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Abstract In this study, nanocomposite hydrogels from grafting of acrylamide onto
kappa-carrageenan biopolymer were prepared in the presence of sepiolite clay.
Methylenebisacrylamide and ammonium persulfate were used as cross-linker and
initiator, respectively. The sepiolite nanoclay was introduced into hydrogel matrix
without any chemical treatment. The structure of nanocomposites was investigated
by FTIR, SEM, TEM, and TGA techniques. The TEM image showed that sepiolite
exists as individual needle’s shape. The swelling of hydrogels were studied in
distilled water, salt solutions, and various pHs. The obtained nanocomposites were
evaluated to remove of cationic crystal violet (CV) dye from water. The kinetic and
isotherm of adsorption of dye onto nanocomposites were studied and analyzed
according to kinetic and isotherm models. The results showed that the pseudo-
second-order adsorption kinetic was predominated for the adsorption of CV onto
nanocomposites. The experimental equilibrated adsorption capacity of nanocom-
posites was analyzed using Freundlich and Langmuir isotherm models. The results
corroborated that the experimental data fit the Langmuir isotherm the best. By
varying the pH of initial dye solution, while the clay-free hydrogel showed rela-
tively pH-independent adsorption behavior, the nanocomposites depicted pH-
dependent adsorption.
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Introduction

Hydrogels are cross-linked hydrophilic polymers that can absorb considerable
amount of water and aqueous fluid [1]. Based on sources of initial materials to
synthesize hydrogels, they can be classified into bio- or synthetic-based hydrogels
[2]. Because of biodegradability and biocompatibility of biopolymers, the hydrogels
from biopolymers have attracted the attention of scientist. Hydrogels from
biopolymers such as chitosan, cellulose, carrageenan, alginate, collagen, and
modified biopolymers have been synthesized and studied [3-9]. Bio-based
hydrogels are also found to be valuable in some specialized applications including
controlled delivery of bioactive agents [10] and wastewater treatment [11].

Industry is a huge source of water pollution; it produces pollutants that are
excessively harmful to people and the environment. Colored water and solutions
containing toxic heavy metals from many industries such as dye, textile, paper,
plastic, plating, and mining facilities produce considerable polluted waters. The
pollutions must be removed from wastewater before discharging it into the
environment. Coagulants, oxidizing agents, ultrafiltration, electrochemical, and
adsorption techniques have been applied to remove dyes from aqueous solutions
[12]. Because of cost-effective and ease of operation, the adsorption method has
been spread. The ionic types of hydrogels comprise anionic (-CO;, —-SO3) or
cationic pendants (-NR7J) [13]. The presence of these ionic groups in the hydrogels
opens potential area of application that is related to remove pollutants from
wastewaters [14].

Recent advancements in water treatments have led to the introducing of
nanoclays with the high surface area into hydrogel matrix to improve the both
adsorption rate and capacity [15]. Sodium montmorillonite, laponite, sepiolite,
attapulgite, and bentonite are the classes of nanoclays that on inclusion into
hydrogels have improved the dye adsorption behavior of these materials [16-20].

Carrageenan is a collective term for linear sulfated polysaccharides produced by
alkaline extraction from red seaweed. The repeat unites the kappa-carrageenan were
shown in Fig. 1. Because of their exceptional properties, carrageenans are broadly
used as ingredients in a variety of applications. Since carrageenan is a highly
negatively charged polysaccharide, it can interact with species carrying a positive
charge. While many reports are published in this regard, such as interaction of
carrageenan with univalent and divalent cations [21], with gelatin [22] and with
chitosan [23], the removal of cationic dyes from water has not widely studied using
this biopolymer.

In our previous works, we attempt to synthesize and evaluate nanocomposite
hydrogels based on kappa-carrageenan using sodium montmorillonite and laponite
RD nanoclays [24-26]. In this study, we tried to investigate the nanocomposite
hydrogels from kappa-carrageenan in the presence of sepiolite nanoclay. The effect
of sepiolite on the removal of crystal violet dye from water was evaluated.
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Fig. 1 A simple scheme for synthesis of carrageenan-based nanocomposite hydrogel
Experimental
Materials

kappa-Carrageenan was obtained from Condinson Co., Denmark and used without
any purification. Sepiolite (TOLSA, Spain) was used as received. Raw sepiolite
composed of 51.95 % SiO,, 2.14 % Al,03, 0.41 % Fe,03, 2.77 % CaO, 23.35 %
MgO, 0.22 % Nay0O, 0.36 % K,0, 0.08 % TiO,, and 0.52 % SO; was used
without any chemical treatment. Acrylamide (AAm) was purchased from Nalco
Chemical Co., the Netherlands. It was used after recrystallization from acetone.
N,N-methylenebisacrylamide (MBA) was purchased from Fluka and ceric
ammonium nitrate from Merck. Other chemicals were analytical and were used
as received.

Synthesis of nanocomposite hydrogels

In typical experiments, different amount of sepiolite clay (0, 0.22, and 0.46 g) were
dispersed into 30 mL of distilled water and stirred overnight. The dispersed clay
was sonicated for 30 min. Then, 1 g of kappa-carrageenan was added to the solution
and the temperature of reactor was adjusted at 70 °C. After complete dissolution of
kappa-carrageenan, the dissolved oxygen was removed using N, gas for 30 min.
The ammonium persulfate initiator (dissolved in 2 mL water) was added and
allowed to induce free radicals onto kappa-carrageenan for 5 min. Finally, 3 g of
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acrylamide and 0.1 g of MBA (dissolved in 2 mL water) were poured into
polymerization solution. The produced nanocomposites were cut into small pieces
and immersed in excess water to extract the unreacted components. After
purification of nanocomposites for 2 days, the samples were dried at 50 °C for
constant weight. The dried samples were ground and passed through a 40-mesh
sieve to achieve uniform particle size. The samples were kept away from light and
moisture. The H, NHS5, and NH10 in the text and figures are the clay-free hydrogel
and hydrogels containing 0.22 and 0.46 g of sepiolite, respectively.

Swelling measurements

Nanocomposite hydrogel samples (0.10 g) were immersed in 100 ml distilled water
and allowed to soak for 24 h at room temperature. After this time, they were
removed from the water, blotted with filter paper to remove surface water, weighed,
and the DS (g water/g dried nanocomposite) was calculated using Eq. (1):

Ws - Wd
DS(g/g) = W, (1)
where Wy and Wy are the weights of the swollen nanocomposites and the dry
sample, respectively. Absorbency of the nanocomposite hydrogels was evaluated in
0.15 M solutions of NaCl, CaCl,, and KCI as similar to distilled water.

To investigate the effect of pH on the degree of swelling of hydrogels, the 0.1 g
of samples were immersed into 50 mL of non-buffered solutions (prepared by
dilution of HCI1 or NaOH solutions) or buffered solutions with the concentration of
0.2 M. The degree of swelling was measured as above.

Adsorption studies

Adsorption experiments were done at ambient temperature by immersing of 0.05 g
of samples into 50 mL of dye solution with 50 ppm concentration. The flasks
containing samples in the dye solution were placed on a shaker with 120 rpm. To
study the adsorption kinetics, at specified time intervals, the amount of adsorbed CV
was evaluated using a UV spectrometer at 1., = 590 nm. The content of adsorbed
dye was calculated using the following Eq. 2:

(Co—Cy) y

- 14 ()

qr =
where C, is the initial CV concentration (mg L™"), C, is the remaining dye con-
centrations in the solution at time ¢, V is the volume of dye solution used (L), and
m is the weight of nanocomposite (g). Adsorption isotherm was carried out by
immersing of 0.05 g of nanocomposites into 50 mL of dye solutions with 20, 30, 40,
50, 60, 70, and 80 mg L™" of CV for 24 h. The equilibrium adsorption capacity of
nanocomposites, g. (mg g~ '), was determined using Eq. 2. At this equation, the C,
and the g, will be replaced with equilibrium concentration of dye in the solution (C)
and equilibrium adsorption capacity (g.), respectively.

@ Springer



Polym. Bull. (2013) 70:2451-2470 2455

To study the effect of pH of initial dye solution on the adsorption, the pH of
water was adjusted to desired pH using 0.1 M of HCl and NaOH solutions and the
50 mg L™ of CV dye was prepared at the obtained pHs.

For desorption study, the sample containing adsorbed dye was immersed into
50 mL of desorption solution at ambient temperature for 5 h. The desorption solution
was prepared from dissolving of KCI in ethanol/water mixture (50/50 V/V). The
concentration of KCI was changed from 0 to 0.45 M. Desorption content was
measured using spectrophotometer and according to calibration curves for each
desorption solution.

Characterization

Dried nanocomposite was coated with a thin layer of gold and imaged in a SEM
instrument (Vega, Tescan). TEM micrographs were recorded with a Philips CM10
operating at 60 kV tension. A thermal analyzer (Mettler Toledo) was used for
thermogravimetric analysis (TGA) under nitrogen. The heating rate was 20 °C/min.
The FTIR spectra were performed using Bruker Tensor 27 spectrophotometer (KBr
pellets).

Results and discussion
Synthesis and characterization

Nanocomposite hydrogels were prepared by graft copolymerization of AAm onto
kappa-carrageenan backbones using the MBA cross-linker and the sepiolite
nanoclay. APS was used as initiator. The persulfate initiator can decompose under
heating and the resultant radicals will induce free radicals onto kappa-carrageenan.
AAm monomer can graft onto carrageenan through produced radicals. In the
presence of a cross-linker, i.e., MBA, cross-linking reaction can occur and finally a
three-dimensional network is produced. The sepiolite nanoclays can capture in the
produced nanocomposite network. A simple scheme for synthesis of nanocomposite
hydrogel was shown in Fig. 1.

The FTIR of neat sepiolite is illustrated in Fig. 2a. The bands at
3,564-3,700 cm™! are attributed to the OH groups in the octahedral sheet and the
OH stretching vibration at the external surface of sepiolite. The band at 1,660 cm™"
is due to the OH stretching of bound water coordinated to magnesium in the
octahedral sheet. The bands at 1,211 and 1,018 cm™' represent the stretching of
Si—O in the Si—O-Si groups of the tetrahedral sheet. The FTIR of H sample
(Fig. 2b) showed bands at 846, 927, 1,038, and 1,252 cm ™! that can be attributed to
D-galactose-4-sulfate, 3,6-anhydro-p-galactose, glycosidic linkage, and ester sulfate
stretching of carrageenan, respectively. The presence of polyacrylamide was con-
firmed by the peaks at 1,648 cm ™! (C=0 stretching) and 3,200 cm ™! (-NH,
stretching). In the NHIO spectrum (Fig. 2b), the bands of sepiolite at
3,564-3,700 cm ™! disappeared that can be attributed to the interaction of OH
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Fig. 2 FTIR of a neat sepiolite and b clay-free hydrogel and NH10 hydrogel

groups of sepiolite with functional groups of hydrogel. This interaction may be
confirmed from shifting of C=0 stretching band from 1,648 to 1,654 cm™ L.

The morphology of nanocomposite was investigated using TEM image. The
sepiolite clay was used without any chemical treatment. It has been reported that the
sepiolite can themselves aggregate to form bundle of needles [27]. According to
Fig. 3a, the sepiolite nanoparticles exist as individual needles. The uniform
dispersion of sepiolite can be attributed to ultrasonic treatment as well as
polymerization of acrylamide that can stabilize the dispersed needles of sepiolite
particles. One of the most crucial properties of nanocomposites which can be
considered is hydrogel microstructure morphology. Figure 3b, ¢ shows the SEM
micrographs of clay-free hydrogel and nanocomposite containing 5 wt% of
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Fig. 3 a TEM image of nanocomposite containing 5 wt% of sepiolite (NHS), and SEM images of clay-
free hydrogel (b) and NHS nanocomposite hydrogel (c)

nanoclay. While the hydrogel without clay shows a relatively tight and smooth
surface (Fig. 3b), the nanocomposite (Fig. 3c) contains coarse and undulant surface.

The effect of sepiolite on the thermal stability of hydrogels was studied and the
results are illustrated in Fig. 4a—c. It has been reported that by introducing of clay
into polymeric matrix, the thermal stability of product can be improved [28].
According to the TGAs graphs of hydrogels, three stages of decomposition can be
seen from the samples. The first is in the range from 50 to 230 °C. This weight
loosing can be attributed to the moisture in the samples. The values of weight loss
for clay-free hydrogel, NHS, and NH10 are 1.81, 1.97, and 1.51 wt%, respectively.
The second stage is range from 250 to 350 °C that attribute to decomposition of
amide groups of PAAm chains and carrageenan backbones. At this stage, the values
of weight loss for clay-free hydrogel, NHS, and NH10 are 18.6, 17.8, and 16.5 wt%,
respectively. The introducing of sepiolite caused an improvement in thermal
stability of hydrogel. In the third stage, ranging from 350 to 480 °C, the weight loss
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for clay-free hydrogel, NHS, and NH10 are 58.2, 51.9, and 48.2 wt%, respectively.
These observations confirm the increase of thermal stability of hydrogels by
introducing sepiolite clay. As a comparative graph, Fig. 4d shows the difference in
thermal stability of products.

Swelling studies

The swelling of hydrogel and nanocomposite hydrogels as a function of salinity and
pH of media was investigated. The degree of swelling of hydrogels in distilled water
and 0.15 M of salt solutions was shown in Fig. 5. As can be seen from figure, by
inclusion of sepiolite nanoclay, swelling capacity of carrageenan-based hydrogels
was decreased. This reduction in water absorbency can be attributed to the increase
in cross-linking points from the formation of hydrogen bonding between silanol
groups (—SiOH) on the surface of sepiolite and amide (from polyacrylamide chains)
or hydroxyl (from carrageenan chains) groups [29]. Since the carrageenan-based
nanocomposite hydrogels are comprised sulfate groups, they exhibited various
swelling capacity in different salt solutions with same concentrations. These
swelling changes are due to valency difference of salts. The swelling capacity
decreased with an increase in charge of the metal cation (Ca’>* < Na™). It may be
explained by complexing ability arising from the coordination of the multivalent
cations with sulfate groups on carrageenan backbones [30]. But when the hydrogels
were swollen in K solution, the swelling capacity was obtained lower than the
Ca*" and Na™ solutions. This can be attributed to the high tendency of sulfate
groups on the carrageenan to complex with K™ cations than that of Ca®" [31].

To investigate the effect of pH on the swelling capacity, first the equilibrium
swelling (ultimate absorbency) of the hydrogels was studied at various pHs ranged
from 2.0 to 12.0 (Fig. 6). No additional ions (through buffer solution) were added to
medium for setting pH because absorbency of a hydrogels is strongly affected by
ionic strength [32]. Therefore, stock NaOH (pH 12.0) and HCI (pH 2.0) solutions
were diluted with distilled water to reach desired basic and acidic pHs, respectively.
According to Fig. 6a, the swelling capacity of hydrogels was about constant from pH
4 to 10. A slightly change in degree of swelling was observed at pH 2 and 12. At these
pHs, a screening effect of the counter ions, i.e., HT at pH 2 and Na™ at pH 12, shields
the charge of the sulfate anions and prevents an efficient repulsion [33]. However, the
degree of swelling of hydrogels in buffered solutions was obtained lower than non-
buffered solutions (Fig. 6b). This is due to higher ionic strength of the buffer
solutions. But the swelling values were not remarkably changed by varying the pH of
solutions. The carrageenan-based hydrogels in this study comprise kappa-carra-
geenan, polyacrylamide, and sepiolite components. Among them, polyacrylamide
and sepiolite are non-ionic and pH-independent. kappa-Carrageenan is an ionic
polysaccharide comprising sulfate groups (~OSO5). These pendants are completely
dissociated in the overall pH range and the hydrogels from this biopolymer shows
pH-independent swelling behavior [34]. In fact, in the overall pH range, these anionic
groups are in dissociation form, and the similar swelling values at various buffered
pHs can be attributed to this property of carrageenan.
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Dye adsorption Study
Kinetic of adsorption

Adsorption kinetic as a useful information on the rate of dye adsorption can be
consider as an important factor to properly design adsorbent [35]. So, the adsorption
kinetic was investigated to measure the required equilibrium time of adsorption on
samples. The adsorption of CV dye on the samples was examined for 5 h and the
results are depicted in Fig. 7a. Initially, the adsorption of dye onto hydrogels sharply
increases and then begins to level off. The equilibrium dye adsorption was achieved
after ~3 h. It is clear from figure that by introducing sepiolite clay in carrageenan-
based hydrogels, the dye adsorption capacity gets increased. Furthermore, from the
initial slope of the curves, the speed of dye adsorption is enhanced as the clay
amount is increased in hydrogel composition. Although the water absorbency of
nanocomposites was decreased by introducing the sepiolite nanoclay, the increment
in both dye adsorption capacity and rate can be attributed to increase the adsorbing
centers in hydrogel composition. A similar observation was obtained in our previous
work using sodium montmorillonite nanoclay [25]. For comparison, the dye
adsorption onto neat sepiolite was examined and show in Fig. 7a. The dye
adsorption speed and capacity for neat clay are higher than the hydrogels. The high
rate of adsorption and capacity can be attributed to the more adsorption center as
well as the fine size of particles. But it may be noted that although the dye
adsorption speed and capacity of neat clay were high, but due to the small size of
clay, more time was needed to settle in solution.

Pseudo-first-order, pseudo-second-order, and intraparticle diffusion kinetic
models were examined to obtain rate constant and equilibrium adsorption capacity
for hydrogel samples. Kinetic data were analyzed using the pseudo-first-order
equation as below [36]:

ki
1 —q) =1 Ly 3
0g(ge — q1) = log e 73 (3)

where g, and ¢, (mg g~ ') are the amount of adsorbed dye on the nanocomposites at
equilibrium and at time ¢, respectively. k; (min~") presents the rate constant of first-
order adsorption. g.; indicates the theoretically equilibrium adsorption. In order to
obtain model calculations k;, g.;, and R? (correlation coefficient), we can plot
log(g.—q,) against ¢ for pseudo-first-order.
Also, kinetic data were analyzed using the pseudo-second-order equation as
below [36]:
i — % + L (4)
4 kg ge
here &, (g Ing71 min~") is rate constant of second-order adsorption, and g, is the
theoretical adsorbed dye (mg g~ ") that can be calculated from pseudo-second-order.
In order to obtain model calculations k, and theoretically equilibrium adsorption

(ge2) as well as R? (correlation coefficient), we can plot é against ¢ (Fig. 7b). Model
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Fig. 7 Adsorption content of dye by samples as a function of contact time (a). Adsorption kinetic of the
CV onto hydrogel and hydrogel nanocomposites according to pseudo-second-order model (b). (0.05 g of
hydrogels, 50 mL of CV dye with 50 ppm concentration, 120 rpm, 7' = 25 °C)

calculations for all nanocomposites were given in Table 1. It was found that the
plotting of i against ¢ gives a straight-line with a high correlation coefficient

(R* > 0.95), and it can be concluded that adsorption kinetic of dye by all nano-
composites has the best fitting to the pseudo-second-order. As can be seen from the
data, according to pseudo-second-order kinetic, the theoretical equilibrium
adsorption capacities are in agreement with the experimental data.

The adsorption of adsorbate to the adsorbent can take place through several steps.
The steps may be considered as film diffusion, pore diffusion, surface diffusion, and
adsorption on the pore surface [37]. In fact, under sufficient speed of stirring,
intraparticle diffusion/transport process is the rate-limiting steps of adsorption

kinetic [37]. The possibility of intraparticle diffusion can explore according to
Eq. 5:
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Table 1 The pseudo-first-order and pseudo-second-order rate parameters for CV adsorption onto
nanocomposites

First-order kinetics Second-order kinetics
Ger» 4o Exp,  k x 10°,  R? de2s ky x 10%, R
mg g ! mgg ! min~" mg g gmg ' min~!
H 33.1 20.4 0.39 0.8853 20.4 0.87 0.9529
NH5 30.9 29.8 1.6 0.7873 31.5 1.34 0.9878
NHI10 17.8 344 1.6 0.8786 35.6 2.13 0.9972
40
351 ——H - o
30 —x—NH10 _x
—A— NH5
X
§ 25 4
=)
i 20 1 Kiaz
15
10
5 Kig1
0 T T T
0 5 10 15 20
%% (min®%)

Fig. 8 Intraparticle diffusion kinetics of CV dye adsorption onto nanocomposites

q: = kidto's +C (5)

where ¢, is the amount of dye adsorbed at time ¢, C is the intercept, and k;q4 is the
intraparticle diffusion rate constant (mg min®> g ).

According to Eq. 5, by plotting ¢, versus 1>, a straight-line suggests that the
intraparticle diffusion is the rate-limiting step. As seen from Fig. 8, the diffusion
plot of CV onto nanocomposites is multi-linear containing two linear parts. The
linear segments did not pass through the origin, indicating that the intraparticle
diffusion is not the only rate-limiting step. The first linear segments show that the
mass transfer controlling may be due to boundary layer effect [38]. Slops of two
linear segments are not similar and the first segment comprises sharper slop. The
separate intraparticle diffusion parameters for two sections are summarized in
Table 2. As seen from data, the k;q; value is enhanced as the sepiolite is increased in
hydrogel composition indicating improvement of the rate of adsorption by hydrogel
nanocomposites. Also, the k;q values for second linear sections are smaller than first
segments, and this observation shows that the rate of dye adsorption at first section

@ Springer



2464 Polym. Bull. (2013) 70:2451-2470

Table 2 The k;q and correlation
coefficient parameters according
to intraparticle diffusion model Kia1 R? Kiao R
for linear sections

Intraparticle diffusion model

H 1.22 0.9928 1.07 0.9729
NH5 32 0.9992 1.65 0.8446
NH10 3.96 0.9969 1.95 0.8255

occurs faster than the second section. The high speed of adsorption at first part can
be attributed to ease of availability of adsorption centers [38].

Adsorption isotherm

Adsorption isotherm can be considered as an essential necessity to design
adsorption system. In the adsorption isotherm studies, the hydrogels were immersed
into dye solutions with different initial concentration ranging from 20 to 80 mg/L.
The adsorption capacity of hydrogels was calculated at equilibrium time. Figure 9a
shows the effect of initial dye concentration on the adsorption capacity of hydrogels.
As the initial dye concentration is increased, the adsorption capacity of samples is
enhanced and then switches to level off. At higher initial concentration, the
adsorption sites reach on saturation state and the adsorption remains constant. The
Langmuir and Freundlich isotherm models can be applied to analyze experimentally
equilibrium data from adsorption of dye onto samples at equilibrium time.

In the Langmuir adsorption model, adsorption of adsorbate takes place at specific
homogeneous sites within the adsorbent and valid for monolayer adsorption onto
adsorbents [39]. The expression of the applied Langmuir model is given by the Eq. 6:

C. C. 1

ety 6

de  qm qmb ©)
where C. is the equilibrium dye concentration in the solution (mg/L), b is the
Langmuir adsorption constant (L/mg), and g, is the theoretical maximum adsorp-
tion capacity (mg g~ '). The g, and b can be calculated from the slope and intercept
of a linear plot of % versus C., respectively (Fig. 9b).

In the Freundlich model, the adsorption of adsorbate occurs on a heterogeneous
surface by multilayer sorption, and the adsorption capacity increases with an
increase in adsorbate concentration [39]. Freundlich isotherm is represented by the
following equation:

1
log g. = log kr + ﬁlog Ce (7)

where ky is the equilibrium adsorption coefficient (L/g) and I/n is the empirical
constant. The k;and n values for nanocomposites can be achieved from the intercept
and the slop of plotting logg. against logCe, respectively. In fact, the n value depicts
the favorability of adsorption process and k¢ is the adsorption capacity and intensity
of the adsorbate.
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Fig. 9 Effect of initial dye concentration on the equilibrium dye adsorption capacity (a) and plot of C./g.
versus C, according to Langmuir isotherm (b)

All expressions in Langmuir and Freundlich equations and equilibrated
adsorption of all nanocomposites were calculated according to experimental data
and summarized in Table 3. In accordance with the high correlation coefficient in
Langmuir equation (R* > 0.97), it depicts that Langmuir isotherm is the best fit for
experimental data than the Freundlich model. From Langmuir parameters, the
theoretical and experimental maximum adsorption capacities of hydrogels are in
agreement and confirming the best fit of Langmuir model with practical data. The
favorability of the adsorption (R;) was evaluated from parameters of Langmuir
adsorption isotherm model. The Ry can calculate from the following equation [40]:

1 (8)

R =——
AN YeN

where b is the Langmuir constant (L/mg) and Cj is the initial concentration of dye.
The Ry can vary: for Ry > 1, the adsorption is unfavorable; Ry = 1, the adsorption
is linear condition; the adsorption is favorable when 0 < R, < 1; and Ry = 0 is for
irreversible conditions. According to Table 3, the Ry values for hydrogels were
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Table 3 Isotherm parameters

for adsorption of CV onto Isotherm Parameters Samples
nanocomposites H NH5 NHI10
Freundlich model ~ n, g L' 9.2 53 4
kymg g 21.7 19.9 17.7
R’ 0.8169  0.712 0.8436
Langmuir model G, mg g 343 49.5 53.2
b, L mg™" 0.012 0.0034  0.0033
R’ 0.9942 09776  0.9973
Ry 0.73 0.9 0.91
e (gm €Xp), mg g~ 34 45 47

achieved between one and zero indicating favorable adsorption of CV onto obtained
hydrogel nanocomposites.

Effect of pH on adsorption

The pH of adsorption media can affect the adsorption of adsorbate onto adsorbent.
So, to investigate the influence of pH of dye solution on the removal efficiency, the
adsorption experiments were examined at pH 2-10. The results are illustrated in
Fig. 10a. The H sample comprises kappa-carrageenan and polyacrylamide compo-
nents. While the PAAm chains contain non-ionic and pH-independent amide
groups, kappa-carrageenan is an ionic polysaccharide comprising sulfate groups
(-OSOy). These pendants are completely dissociated in the overall pH range, and
the hydrogels from this biopolymer shows pH-independent swelling behavior [34].
In fact, in the overall pH range, these anionic groups are in dissociation form. As it
evident from Fig. 10a that, by varying the pH of initial dye solution, the change in
dye adsorption of H samples is not notable and can be attributed to complete
dissociation of anionic groups on kappa-carrageenan at overall pH range. But the
hydrogels containing sepiolite nanoclay showed pH-dependent dye adsorption
capacity. While the adsorption capacity of nanocomposites was not considerable up
to pH 6, at basic solutions, the dye adsorption capacity of hydrogels containing
sepiolite was enhanced. This increment can be attributed to the increase of negative
centers on sepiolite in the presence of excess hydroxyl groups. Similar observation
has been reported by Dogan et al. using sepiolite clay to remove cationic dye [38].
The dye adsorption capacity of clay-free hydrogel is in agreement with swelling
data in buffered solutions. In spite of similar swelling behavior of nanocomposites
and clay-free hydrogel, an increase in dye adsorption capacity was observed at high
pHs.

The influence of pH on the rate of dye removal of NH10 hydrogel was illustrated
in Fig. 10b. The initial slopes of plots depicts that the pH of initial dye solution can
affect the rate of dye removal by sample. The speed of dye removal at acidic pH is
lower than basic media. It may be attributed to compete dye cation and H* for
active center of adsorption.
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Fig. 10 Effect of pH on the dye adsorption capacity of hydrogels (a) and effect of pH on the dye
adsorption speed of NH10 nanocomposite (b)

The maximum dye adsorption capacity of carrageenan-based nanocomposite at
this study and some other adsorbents is compared in Table 4. The results indicate
that the adsorption capacity of carrageenan-based nanocomposite is comparable
with other adsorbents.

Adsorption—desorption studies

To evaluate the possibility of reusing of nanocomposite hydrogels over multiple
cycles, desorption—adsorption process of dye by nanocomposites was examined
using KCl solutions in water/ethanol mixture. When the ethanol/water solution was
used as desorption solution, desorption content was obtained low. By introducing
the KCI in desorption solution, desorption yield was improved. But by increasing
the KCl concentration from 0.15 to 0.45 M, the desorption content was not changed
considerably. So, the 0.15 M of KCI solution in water/ethanol mixture was used to
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Table 4 Maximum adsorption

capacities of CV dye onto some Adsorbent Max1£n]um dye adsorption, Reference
adsorbent and kappa- me &
-based

carageenan- s Wollastonite 8.8 [41]
nanocomposite hydrogels

Semi-IPN hydrogel 35 [42]
* Carrageenan- Magnetic 81.7 [43]
poly(acrylamide)-sodium nanocomposite
mont@grlllonlte nanocomposite Bagasse fly ash 26.2 [44]
containing about ~ 10 wt of ;
sodium montmorillonite Raw Kaolin 44.8 [45]
P Carrageenan- “Carra-Na-MMt 42.8 [25]
poly(acrylamide)-laponite RD bCarra-Laponite 67 [24]
nanocomposite containing about  Ng10 47 This study

~ 10 wt of laponite RD

40
35 A

DAdsorption mDesorption

117/]
1172/]
1172/]
117771
117271
117271
117271
117271
117271
117271
127771
127771
1272/]
122/]
122271
1124/,
112271
117271
117271
1172/]
112271
112271
117271
117271

4 5

qe (mg/g)

Fig. 11 Adsorption and desorption behavior of CV dye onto NH10 nanocomposite

desorption of dye from NH10 sample. The adsorption—desorption process was
repeated for five times. The results are illustrated in Fig. 11. As it is clear from
figure, the adsorption capacity and desorption content during five cycles was not
changed considerably. Because of high recycling efficiency, the present nanocom-
posite can be considered as adsorbent for practical applications.

Conclusion

In the present work, kappa-carrageenan-based nanocomposites containing sepiolite
nanoclay were synthesized, and the TEM image revealed that sepiolite nanoclay
exists as individual needles. The adsorption of cationic CV dye onto obtained
hydrogels was improved by introducing sepiolite nanoclay. The presence of
sepiolite in hydrogel composition caused an enhancement in adsorption capacity
and speed of dye removal. The results showed that the pseudo-second-order
adsorption kinetic was predominated for the adsorption of CV onto hydrogels.
Langmuir model was obtained as the best model for the adsorption of CV onto
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nanocomposites. Studying the pH of initial dye solutions on the dye adsorption of
hydrogels depicted that while the clay-free hydrogel shows relatively pH-
independent behavior, the nanocomposites adsorbed high content dye at basic
media. Also, at basic condition, the rate of dye adsorption obtained was higher than
acidic media.
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