1. In general, different volume of flu-
idly magnetic laponite RD clay was dispersed in
30 mL of distilled water and allowed to stir for 24 h
(speed of stirrer was 250 rpm). Then, the dispersed
magnetic laponite solution was sonicated for 20 min.
The operating frequency used in sonication was
75 kHz. One gram of κ-carrageenan was poured in
magnetic solution and was stirred at 60˚C temperature
for 2 h to allow complete dissolving. Then, 3 g of
AAm monomer and 0.03 g of MBA (dissolved in 2 mL
of distilled water) were added into solution and
allowed to complete dissolution. The obtained solution
was sonicated for 5 min with the operating frequency
of 25 kHz. Finally, APS initiator (0.1 g in 2 mL water)
was added to the solution. After 2 h, the synthesized
nanocomposite hydrogels were cut into small pieces
and immersed in excess distilled water to extract un-
reacted components. The purified nanocomposites
were dried at ambient temperature for constant
weight. The dried samples were milled and sieved to
40–60 mesh sizes and kept away from light and
moisture. The samples were coded as Carra
(nonmagnetic hydrogel); mCarraLap1, mCarraLap2,
and mCarraLap3 used 5, 10, and 20 mL fluid magnetic
laponite RD for the synthesis of nanocomposite hydro-
gels, respectively. The nanocomposite hydrogel that
synthesized by using 20 mL of fluid magnetic laponite
RD without using κ-carrageenan was coded as mLap.

2.4. Swelling measurements

Dried nanocomposites were used to determine the
degree of swelling. The degrees of swelling (DS) was
determined by immersing the nanocomposite hydro-
gels (0.1 g) in distillated water (100 mL) or 0.15 M of
salt solutions (50 mL) and were allowed to soak at
room temperature for 24 h. After this time, they were
removed from water, blotted with filter paper to
remove surface water, weighed and the DS (g water/g
dried nanocomposite) was calculated using Eq. (1):

DS ¼ Ws �Wd

Wd
� 100 (1)

where Ws and Wd are the weights of the samples swol-
len in water and in dry state, respectively. The effect of
pH on the swelling was carried out according to above
method. The pH of solutions was adjusted via dilution
method by adding 0.1 M HCl or NaOH solutions.

2.5. Dye adsorption measurements

Adsorption of CV dye onto nanocomposites was
carried out by immersing the 0.05 g of nanocomposites
into 50 mL of dye solution with 60 mg/L of CV. All
adsorption experiments were examined through a
batch method on a shaker with a constant speed at
120 rpm. All the adsorption experiments were done at
ambient temperature (24˚C). To study the adsorption
kinetics, at specified time intervals, the amount of
adsorbed CV was evaluated using a UV spectrometer
at λmax = 590 nm. The solutions were centrifuged (at
3,000 rpm for 10 min) before measurements. The con-
tent of adsorbed dye was calculated using Eq. (2):

qt ¼ ðC0 � CtÞ
m

� V (2)

where C0 is the initial CV concentration (mg/L), Ct is
the remaining dye concentration in the solution at
time t, V is the volume of dye solution used (L), and
m (g) is the weight of nanocomposite. Adsorption iso-
therm was carried out by immersing of 0.05 g of
nanocomposites into 50 mL of dye solutions with 20,
40, 60, 80, 100, 150, and 200 mg/L of CV at ambient
temperature (24˚C) for 24 h. The equilibrium adsorp-
tion capacity of nanocomposites, qe (mg/g), was deter-
mined 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.

Table 1
Required contents of materials to synthesize of magnetic nanocomposite hydrogels

Magnetic laponite RD (mL) κ-Carrageenan (g) AAm (g) MBA (g) APS (g)

Carra 0 1 3 0.03 0.1
mCarraLap1 5 1 3 0.03 0.1
mCarraLap2 10 1 3 0.03 0.1
mCarraLap3 20 1 3 0.03 0.1
mLap 20 0 3 0.03 0.1
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The removal efficiency (RE %) of CV by nanocom-
posites was calculated as follows:

RE % ¼ C0 � Ce

C0
� 100 (3)

where Ce is the remaining CV concentration in the
solution at equilibrium time.

2.6. Desorption studies

Desorption study was carried out via bath method.
The samples were contacted with dye solution similar
to kinetic studies. The desorption solutions in this
study were ethanol, water/ethanol (50/50, V/V),
0.5 M KCl in water, 0.5 M KCl in water/ethanol (50/
50 m V/V), and 0.2 M acetic acid solutions. The dye-
loaded mCarraLap3 nanocomposite was transferred
into distilled water for 1 h in order to remove un-des-
orbed dye. Then, the sample was immersed into des-
orption solution and stirred on a shaker (120 rpm) for
24 h. Desorption content was calculated according to
the calibration curve for each solution.

2.7. Instrumental analysis

Dried nanocomposites were coated with a thin
layer of gold and imaged in a SEM instrument (Vega,
Tescan). One-dimensional, wide-angle XRD patterns
were obtained by using a Siemens D-500 X-ray diffrac-
tometer with wavelength, λ = 1.54 Å (Cu Kα), at a tube
voltage of 35 kV, and tube current of 30 mA. TEM
micrographs were recorded with a Philips CM10 oper-
ating at 60 kV tension. The magnetic properties of the
beads were studied with a VSM (model 7400, Lake-
share Company, USA).

2.8. Adsorption isotherms

The data of experimental adsorption isotherms
were fitted by common isotherm models. The expres-
sion of the applied non-linear Langmuir model is
given by the Eq. (4) [20]:

qe ¼ qmKLCe

1þ KLCe
(4)

where Ce is the equilibrium dye concentration in the
solution (mg/L) at equilibrium, KL is the Langmuir
adsorption constant related to the energy of adsorp-
tion (L/mg), and qm is the maximum adsorption
capacity (mg/g).

The favorability of the adsorption process (RL) was
evaluated from the parameters of Langmuir adsorp-
tion isotherm model. The RL can calculate from the
following equation [21]:

RL ¼ 1

1þ KLC0
(5)

where KL is the Langmuir constant (L/mg) and C0 is
the initial concentration of dye. The RL can vary: for
RL > 1 the adsorption is unfavorable; RL = 1 the
adsorption is linear condition; the adsorption is favor-
able when 0 < RL < 1; and RL = 0 is for irreversible
conditions [21].

In the Freundlich model, the adsorption of adsor-
bate occurs on a heterogeneous surface by multilayer
sorption and the adsorption capacity can increase with
increasing in adsorbate concentration. Nonlinear Fre-
undlich isotherm is represented by the following
equation [22]:

qe ¼ KFC
1=n
e (6)

where KF is the equilibrium adsorption coefficient
(mg/g) (L/mg)1/n, and 1/n is the empirical constant.
In fact, the n value depicts the favorability of adsorp-
tion process and KF shows the adsorption capacity
and intensity of the adsorbate.

The type of adsorption can be estimated from
Dubinin–Radushkevich isotherm model, which is
described according to the following Eq. (8) [22]:

qe ¼ qm expð�b� e2Þ (7)

where qe (mol/g) is the content of CV adsorbed on
hydrogel, qm (mol/g) is the monolayer adsorption
capacity, activity coefficient β (mol2/kJ2) is related to
the mean adsorption energy, and ε is the Polanyi
potential and its value can be calculated from Eq. (9):

e ¼ RT ln 1þ 1

Ce

� �
(8)

where Ce (mol/L) is the concentration of dye in solu-
tion at equilibrium time. The mechanism of adsorption
process can be estimated from mean adsorption
energy (E, kJ/mol) that is obtained from Eq. (10):

E ¼ 1ffiffiffiffiffiffiffiffiffi�2b
p (9)

The adsorption process occurs chemically when the E
values stands between 8 and 16 kJ/mol, whereas the
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adsorption process takes place physically when the E
value is lower than 8 kJ/mol [23].

The nonlinear fitting of data was performed using
Matlab 2013 software. The validity of models was esti-
mated by regression coefficient (r2, Eq. (11)). A well
fitting occurs when the r2 is close to unity.

r2 ¼ ðqi;meas � �qi;calÞ2Pn
i¼1ðqi;meas � �qi;calÞ2 þ ðqi;meas � qi;calÞ2

(10)

where qi,meas and qi,cal are the experimental and calcu-
lated amount of CV adsorption.

2.9. Thermodynamic parameters

The effect of temperature on the adsorption of dye
onto nanocomposite was carried out at three tempera-
tures 25, 35, and 45˚C. According to the change in dye
adsorption capacity by varying the temperature, the
thermodynamic parameters including Gibbs free
energy (ΔG, J/mol), enthalpy (ΔH, J/mol), and
entropy (ΔS, J/mol) were calculated using following
equations [7]:

KD ¼ Cd

Cs
(11)

DG ¼ �RT ln KD (12)

ln KD ¼ DS
R

� DH
RT

(13)

where KD is the equilibrium constant; Cd is the
amount of adsorbed dye onto nanocomposite (mg/L)
and Cs is the remained dye concentration at equilib-
rium time (mg/L); R is the universal gas constant
(8.314 J/mol/K); and T is the absolute temperature
(K).

3. Results and discussion

3.1. Synthesis and characterization

Magnetic nanocomposite hydrogels based on κ-car-
rageenan were synthesized through grafting of acry-
lamide onto κ-carrageenan by the incorporation of
magnetic laponite RD. Although it has been reported
that the neat laponite RD can act as crosslinker to syn-
thesize of hydrogels [12], but after magnetization, the
apparent physical strength of the obtained nanocom-
posite hydrogels was still low to study swelling and
adsorption behaviors. So, we tried to use MBA as cross-
linker to prepare magnetic nanocomposite hydrogels.

Firstly, the Fe3O4 magnetic nanoparticles were
synthesized via in situ coprecipitation of Fe2+/Fe3+ ions
in the presence of laponite RD nanoclay. Then, the
magnetic laponite RD was added to the polymerization
solution and magnetic nanocomposite were
obtained. The magnetic nanocomposite hydrogels were
characterized by VSM, XRD, TEM, and SEM/EDS
techniques.

The morphology and surface characteristic of non-
magnetic hydrogel (Carra) and magnetic nanocompos-
ite hydrogel (mCarraLap2) was studied by SEM
technique and the results shown in Fig. 1. It can be
seen from micrographs that the Carra hydrogel con-
tains a smooth and tight surface (Fig. 1(a)). The mor-
phology of the magnetic hydrogel mCarraLap3 was
similar to nonmagnetic hydrogel (Fig. 1(b)), showing
well dispersing of magnetic laponite RD in hydrogel
matrix. The presence of magnetic laponite RD in
nanocomposite hydrogel was confirmed by EDS spec-
trum. The EDS of mCarraLap3 was shown in Fig. 1(c).
The characteristic peak of Fe due to the magnetic
Fe3O4 nanoparticles and characteristic peaks of silicon
related to the laponite RD appeared in the EDS spec-
trum of magnetic hydrogel, confirming the presence of
magnetic laponite RD. The XRD patterns of neat lapo-
nite RD, magnetic laponite RD, and mCarraLap3
hydrogel nanocomposite were also studied and illus-
trated in Fig. 1(d). The XRD profile of pristine laponite
RD showed a broad peak from 2θ = 2.5˚ to 2θ = 9.1˚
with a diffraction peak at about 2θ = 6.1˚ correspond-
ing to the R (0 0 1) of clay plates with d-spacing 14.2 Å.
The R (0 0 2) peaks of laponite RD was appeared at
2θ = 11.1 with d-spacing 7.9 Å. When the magnetic
Fe3O4 nanoparticles were synthesized through in situ
coprecipitation of iron ions in the presence of laponite
RD clay, the peak at 2θ = 6.1˚ was disappeared. Also,
d-spacing of R (0 0 2) was increased from 7.9 to 8.2 Å.
This observation indicated the exfoliation of laponite
RD plates in the presence of magnetic Fe3O4 nanoparti-
cles. The existence of magnetic Fe3O4 nanoparticles in
neat magnetic laponite RD clay was confirmed by char-
acteristic peaks at about 2θ = 30.3˚, 35.5˚, 43.3˚, 53.5˚,
57.2˚, and 62.8˚, which can be attributed to the indices
(2 2 0), (3 1 1), (4 0 0), (4 2 2), (5 1 1), and (4 4 0) of mag-
netic Fe3O4 nanoparticles, respectively. Similar to neat
magnetic laponite RD, the XRD patterns of magnetic
nanocomposite mCarraLap3 showed characteristic
peaks at 2θ = 30.3˚, 35.5˚, 43.3˚, 53.5˚, 57.2˚, and 62.8˚,
indicating the formation of highly crystalline and pure
magnetite nanoparticles with spinel structure. The
TEM image of mCarraLap3 nanocomposite was stud-
ied and the result was shown in Fig. 2(a). The laponite
RD showed the plates with a lateral size of ~25 nm
with thickness about ~3.5 nm (according to XRD
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results). The magnetite nanoparticles with the size of
lower than 3 nm were found to be embedded with clay
plates. The absence of free magnetic nanoparticles can
be arisen from the cation exchangeability of laponite
RD that helps the nanoparticles to form on the surface
and between plates of laponite RD. A similar observa-
tion has been reported by Tzitzios et al., which mag-
netic nanoparticles have been immobilized on laponite
RD discs [24].

The hysteresis loops of neat magnetic laponite
RD and magnetic nanocomposite hydrogel (mCarra-
Lap3) were investigated using VSM technique
between ±9 kOe at 298 K. The results are depicted
in Fig. 2(b). According to data, the saturation
magnetizations of magnetic laponite RD and mCar-
raLap3 hydrogel were obtained 5.2 and 3.9 emu/g,
respectively. The saturation magnetization of mCar-
raLap3 nanocomposite was obtained lower than that

(b)(a)

(c)

Fig. 1. SEM micrographs of Carra (a) and mCarraLap3 (b), hydrogels; EDS spectrum of mCarraLap3 (c), XRD patterns of
pristine laponite RD, magnetic laponite RD, and magnetic mCarraLap3 nanocomposite hydrogel (d).
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of neat magnetic laponite RD. This observation
indicates the stabilizing magnetic nanoparticles
through coating by polymer matrix. After adsorption
of dye onto magnetic nanocomposite, the obtained
saturation magnetization of nanocomposite hydrogel
was sufficient to separate the hydrogels from aque-
ous solution by a permanent magnet (insert of
Fig. 2(b)).

3.2. Swelling study

Fig. 3(a) illustrates the swelling of nanocomposite
hydrogels as a function of content of magnetic clay.
The magnetic nanocomposites comprise κ-carrageenan
and magnetic laponite RD. It may be noted that both
osmotic pressure and repulsion between anionic
sulfate groups have crucial role in the swelling of

Carra, mCarraLap1, mCarraLap2, and mCarraLap3
hydrogels. As the magnetic laponite RD was
increased, the swelling of nanocomposites decreased.
The corresponding decrement in swelling of nanocom-
posites can be attributed to this fact that the laponite
RD component can act as multifunctional crosslinker
[12]. With the increase in crosslinking points, the pore
size of nanocomposites is decreased, and conse-
quently, the water absorbency is reduced. The swel-
ling capacity of mLap nanocomposite was obtained
lower than those of hydrogels contained κ-car-
rageenan, which this observation is due to lack of
anion–anion repulsions in mLap nanocomposite.

The swelling of nanocomposite hydrogels was
investigated in 0.15 M of different salt solutions (Na+,
Ca2+, and Al3+) with the same Cl− counter ion
(Fig. 3(a)). The nanocomposite hydrogels in this study

(220)

(311)

(400)
(422)

(511)
(440)

(220)

(311)

(400) (422) (511)
(440)

(d)

Fig. 1. (Continued).
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contains ionic κ-carrageenan carrying pendant sulfates,
nonionic polyacrylamide component, laponite RD with
anionic centers, and magnetic nanoparticles. The swel-
ling of the ionic hydrogels in saline solutions is appre-
ciably decreased compared to the values measured in
distilled water [25]. This well-known phenomenon,
commonly observed in the swelling of ionic hydrogels,
is often attributed to a screening effect of the addi-
tional cations causing a nonperfect anion–anion elec-
trostatic repulsion, leading to a decreased swelling
capacity. A more reduction in water absorbency is
observed at saline solutions containing multivalent
cations; this observation is explained by complexing

ability arising from the coordination of the multivalent
cations with anionic centers of hydrogels [26]. The
swelling of hydrogels in NaCl solution indicated that
the water absorbency of Carra, mCarraLap1, and
mCarraLap2 hydrogels was decreased. This observa-
tion can be attributed to the screening effect of the
additional Na+ cations on anionic sulfate groups, caus-
ing a nonperfect anion–anion electrostatic repulsion.
The swelling of mLap and mCarraLap3 with high con-
tent of magnetic laponite RD was not affected by the
presence of NaCl. This finding may be attributed to
high osmotic pressure inside corresponding hydrogels.
This high osmotic pressure can be arisen from

Fig. 2. TEM image of mCarraLap3 nanocomposite (a) and VSM graphs of neat magnetic laponite RD and mCarraLap3
nanocomposite hydrogel (b).
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nanometric dispersion of laponite RD plates in
nanocomposite matrix. In fact, the exfoliated and
intercalated laponite RD clay with anionic centers on
clay can be led to an increase osmotic pressure (ionic
pressure) of inside of nanocomposites. In CaCl2 and
AlCl3 solutions, the swelling capacity of hydrogels is
lower in comparison with NaCl solution. This behav-
ior is arising from the coordination of the Ca2+ and
Al3+ cations with anionic centers of hydrogels. A sur-
prising data were achieved for mLap sample that the
swelling of related hydrogel was not influenced by

type of salt solution. This observation was similar to
our previous work reporting hydroxypropyl methyl-
cellulose/laponite RD nanocomposite hydrogels [27].
To have a comparative data, a dimensionless salt sen-
sitivity factor, f, was determined using Eq. (4) [27]:

f ¼ 1� Ss
Sw

(14)

where Ss and Sw are swelling in desired salt solution
and in distilled water, respectively. The f-values are

Fig. 3. Effect of magnetic laponite RD on swelling capacities of nanocomposite hydrogels in distilled water and 0.15 M of
NaCl, CaCl2, and AlCl3 solutions (a) and effect of pH on swelling capacities of hydrogels (b).
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also given in Table 2. Generally, in ionic nanocompos-
ite hydrogels, hydrogel swelling in saline media is
decreased. Water uptake of κ-carrageenan-based
nanocomposites in saline was high and the f-values
were obtained low. The low f-values indicated the
lowest salt sensitivity of related nanocomposites and
can be considered as antisalt nanocomposite hydro-
gels. The f-values of collagen-graft-poly[(acrylic acid)-
co-(sodium acrylate)] hydrogel [28] with pendant
carboxylate was compared with the nanocomposites,
and according to Table 2, the f-values of the
κ-carrageenan-based nanocomposites are less than
collagen-based hydrogel, indicating low salt sensitivity
of nanocomposites.

The effect of pH of solution on the swelling behav-
ior of Carra, mLap, and mCarraLap3 hydrogels was
investigated. The swelling data are depicted in
Fig. 3(b). According to figure, none of the nanocom-
posites showed pH-dependent swelling behavior.
κ-carrageenan is an ionic polysaccharide carrying sul-
fate groups (–OSO�

3 ). These pendants are completely
dissociated in the overall pH range and the hydrogels
from this biopolymer shows pH-independent swelling
behavior [8]. (pKa of methane sulfonic acid is ~ −2.5).
So, the pH-independent behavior of nanocomposites is
due to nondissociable sulfate groups. mLap indicated
similar behavior. This behavior shows that the anionic
centers on laponite RD cannot protonate like to weak
acids. A slightly decrease in swelling of samples was
observed under acidic pHs and this can be attributed
to a screening effect of the additional H+ cations caus-
ing a nonperfect anion–anion electrostatic repulsion.

3.3. Dye adsorption studies

3.3.1. Effect of contact time

The removal rates of pollutants by adsorbents are
useful data to predict the required time of removal,
which present the information about the efficiency of

adsorption process. Hence, the influence of contact
time on the removal efficiency of CV by nanocompos-
ites was investigated by immersing 0.05 g of adsor-
bents in 50 mL of CV solution with concentration of
60 mg/g. The rates of adsorption of CV on hydrogel
adsorbents were shown in Fig. 4(a). Contact time plots
indicated a relatively rapid removal rate. During the
195 min, the removal efficiency of dye by the mLap,
mCarraLap1, mCarraLap2, and mCarraLap3, and
Carra were obtained 99.1, 88, 91, 95, and 78%, respec-
tively. The lowest content of adsorbed dye was
obtained for Carra sample. The results showed that
introducing magnetic laponite RD caused an improve-
ment in the content of adsorbed CV on nanocompos-
ites. This result can be arisen from this fact that the
laponite RD comprises a large surface area (330 m2/g)
with anionic centers and can makes strong interactions
with active ingredients [19]. In fact, the affinity of
magnetic laponite RD for CV was higher than that of
carrageenan.

3.3.2. Effect salinity and pH on adsorption

The adsorption capacities of adsorbents can be
affected by the ion strength of dye solutions [29]. To
investigate the effect of salinity on the adsorption
capacities of Carra, mLap, and mCarraLap3 hydrogels,
the ion strength of dye solution (60 mg/g) was
adjusted by different concentration of NaCl. Depend-
ing on the content of magnetic laponite RD, the
adsorption of CV on corresponding samples showed
different trends (Fig. 4(b)). The CV adsorption on
mCarraLap3 and mLap remained invariant with an
increase in the NaCl concentration. In contrast, a
decrement was found for the CV adsorption on the
Carra. The corresponding reduction of CV adsorption
on the Carra may be attributed to the low swelling of
adsorbents in NaCl solutions. The low swelling of
Carra leads to a decreased surface area and so a
reduction in adsorption of dye on hydrogels is

Table 2
Degree of swelling and salt sensitivity (f-values) of nanocomposite hydrogels in distilled water and 0.15 M of salt
solutions

DSH2O DSNaCl DSCaCl2 DSAlCl3 fNaCl fCaCl2 fAlCl3

Carra 13.8 9.6 6.6 6.5 0.3 0.52 0.52
mLap 9.8 9.6 10 10 0.02 −0.02 −0.02
mCarraLap1 13.2 7.8 5.6 5.8 0.41 0.57 0.56
mCarraLap2 11.4 8 5.6 5.8 0.3 0.51 0.49
mCarraLap3 9 9.4 4.6 5 −0.04 0.48 0.44
Collagen-based nanocompositea 1,200 73 8 5 0.94 0.9 1

aCollagen-graft-poly[(acrylic acid)-co-(sodium acrylate)] hydrogel.
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observed. According to Fig. 3(a), contrary to the Carra
hydrogel, the degrees of swelling of mLap and mCar-
raLap3 were relatively equal in both NaCl solution
and distilled water, and no reduction in surface area
is observed.

The effect of the pH of initial dye solution on the
adsorption capacity of adsorbents was also studied. In

order to investigate the influence of pH, the pH of dye
solutions changed from 2 to 10 and the results are
indicated in Fig. 4(c). The variation in dye adsorption
capacity of studied adsorbents was not remarkable.
This observation was in agreement with our previous
work, which described the magnetic κ-carrageenan
/PVA adsorbents [7]. The pHs of point zero charge
(pHpzc) of carrageenan-based hydrogels were obtained
lower than 2. So, the sulfate pendants on hydrogels
are in dissociated form when the pH of solution be
equal or higher than 2. On the other hands, the car-
rageenan-based adsorbents are negatively charged at
pH range of 2–10. Similar to Carra hydrogel, the
adsorption capacities of magnetic nanocomposites con-
taining magnetic laponite RD were not changed by
varying the pH of initial dye solution. According to
the investigation reported by Jatav and Joshi, the pH
of laponite solutions is increased due to the released
OH− ions from edge of clay [30]. Thus, the pH of dye
solutions with the initial pHs of 2 and 4 were mea-
sured after equilibrium (24 h), and the final pHs were
found to be higher than 5.5. So, the invariant dye
adsorption capacities of hydrogels comprising car-
rageenan and laponite RD can be assigned to the low
pHpzc of carrageenan and also to the increased pH of
dye solutions owing to the released OH− ions from
laponite clay.

3.4. Adsorption isotherms

The influence of initial CV concentration on the
adsorption capacity of nanocomposites was investi-
gated. The results can be used to study the adsorption
isotherm that explains the correlation between the
content of adsorbed dye on nanocomposites and the
remained dye in solution at equilibrium time [31].
Fig. (5) indicates the relationship between equilibrium
adsorption capacity of hydrogels (Carra, mCarraLap2,
and mLap) and the remaining dye in solution. At
lower initial CV concentration, the main fraction of
dye is adsorbed on the adsorbents; whereas at higher
dye concentration, the adsorption capacity of hydro-
gels remains constant that can be attributed to the sat-
uration of active centers on adsorbents. The types of
interactions between adsorbate molecules and adsor-
bent surface can be studied by adsorption isotherms.
The experimental data were discussed according to
nonlinear Langmuir, Freundlich, and Dubinin–
Radushkevich isotherm models. In the Langmuir
adsorption model, adsorption of adsorbate takes place
at specific homogeneous sites within the adsorbent
and valid for monolayer adsorption on adsorbents.

The experimental isotherm data of Carra,
mCarraLap2, and mLap were compared with described

Fig. 4. Effect of contact time on adsorption of CV on
hydrogels (a), effect of NaCl concentration on adsorption
capacities of hydrogels (b) and influence of pH of initial
dye solution on dye adsorption capacities of hydrogels (c).
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isotherm models and the results were shown in Fig. 5.
While the experimental data of Carra obeyed well the
Langmuir model, a contrary trend was observed for

mCarraLap2 (well fitting for both Langmuir and Fre-
undlich models) and mLap (well fitting to the Freundlich
model). The values of r2 and the adsorption constant
parameters calculated according to the isotherm models
were summarized in Table 3. The r2 values demonstrated
that the agreement of isotherm models with experimen-
tal data was affected by the presence of magnetic lapo-
nite RD component. The adsorption of CV on Carra and
mCMCLap1 hydrogels followed well the Langmuir
model, whereas the nanocomposite comprised high con-
tent of magnetic laponite RD (mCarraLap2, mCarraLap3,
and mLap) followed well both Langmuir and Freundlich
isotherm models. Unlike mCarraLap2 and mCarraLap3
that follow well both Langmuir and Freundlich models,
the mLap adsorbent conform the Freundlich model the
best. The RL values were between 0 and 1 and indicated
that the adsorption of CV on hydrogels was favorable.
Besides, the n parameter in Freundlich model was
between 1 and 10, which indicated the favorability of
adsorption process. It can be seen from by calculating
mean adsorption energies from D–R isotherm model, the
E values were found to be lower than 6 kJ/mol, indicat-
ing that the mechanism of adsorption of CV on all
samples is physical in nature.

The enhanced adsorption capacity of nanocompos-
ite hydrogels due to the introduced high content of
magnetic laponite RD may be attributed to the well
correlation of experimental data with Freundlich
model. In our previous works, we reported nanocom-
posite hydrogels by the incorporation of neat laponite
RD clay. The adsorption of CV onto HPMC/laponite
RD [27] and κ-carrageenan/laponite RD [12] nanocom-
posite hydrogels showed that the experimental iso-
therm data followed well Langmuir model and
maximum adsorption capacities were obtained 80.2
and 77 mg/gfor κ-carrageenan/laponite RD and
HPMC/laponite RD, respectively. In this study, the
experimental adsorption capacities of mCarraLap1,
mCarraLap2, mCarraLap3, and mLap for CV were
found to be 110, 155, 164, and 210 mg/g, respectively.
Thus, the following adsorption isotherm data from
Freundlich and subsequent multilayer adsorption of
CV on samples (against monolayer adsorption in
Langmuir model) may be a reason for enhanced dye
adsorption capacity of present samples [32].

3.5. Thermodynamic of adsorption

According to Eq. (13), the ΔH and ΔS can be calcu-
lated from slope and intercept of linear plot of ln KD

vs. 1/T, respectively (Fig. 6, mCarraLap2). The results
were summarized in Table 4. The negative ΔG values
indicate that adsorption of dye onto nanocomposite

Fig. 5. Comparison of equilibrium isotherms between the
experimental data and theoretical data from isotherm
models for adsorption of CV on Carra (a), mCarralap2 (b),
and mLap (c).
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takes place spontaneously. In addition, the increment
in values of ΔG revealed that by increasing tempera-
ture, the adsorption of CV on nanocomposite can be
less favorable. The negative value of ΔH indicates that
the adsorption process occurs exothermically. Also,
the negative value of enthalpy shows decreased ran-
domness at the solid-solution interface.

The mechanism of adsorption of dye on nanocom-
posites could be estimated from the values of ΔG and
ΔH [33,34]. The values of ΔG ranging from −20 to
0 kJ/mol indicate that the physisorption is dominated;
but chemisorption is occurred for a range of −80 to
−400 kJ/mol. By considering the ΔG values in Table 4,
it is concluded that in this study the mechanism of
adsorption process is physisorption. In addition, the
values of ΔH lower than 20 kJ/mol depicts that the
physisorption interactions such as Van der Waals are
dominated. The values of ΔH ranging from 20 to
80 kJ/mol indicate that the physisorption interaction

such as electrostatic leads to the adsorption of adsor-
bate on adsorbent. The chemisorption interaction
occurs when the values of ΔH are between 80 and
450 kJ/mol. The enthalpy value for the adsorption of
CV on magnetic nanocomposite was obtained
−26.4 kJ/mol. According to the ΔH value for the
adsorption process, the positive CV dye molecules
adsorb electrostatically on the anionic centers of mag-
netic nanocomposite [32].

3.6. Desorption–adsorption cycles

In addition to the high adsorption capacity of adsor-
bents for dyes, the regeneration ability of adsorbents is
an important factor for reusing. So, we attempt to evalu-
ate desorption of adsorbed dye using different solutions
(Fig. 7(a)). Ethanol (96% V/V), 0.5 M of KCl solution,
50/50 V/V of ethanol/water mixture, and 0.5 M of KCl
in 50/50 V/V of ethanol/water mixture were used to
study for desorbing of dye from nanocomposites.
Desorption efficiencies by various solutions were illus-
trated in Fig. 7(a). Firstly, desorption was examined
with 0.5 M KCl solution and the desorbing of dye was
negligible. The desorbing percentage of dye using 96%
V/V of ethanol was obtained 39%. The replacing
of desorption solution by ethanol/water mixture
(50/50 V/V), desorption efficiency was achieved 30%.

Table 3
Freundlich, Langmuir, and D–R isotherm parameters for the adsorption of CV on hydrogels

Isotherm Parameters Carra mCarraLap1 mCarraLap2 mCarraLap3 mLap

Freundlich n 3.5 4.34 4.4 3.68 9
KF 19.4 35.8 57.4 51.16 140
r2 0.92 0.85 0.97 0.98 0.98

Langmuir qm 82 108.1 160 172.3 208
b 0.093 0.2534 0.447 0.2541 0.218
r2 0.99 0.97 0.98 0.99 0.78

D–R qm 69.3 102 147.3 159.7 197
β 0.067 0.0205 0.0138 0.01915 0.081
E 2.7 4.9 6 5.1 0.0977
r2 0.94 0.956 0.98 0.955 2.26

Fig. 6. The plot between ln KD against 1/T to obtain the
thermodynamic parameters.

Table 4
Thermodynamic parameters for adsorption of CV on
mCarraLap2 hydrogel

T (K) ΔS (J/K/mol) ΔH (kJ/mol) ΔG (kJ/mol) R2

298 −63.4 −26.4 −7.2 0.99
308 −6.8
318 −6.2

20594 G.R. Mahdavinia et al. / Desalination and Water Treatment 57 (2016) 20582–20596



Desorption efficiency of dye using above solutions was
not sufficient for practical applications. So, we tried to
investigate the desorbing of dye by combination of KCl
and ethanol/water mixture. By immersing the
nanocomposite containing dye into 0.5 M of KCl in
ethanol/water, desorption efficiency was efficiently
increased and obtained more than 94%. According to
this observation, we endeavored to study the desorp-
tion–adsorption process for 5 times by using KCl in
ethanol/water as regeneration agent. During five
cycles, the nanocomposite mCarraLap3 indicated
almost the same dye adsorption capacity and the
changing in desorption efficiency and adsorption
capacity was negligible (Fig. 7(b)). In fact, the results
indicated that the nanocomposites can be used for
multiple cycles without decreasing in adsorption capac-
ity for CV dye.

4. Conclusion

The magnetic hydrogels were synthesized by the
incorporation of kappa-carrageenan and magnetic

laponite RD, where magnetic laponite RD were
obtained through in situ co-precipitation of iron ions
in the presence of laponite RD clay. The structural
characterization was done by XRD, SEM, TEM, and
VSM techniques. The swelling experiments indicated
that the water absorbency of magnetic nanocomposites
was affected by the content of magnetic laponite RD.
In distilled water, the swelling capacity was decreased
by increasing the magnetic clay. Dye adsorption
results revealed that the removal of dye was strongly
increased by introducing magnetic laponite RD. Also,
the influence of initial pH of dye solution indicated
that the adsorption capacity of hydrogels was not
changed remarkably. Freundlich, Langmuir, and D–R
isotherm models were employed to analysis the batch
adsorption experimental data. By the incorporation of
magnetic laponite RD, the experimental adsorption
isotherm data were followed well both Langmuir and
Freundlich models. The values of mean adsorption
energy (obtainable from D–R isotherm model) indi-
cated physical adsorption process, which was con-
firmed by the ΔH value obtained from thermodynamic
parameters. According to the thermodynamic parame-
ters, the adsorption of CV dye on adsorbents occurred
spontaneously. The results demonstrated that the
nanocomposites can be used for multiple cycles with-
out decreasing in adsorption capacity for CV. In com-
parison to the common industrial adsorbents, the
polysaccharide-based adsorbents are expensive. This
disadvantage can be overcome by the high adsorption
capacity of polysaccharide-based pollutants. The corre-
sponding κ-carrageenan nanocomposite hydrogels
showed high adsorption capacity for CV.
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