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Abstract
The “3-in-1 type” biopolymer composite (chitosan/montmorillonite clay/biosorbent) hydrogels were produced and used as 
adsorbents for Cr(VI) ion. Na-Montmorillonite (NaMMT) clay was modified with Spirulina (Sp) biosorbent by using lyo-
philization based “cryoscopic expansion” (C-XP) method. The Sp immobilized MMT (SpMMT) clay containing hydrogels 
were found to have an open/extended form of Sp structure on their pores’ walls, presenting all possible receptor groups for 
adsorption of Cr(VI) ions. SpMMT loaded hydrogels showed higher adsorption capacities than NaMMT loaded ones. The 
physically crosslinked hydrogel including only 1% SpMMT (1SpM-H) clay exhibited 150% higher adsorption capacity as 
compared to neat chitosan hydrogel even in 50 ppm Cr(VI) solution. The same composite hydrogel was found to adsorp 
about 780% Cr(VI) with respect to the clay’s weight while individual uses of Sp and MMT can remove only about 4.80 and 
0.36% Cr(VI) with respect to their weights. The pseudo-first order model was found to be the most suitable for the kinetic 
data of NaMMT loaded hydrogels while that of SpMMT containing hydrogels followed the pseudo-second order kinetics. The 
isotherm data of all the hydrogels exhibited a better fit to the Freundlich and Sips model. The maximum adsorption capacity 
(3333 mg g−1) calculated by Sips model was achieved via the hydrogel having 1% SpMMT which is in good agreement with 
the experimental kinetic data. The highest adsorption with the lowest amount of SpMMT clay could be attributed to its looser 
Sp network structure whose functional groups are in long-distance, releasing more adsorption sites for the Cr(VI). The high-
est compression modulus and toughness were also obtained with the 1SpM-H hydrogel which is probably due to increased 
physical and reversible interactions between chitosan molecules and SpMMT clay layers at optimum clay loading (1%).
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Introduction

Hexavalent Cr(VI) is present in industrial wastes as chro-
mate CrO4

−2, dichromate Cr2O7
−2, HCrO4

− and H2CrO4 [1] 
depending on the pH of the medium, and toxic even at low 
concentrations. Cr(VI) is a carcinogenic substance due to 
its mutogenic property [2]. The adsorption method was 
performed for Cr(VI) ion with different adsorbents such 
as fungus [3], green algae [4], bentonite [5] and composite 

hydrogel [6]. In recent years, applications of biotechnologies 
in the removal and control of metal pollution have attracted 
much attention due to their easy applicability and low cost. 
Biosorption is an alternative biotechnological process in 
which various biobased/natural materials are used [7]. In the 
biosorption method, various species such as bacteria, algae, 
fungi, yeast as biomass (biosorbent) have been used alive 
or dead [7]. Spirulina biosorbent/biomass with a porous 
three-dimensional network structure includes protein/lipid 
and polysaccharide hydrophobic molecules with amine, car-
boxylic, hydroxyl, phosphate, and sulfate functional moie-
ties, which make it highly attractive in adsorption process 
[8–10]. Its polar functional groups also have capability of 
formation of hydrogen bonding with chitosan molecules as 
additional crosslinks, resulting a co-network structure on the 
walls of chitosan matrix cells [9]. The adsorption capacity 
of the Sp to the metal surface alone has been demonstrated 
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in many studies in the literature. Chojnacka et al. [10] exam-
ined the adsorption of Cr3+, Cd2+, and Cu2+ ions using Sp 
biomass. The results showed that the structural morphology 
of Sp, which is dependent on the pH-dependent functional 
groups of the cell walls, affects the metal adsorption capac-
ity. The lyophilized form of Spirulina was found to adsorb 
the highest amount of Cr3+ and Cu2+ ions. In a study by 
Doshi et al. [11], the maximum Cr(VI) adsorption capac-
ity of Sp biosorbent was reported to be 48 mg Cr(VI) per g 
Spirulina for 2000 ppm solution concentration.

The chitosan biopolymer has been widely used in prepa-
ration of hydrogels because of its hydrophilic character with 
its amine and hydroxyl groups, and its physical cross-linking 
ability [12–14]. However, chitosan-based hydrogels have 
low mechanical strength, especially in their swollen form, 
due to the weak network of linear polysaccharide molecules 
[15]. These weaknesses limit their use in applications where 
high stress is required [16]. To eliminate this disadvantage, 
studies involving the incorporation of nano-sized enhancers 
such as hydroxyapatite [17, 18], nano-sized clay [19], carbon 
nanotube [20], titanium [21] and graphene [22] into natural 
polymers such as chitosan have been carried out. In our pre-
viously published paper [8], a chitosan composite hydrogel 
based adsorbent system having Sp microalgae immobilized 
on halloysite nanotube was reported. The modification of the 
nanotubes with Sp via conventional solution mixing method 
provided higher swelling, toughness and compression modu-
lus as well as higher Cr(VI) adsorption capacity as compared 
to neat chitosan and unmodified nanotube containing hydro-
gel. The enhanced adsorption was attributed to formation of 
an optimized special morphology of Sp-chitosan composite 
hydrogel in which all the functional moieties of physically 
crosslinked Sp biomass at cell walls and the nanotubes act as 
receptor domains for chromate anions. In another study, we 
reported styrene-based HIPE (high internal phase emulsion)-
templated polymer composites [23] in which immobilization 
of Spirulina algae to the surface of the NaMMT clay was 
performed with a new cryoscopic expansion method (C-XP) 
unlike the above-mentioned conventional solution method. 
In C-XP method, immobilization of Sp to the clay surface 
was performed by a sublimation technique in a freeze-lyo-
philizer using relatively a much smaller amount of solvent. 
In addition, since the C-XP method uses a lyophilizer for 
drying, there is no need for drying under heat and labori-
ous procedures such as centrifugation or filtration [23]. In a 
recent study, biopolymer based nanofibers were prepared by 
using chitosan and tannin biopolymers with nylon 6 polymer 
and used for removal of chromium (VI) [24]. The adsorp-
tion capacity of the tannin/nylon 6 nanofibers for Cr(VI) 
was found to be higher than the chitosan/nylon 6 nanofibers. 
The maximum metal adsorption capacities of tannin/nylon 
6 nanofibers and chitosan/nylon 6 at 25 °C were obtained 
as about 40 mg/g and 14 mg/g, respectively. The higher 

adsorption performance of tannin/nylon 6 system was attrib-
uted to presence of many hydroxy phenolic moieties leading 
to a chelate compound with metal ions.

In this project, Sp immobilized MMT clay, which is 
obtained via the C-XP method [23], is used in preparation of 
novel physically crosslinked chitosan composite hydrogels 
with high mechanical strength. It was expected that C-XP 
assisted immobilization of Spirulina algae on the MMT sur-
face will contribute to the physical cross-linking of the poly-
mer with its functional groups (polysaccharide molecules, 
amino acids and other ionic structures) [9]. Also, these 
interactions were believed to increase heavy metal removal 
performance of this novel and triple biopolymer/biomass/
layered silicate (chitosan/spirulina/MMT) hydrogel adsorban 
system. Swelling and metal adsorption capacities, morpho-
logical properties and mechanical properties of hydrogels 
were examined as a function of clay type and its percentage.

Experimental

Materials

The chitosan polymer was obtained from Aldrich Chemicals 
(Milwaukee, US). The degree of deacetylation of chitosan 
(DD) is in the range of 75–85% and has a viscosity in the 
range of 200–800 cps. Sodium montmorillonite (NaMMT) 
clay was obtained from Süd-Chemie (Steinheim, Germany) 
with a brand name of Nanofil 1080. Acetic acid, sodium 
hydroxide, potassium dichromate (K2Cr2O7) and diphenyl 
carbazide were purchased from Aldrich Chemicals (Mil-
waukee, US). Spirulina (Sp) was bought from Egert Natural 
Products Production Limited Company (İzmir, Turkey).

Modification of Montmorillonite Clay by Spirulina

Modification of NaMMT clay was performed by cryoscopic 
expansion (C-XP) method as reported in our previously pub-
lished paper [23]. Individual solutions of 1 g of NaMMT 
and 0.05 g of Spirulina in 10 ml of deionized water were 
prepared. The solutions were stirred at 50 °C for 1 h with 
a magnetic stirrer. At the end of the period, the Sp solution 
was added onto the MMT clay solution. The resulting mix-
ture was stirred at 50 °C for 1 h and frozen at − 20 °C. The 
frozen solution was dried for 48 h in a lyophilizer. Thus, 
organophilic MMT clay (SpMMT) was obtained.

Preparation of Chitosan Composite Hydrogels

SpMMT filled chitosan hydrogels were prepared by using 
SpMMT clay ranging from 1 to 5% by weight. First, the 
SpMMT clay was dispersed in 10 mL of 1% (v/v) acetic 
acid solution at 25 °C for 4 h and then 0.1 g of chitosan was 
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added to this solution and dissolved. The mixture was stirred 
at 25 °C for 3 h. The solution was then poured into polysty-
rene molds with a diameter and height of 30 mm and 10 mm, 
respectively. The molds were placed in a cooler at − 20 °C 
and frozen, and lyophilized at − 45 °C and 0.017 mbar. After 
lyophilization, all the hydrogels were neutralized by put-
ting them in 1 M NaOH solution for one hour. They were 
then washed with plenty of deionized water to complete the 
purification process. The hydrogels were again subjected 
to the abovementioned drying steps in the lyophilizer. Neat 
chitosan hydrogel and composite hydrogels with NaMMT 
clays were also prepared by appyling the same procedure. 
NaMMT filled chitosan hydrogels were named as xM-H 
while SpMMT filled hydrogels were named as xSpM-H 
where x represents clay loading degree (wt %). Neat chitosan 
hydrogel was named as Ch-H.

Characterization

Measurements of the basal distances between the crystalline 
layers of pure NaMMT clay and organophilic SpMMT clay 
were done by X-ray diffraction (XRD, Rigaku D/Max-Ulti-
mate diffractometer, CuKα radiation, λ = 1.54°A, Rigaku, 
Tokyo, Japan) analysis at a speed of 2° min−1 at 40 mA and 
40 kV operating conditions. Thermogravimetric analyses 
(TGA) of NaMMT and SpMMT clays were performed in 
the range of 30 °C to 700 °C, at a heating rate of 10 °C 
min−1 and under a nitrogen atmosphere by using a TG ana-
lyzer (Seiko TG/DTA 6300, Seiko Instruments Inc., Tokyo, 
Japan). The XRD curves and TGA thermograms together 
with their data were given and discussed in our previously 
published work [23].

Morphological characterization of the clays and hydro-
gels were done by scanning electron microscope (SEM) 
(ESEM-FEG and EDAX Philips XL-30, Philips, Nether-
lands).The swelling ratios of the hydrogels were calculated 
gravimetrically after 24 h in beakers containing deionized 
water. Since the hydrogels are physically cross-linked, a 
time-dependent monitoring was not performed, but swell-
ing test was performed with a single measurement after 24 h. 
The Swelling percentage (S %) were calculated using the 
following formula:

where ms and m0 refer to the mass of the swollen gel and that 
of dry hydrogel, respectively.

The mechanical uniaxial compression tests of wet hydro-
gels were carried out at room temperature and at a rate of 
2 mm min−1. The tests were done by the Zwick/Roell Z1.0 
Universal Testing Machine (Zwick GmbH & Co. KG, Ger-
many) with a load cell of 50 N until the sample deformation 
reached 70%.

(1)S% =
ms − m

0

m
0

× 100

In order to investigate capability of the chitosan compos-
ite hydrogels in the heavy metal removal applications, their 
Cr(VI) absorption was examined at 25 °C at pH of 5.5–6.0. 
For this purpose, all the chitosan hydrogels were placed in 
50 ppm Cr(VI) solution and, initial Cr(VI) concentrations 
and those at certain time intervals were determined by using 
diphenyl carbazide and 3500-Cr technique [25]. The meas-
urements were carried out at 540 nm by UV spectropho-
tometer (Optizen Pop Spectrophotometer, Daejon, South 
Korea). In the determination of the adsorption isotherms, 
the abovementioned measurements were repeated for dry 
hydrogels which were placed in separate solutions with dif-
ferent Cr(VI) concentrations (50, 100, 150, and 200 ppm). 
The Cr(VI) absorbed by 1 g of hydrogel was calculated as 
qe (mg Cr(VI) per g dry hydrogel) by using the following 
equation [25]:

In the equation, the Ci and Cf show initial and final con-
centrations of the metal ions at each time interval in the solu-
tion (mg L−1), respectively. V and W represent the volume 
of the metal ion solution and the dry weight of the hydrogel 
used in the experiment, respectively.

The pseudo-first-order (Eq. 3) and pseudo-second-order 
(Eq. 4) kinetic models were used to investigate the kinetics 
of the adsorption by using the following formulae [13]:

where k1 (min−1) and k2 (g mg −1 min−1) are the rate con-
stants of pseudo-first-order ans pseudo-second-order rate 
constants, respectively; qt and qe are the amounts of adsorbed 
Cr(VI) on the hydrogels at time t and at equilibirum.

Equilibrium adsorption results were fitted to Langmuir 
(Eq. 5) [24], Freundlich (Eq. 6) [24] and Sips (Eq. 7) [14] 
models:

where Ce is equilibrium concentration of Cr(VI) (mg L−1); 
qm (mg g−1) and and qe (mg g−1) are the adsorption capaci-
ties at any time and equilibrium, respectively; KL is the 

(2)qe =

∑
�

Ci − Cf

�

× V

W

(3)qt = qe
(

1 − e−k1t
)

(4)qt =
t

(1∕k
2
q2
e
) + (t∕qe)

(5)qe =
qmKLCe

1 +
(

KLCe

)

(6)qe = KFC
1∕n
e

(7)qe =
qm

(

KsCe

)nS

1 +
(

KsCe

)nS
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Langmuir constant; KF and n are the Freundlich constants 
related to the adsorption capacity and adsorption inensity, 
respectively; KS is (L g−1) is related with the energy of 
adsorption and nS is indication of system heterogeneity in 
the Sips isotherm model.

Results and Discussion

Morphological Characterization of SpMMT Clay 
and the Hydrogels

SEM image showing micrometer-sized pure NaMMT clay 
with a smooth surface is given in Fig. 1. It also shows SEM 
image of Sp biomass, which was used in the clay modi-
fication, having a porous and three-dimensional network 
structure. After the clay modification, the three-dimensional 
network structure of Spirulina was found to coat the sur-
face of NaMMT clay and transform it to a homogeneous 
and rough surface (Fig. 2). The network structure of Sp was 
found to be in an open and extended form in a larger area on 
the NaMMT surface (Fig. 2-inset figure) [23]. This special 
morphology obtained by cryoscopic expansion method was 
expected to cause the functional groups of Spirulina such as 

amine, carboxyl, hydroxyl, phosphate and sulphate to play a 
more effective role in heavy metal adsorption process.

Figures 3, 4, 5 shows SEM images of internal surface 
morphologies of neat chitosan, NaMMT filled hydrogels and 
SpMMT filled hydrogels, respectively at the same magni-
fications (Mag: × 100). As it is observed from the Fig. 3 
that neat chitosan hydrogel (Ch-H) has a open cell mor-
phology resulting from repulsive forces between protonated 
amine groups of the molecules together with closed cells 
due to their possible intramolecular interactions. The 1 M-H 
hydrogel obtained with 1% NaMMT was found to have open 
pores together with the still presence of closed pores which 
is similar to neat hydrogel. It shows a more homegeneous 
dispersion of pores with a smaller size (Fig. 4), compared to 
Ch-H hydrogel. This may be ascribed to formation of addi-
tional hydrogen bonding and ionic interactions between the 
negatively charged surface of the NaMMT clay layers and 
protonated amine groups of the chitosan molecules as physi-
cal crosslinks [26]. This leads to a increased crosslinked 
density and porous structure in the hydrogel system [27]. 
On the other hand, at higher amount of the NaMMT clay (3 
and 5%), the porous structures of the hydrogels were found 
to be disrupted (Fig. 4) and have almost completely closed 

Fig. 1   SEM images of MMT 
and Spirulina biomass (Sp)

Fig. 2   SEM image of Spirulina immobilized MMT (SpMMT)

Fig. 3   SEM image of neat chitosan (Ch-H) hydrogel (Mag: × 100)
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pores and heterogeneous structures. This can be attributed 
to relatively more interactions of the hydroxyl, amine and 
carboxyl groups of the chitosan molecules with silanol 
groups on the surface of NaMMT clay. It can be also due 
to the increased abovementioned ionic interactions between 
chitosan molecules and negatively charged surface of the 
clay layers at the higher unmodified clay loading. This may 
decrease the probability of repulsive forces between the pro-
tonated amine groups of the chitosan molecules and increase 
intramolecular inteactions of the chitosan molecules instead 
of intermolecular ones, destroying the sponge morphology.

The SEM images of SpMMT loaded chitosan compos-
ite hydrogels are given in Fig. 5. As it can be seen from 
the figure, 1SpM-H hydrogel, unlike the 1 M-H hydrogel, 
exhibited a closed-pore structure with some amounts of open 
pores. It may be ascribed to interaction of the polymeric 
chains (polysaccharide and amino acids) of the Sp biosorb-
ent with chitosan molecules, reducing the physical bonds 
between chitosan chains. On the other hand, when the degree 
of SpMMT loading was above 1%, a more porous structure 
with relatively larger and open pores were obtained (Fig. 5). 
The observed open porous morphologies for the 3SpM-H 
and 5SpM-H hydrogels can be explained by higher amount 

of Sp leading to the additional crosslinks giving a porous 
structure via help of its abovementioned functional groups. 
These additional non-covalent/physical crosslinks may result 
from interaction of Sp molecules between themselves and 
that of Sp and chitosan molecules through dipole–dipole 
forces and hydrogen bonding. Moreover, the 3SpM-H and 
5SpM-H hydrogels were found to have larger pores, as 
compared to 1SpM-H and the chitosan/NaMMT hydrogels 
with the same loading degrees. This may be probably due 
to formation of larger ice crystals formed in the freezing 
process during preparation of those hydrogels resulting from 
decrease in their hydrophilicity with hydrophobic structure 
of Sp biosorbent at higher SpMMT loading [28].

Moreover, at higher magnification (Mag: × 1000) SEM 
images of the pore walls of the SpMMT loaded hydrogels 
(Fig. 6), Sp bisorbent molecules were seen to be in an open/
extended form and aggregate form in 1SpM-H and 5SpM-H 
hydrogels, respectively, which were marked with a red circle 
and showed in the inset figures. On the other hand, both 
open/extended and aggregate forms of Sp are present in 
3SpM-H hydrogel. The effective and beneficial morphol-
ogy of Sp biosorbent is more clearly seen at much higher 
magnification SEM images (Mag: × 50,000) of the SpM-H 

Fig. 4   SEM images of NaMMT loaded composite hydrogels (Mag: × 100)
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hydrogels (Fig. 7). It is observed in Fig. 7 that there are some 
special sub-networks of Sp on the pore walls of the hydro-
gels. Among SpMMT containing hydrogels, the 1SpM-H 
shows immobilized spirulina in open form much more pre-
senting all possible potential attachment points for water 
molecules and metal ions [10].

Swelling Behaviour of Neat Chitosan and Composite 
Hydrogels

Figure 8 shows the swelling behavior of neat chitosan and 
chitosan composite hydrogels as a function of NaMMT and 
SpMMT loading percentages. As can be seen from the graph, 
all the hydrogels with NaMMT loading have higher swell-
ing ratios than pure chitosan. This can be due to presence of 
hydrophilic nano-sized silicate layers added to the structure 
facilitating diffusion of water molecules. On the other hand, 
when the amount of NaMMT clay is increased to 3%, it is 
observed that the swelling value decreases. This result may be 
ascribed to insufficient dispersion of the silicate layers and the 
closed pores in the structure of the hydrogel at higher loading 
of the clay (Fig. 4). The reason for the decrease in swelling at 
3% loading of NaMMT, as compared to 1% NaMMT loaded 
hydrogel can be explained by formation of relatively higher 

amount of hydrogen bonding between chitosan molecules and 
the clay. The amine, acetamide, or hydroxyl groups of chitosan 
molecules may form dipole–dipole and hydrogen bonding with 
Si–O-S/Si–OH groups of the MMT layers. This may decrease 
the repulsive forces of the chitosan molecules getting them 
closer and inhibit the water-attractive functional groups of chi-
tosan molecules to adsorp water molecules. It can also be due 
to high amount of ionic interactions occuring between proto-
nated amine groups of the chitosan molecules and negatively 
charged surface of the MMT clay. These interactions can also 
decrease water diffusion and the swelling [27]. In addition, 
it is thought that cross-linking density may be increased by 
the formation of additional cross-links resulting from possible 
ionic interactions between positively charged chitosan mol-
ecules and negatively charged MMT surface due to the higher 
amount of NaMMT loading and thus some reduction in swell-
ing occurs. On the other hand, as seen in the Fig. 8, the swell-
ing ratio increased again when the amount of NaMMT clay 
was increased to 5%. This result can be ascribed to presence of 
higher number of open pores for 5 M-H, compared to 3 M-H 
hydrogels even though both have disrupted porous structures 
(Fig. 4). Thus, water adsorption capacity of the composite 
hydrogel may be increased due to the increase in number of 
the open pores. Moreover, it can be said that the negatively 

Fig. 5   SEM images of SpMMT loaded composite hydrogels (Mag: × 100)
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charged groups of MMT clay at 5% loading have caused more 
possible ion–dipole interactions and swelling with water than 
the 3% NaMMT loaded hydrogel.

In the SpMMT loaded chitosan hydrogels, swelling ratios 
were found to be lower than pure chitosan and NaMMT 
loaded chitosan hydrogels (Fig. 8). This may be related to 
the abovementioned hydrophobic structure of Spirulina in 
the SpMMT clay. On the other hand, as for NaMMT loaded 
hydrogels, a decrease in the swelling ratio with 3% SpMMT 
clay is observed which can be probably due to the aforemen-
tioned reason given for NaMMT loaded hydrogels. Then, 
the swelling ratio increased again with increased amount of 
ionic groups at 5% SpMMT loading degree. Furthermore, 
the organic modification of the MMT clay with the Spir-
ulina molecule results in larger number of functional groups 
that can interact with water molecules in terms of 5SpM-H 
hydrogel.

Effect of Time on Metal Adsorption Behaviour 
of Hydrogels and Kinetic Parameters

Figure 9 shows the heavy metal (Cr(VI)) absorption behav-
ior of neat chitosan and composite hydrogels loaded with 
NaMMT and SpMMT clays. In aqueous solutions Cr(VI) 

is available in neutral (H2CrO4) and different anionic forms 
such as HCrO4

−, CrO4
−2 and Cr2O7

−2. The ions are generally 
in the form of HCrO4

− in the range of pH 2 and 6. When the 
solution has pH values greater than 6, the anions of CrO4

−2 
and Cr2O7

−2 become dominant. When the pH is higher than 
7.5, the aqueous solution contains only the CrO4

−2 anion 
[29]. By the way, when the pH is lower than 6.2, the chitosan 
molecule has a positive charge resulting from the protonated 
amine groups (–NH2) on it, and this may provide the interac-
tion of NH3

+ groups with the chromate anions [30].
As shown in Fig. 9, the hydrogels containing 3 and 5% 

NaMTM clay were found to have lower adsorption values 
than neat chitosan hydrogel (Ch-H). This can be attributed 
to their morphologies having closed pores (Fig. 4). It may be 
also due to relatively higher amount of negatively charged 
clay layers interacting with the protonated amine groups of 
chitosan molecules, preventing their adsorption capabilities. 
In addition, increasing negatively charged MMT surfaces 
with increasing the degree of NaMMT loading can push the 
chromate anions and can be effective in reducing the adsorp-
tion. On the other hand, 1 M-H hydrogel was found to have 
higher adsorption capacity than neat chitosan hydrogel and 
the highest adsorption performance among NaMMT loaded 
composite hydrogels. The relatively higher adsorption 

Fig. 6   High magnification (Mag: × 1000 ) SEM images of pore walls of the SpMMT loaded composite hydrogels
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value obtained with this composition can be ascribed to the 
relatively higher number of porous and fewer closed cells 
obtained by lower degree of the clay loading (Fig. 4). The 
adsorption of Cr(VI) by NaMMT containing chitosan hydro-
gels can be based on ion–dipole interactions between the 
siloxane/silanol groups of the clay and the chromate anions.

On the other hand, chitosan composite hydrogels contain-
ing SpMMT clay exhibited higher adsorption performance 

than NaMMT loaded hydrogels for each clay loading degree 
(Fig. 9). In particular, 1SpM-H hydrogel was found to have 
maximum degree of adsorption with an adsorption value 
of about 48 mg of Cr(VI)/g dry hydrogel in 50 ppm Cr(VI) 
solution. The adsorption capacity of 1SpM-H hydrogel was 
found to be about three times those of chitosan and NaMMT 
loaded chitosan hydrogels. The high adsorption via Sp 
biosorbent may be ascribed to interaction of chromate ions 
with hydroxyl, carboxylic, phosphate, amine, amino acids, 
amide, and sulfate groups of Sp through physical adsorp-
tion and ion–dipole interactions. Moreover, in the literature, 
the pHzpc (pH at zero point charge) value of spirulina was 
reported to be seven showing that below this pH, surface 
of the Sp gets positively charged [31]. Therefore, adsorp-
tion by Sp can also be due to ionic interactions of chromate 
anions with protonated amine groups of Sp’s protein mol-
ecules under the metal adsorption conditions (pH 5.5–6.0) in 
our study. Moreover, the 1SpM-H as physically crosslinked 
3-in-1 type composite hydrogel was found to have 150% 
higher adsorption capacity, as compared to neat Ch-H hydro-
gel. In the 3SpM-H and 5SpM-H composite hydrogels, rela-
tively lower adsorption values were obtained, but still higher 
than neat chitosan hydrogel (Ch-H). This result may be 
attributed to the functionalized groups of Sp increasing the 
possible interactions between the MMT layers much more 

Fig. 7   High magnification (Mag: × 50,000) SEM images of Spirulina networks on the pore walls of the hydrogels

Fig. 8   Percentage swelling of neat chitosan hydrogel (Ch-H), 
NaMMT loaded composite hydrogels (M-H) and SpMMT loaded 
composite hydrogels (SpM-H) as a function of clay percentage
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at their high clay percentages and leading to a more compact 
clay structure. This was also confirmed with presence of Sp 
aggregates seen in SEM image of 5SpM-H and partly in that 
of 3SpM-H (Fig. 6). Moreover, relatively the high adsorp-
tion and adsorption rate (first 30 min) obtained by 1 and 3% 
SpMMT loading can be attributed to Spirulina biosorbent 
network structure on the surfaces of those composite hydro-
gels in more open/extended morphology (Fig. 7).

Figures  10 and 11 shows the adsorption kinetics of 
Cr(VI) on hydrogels and Table 1 indicates the fitting results 
of pseudo-first order and pseudo-second order models. The 
experimental adsorption data for neat chitosan hydrogel and 
NaMMT loaded composite hydrogels, seem to fit pseudo-
first-order model much better as compared to pseudo-sec-
ond-order model. As shown in Table 1, the pseudo-first-
order model provided higher correlation coefficient values 
(R2) with lower mean relative errors (MRE). Moreover, 
the adsorption capacities (qe) determined by pseudo-first-
order model were found to be very close to the experimental 
adsorption capacity ones (qexp) (Table 1) as an indication 
of reversible physical interactions between Cr(VI)and the 
hydrogels [32]. On the other hand, the pseudo-second-order 
model correlates well with the Cr(VI) adsorption data of the 
SpMMT containing composite hydrogels with higher R2 and 
lower MRE values than pseudo-first order one. The adsorp-
tion of the Cr(VI) by SpM-H hydrogels can be attributed to 
abovementioned additional physical and ionic interactions 
via Sp biosorbent.

Adsorption Isotherms

Adsorption test results were compared by applying Fre-
undlich, Langmuir and Sips isotherm models. Langmuir 

model is known to be suitable for the equivalent adsorp-
tion sites where the molecules are adsorbed in a monolayer 
of surface having a homogeneous adsorption energy [24, 
32]. On the other hand, the Freundlich isotherm is selected 
for description of the adsorption characteristics for a het-
erogeneous surface [32, 33]. The Sips isotherm is known 
to be a combined model involving Freundlich and Lang-
muir isotherms and obtained via either thermodynamic or 
equilibrium approximation [14].

In this study, in order to obtain the isotherms and 
adsorption constants, adsorption experiments were per-
formed in Cr(VI) solutions at four different initial concen-
trations ranging from 50–200 ppm. The results showed that 
as the initial metal ion concentration (Co) increased, each 
hydrogel adsorbed a larger amount of Cr(VI) (Fig. 12). 
As it can be seen from Fig. 12 that neat chitosan hydro-
gel shows an adsorption of 18.69 mg/g for about 75 mg/L 
Cr(VI) solution whereas the adsorption value was noted 
to be 35.85 mg/g for the same hydrogel in the solution 
of 200 mg/L. It is also clear that the hydrogel having the 
maximum Cr(VI) adsorption for each concentration is 
1SpM-H hydrogel. In the literature, the maximum adsorp-
tion capacities of MMT and Sp for Cr(VI) were given as 
3.61 mg/g [34] and 48.00 mg/g [11] at the concentrations 
of 500 ppm and 2000 ppm, respectively. In current study, 
adsorption amount of 1 g of 1SpM-H hydrogel was found 
to be 78.00 mg at the concentration of 200 ppm (Fig. 12) 
that is highly remarkable. Moreover, while Sp and MMT 
by themselves can adsorp only about 4.80% [11] and 
0.36% Cr(VI) [34] with respect to their weights, 1SpM-H 
hydrogel in our case remove 780% Cr(VI) with respect to 
the weight of SpMMT which makes the current biotech-
nological process attractive.

Fig. 9   Metal adsorption capaci-
ties of neat hydrogel (Ch-H) 
and composite hydrogels as a 
function of time
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Figures 13 and 14 gives linear and non-linear adsorption 
isotherms of metal adsorption capacities of the hydrogels. 
Table 2 tabulates Freundlich, Langmuir and Sips isotherm 
parameters for the adsorption. The log qe–log Ce graph, 
which gives the Freundlich isotherms is shown in Fig. 13. 
Freundlich adsorption capacity (KF) and adsorption inten-
sity (n) values of hydrogels as well as R2 correlation coef-
ficients were calculated from the isotherms and shown in 
Table 2. As seen from Table 1, correlation coefficients (R2) 
of the hydrogels are very close to one with mean relative 
error (MRE) values lower than 5%. Therefore, the adsorp-
tion behavior of hydrogels was found to be consistent with 
the Freundlich isotherm. It is clearly seen that the highest 
adsorption coefficient (KF) with a value of 4964 belongs 
to 1SpM-H hydrogel, which is 674% higher than that of 
neat Ch-H hydrogel. This enhancement is probably resulted 
from the functional groups of Sp molecules in the hydrogel, 
being relatively in more open/extended form in the matrix 
(Fig.  7). This optimized composition in 1SpM-H may 
provide with active centers to the hydrogel adsorbing the 
Cr(VI) metal ions more effectively. Since the Cr(VI) ion is 
generally in the form of HCrO4

− in aqueous solution in the 
pH range studied, it can be said that adsorption of the ani-
ons by positively charged centers of the matrix polymer and 

Sp is an effective mechanism for the adsorption. In the Sp 
containing hydrogels, abovementioned positively charged 
amine groups of protein molecules of Sp contributes to the 
adsorption. The chromium ions in the negatively charged 
form are likely to be more highly adsorbed by the 1SpM-H 
hydrogel with the presence of abovementioned positively 
charged groups through physical forces such as electrostatic 
interactions.

At higher SpMMT loadings (3 and 5%), the excessive 
amount of Sp was found to decrease Cr(VI) adsorption. The 
k values of 3SpM-H and 5SpM-H hydrogels were obtained 
as 2006 and 1215, respectively.The 3SpM-H and 5SpM-H 
hydrogels have a more porous structure and possible more 
positively charged amine groups, as compared to 1SpM-H, 
but exhibit a more compact morphology of Sp networks on 
their cell walls (Figs. 6 and 7). The less open form of Sp 
biosorbent which is probably due to insufficient dispersion 
of the clay layers at higher clay loadings, may reduce the 
adsorption capacity. The decreased open-net morphology 
of spirulina can also decrease the maximum amount of its 
abovementioned receptor sites for the adsorption. It can be 
assumed that when the amount of SpMMT was increased 
above 1%, the attractive forces of the SpMMT functional 
groups, which were in short-distance, increase, leading to 

Fig. 10   Kinetic curves for the adsorption of Cr(VI) on neat chitosan and NaMMT loaded composite hydrogels
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decreased adsorption capacity. At lower SpMMT (1%), on 
the other hand, Sp forms a looser network structure (Fig. 7), 
releasing more adsorption sites for the interactions with 
Cr(VI). For the NaMMT loaded composite hydrogels, the 
KF values of NaMMT filled hydrogels except 1 M-H were 
found to be very low (Table 2). For the 3 M-H and 5 M-H 
hydrogels, these values were recorded as 0.490 and 0427, 
respectively. This result can be ascribed to aforementioned 
possible interaction of positively charged amine groups of 
the chitosan molecules with negatively charged NaMMT lay-
ers, thereby leading to insufficient adsorption of chromate 

ions and lower KF values even smaller than neat chitosan 
hydrogel.

Figure 14 and Table 2 also indicate Langmuir and Sips 
adsorption isotherms and adsorption parameters, respec-
tively. The results indicate that Langmuir model having 
a lower range of the correlation coefficient (R2) values 
(0.40–0.90) is not suitable for describing the adsorption 
process. On the other hand, the higher R2 (0.93–0.99) 
with low MRE values (lower than 5%) of Freundlich and 
Sips models indicate that they both fit the experimental 
data well. Moreover, the maximum adsorption capacity 

Fig. 11   Kinetic curves for the adsorption of Cr(VI) on SpMMT loaded composite hydrogels

Table 1   Kinetics model 
parameters for the adsorption on 
hydrogels

Hydrogels qexp Pseudo-first order Pseudo-second order

qe k1 R2 MRE (%) qe k2 × 102 R2 MRE (%)

Ch-H 18.67 18.98 0.0157 0.9738 4.02 28.82 0.0365 0.9627 8.01
1 M-H 30.52 31.69 0.0152 0.9947 1.26 50.50 0.0161 0.9377 7.37
3 M-H 15.69 17.09 0.0234 0.9376 7.06 16.67 0.0144 0.9227 19.06
5 M-H 14.23 14.19 0.0249 0.992 2.33 15.74 0.0214 0.9137 15.09
1SpM-H 47.29 35.38 0.0154 0.8751 13.14 68.97 0.0243 0.9637 9.57
3SpM-H 33.30 43.91 0.0271 0.9603 9.23 47.39 0.0296 0.9913 6.37
5SpM-H 25.68 25.39 0.0154 0.9777 5.19 34.48 0.0371 0.9984 4.8
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according to the Sips model was found to be 3333 mg g−1 
which belongs to 1SpM-H hydrogel which is in consistent 
with its experimental kinetic data (Fig. 9) and its Freun-
dlich adsorption capacity value (KF).

Mechanical Properties of Neat Chitosan 
and Composite Hydrogels

The moduli of physically cross-linked hydrogels are gener-
ally lower than those of chemically crosslinked hydrogels 
and this low resistance to mechanical deformation limits 
their application areas [16, 35]. The results of the mechani-
cal compression tests of neat chitosan and composite hydro-
gels are given in Fig. 15. Figure 15 shows the stress-defor-
mation curves and the data in the low deformation values (0 
to 1% deformation range) are shown in Fig. 15-inset figure. 
All the prepared hydrogels were found to withstand high 

stress values without breaking. The hydrogels retained their 
mechanical stability up to 70% deformation. The modulus 
for the neat chitosan hydrogel without filler was obtained as 
0.082 kPa. Compared to neat chitosan hydrogel (Ch-H), an 
increase in modulus was observed in the composite hydro-
gels. The modulus was found to increase as the percentage of 
the clay increases in clay reinforced hydrogels. This can be 
attributed to the possible ionic and hydrogen bonding inter-
actions of the MMT clay with the polymer matrix leading to 
restricted chain movements of the polymer matrix [6]. The 
areas under stress-deformation curves of all the NaMMT 
reinforced hydrogels, indicating toughness property were 
found to be lower compared to neat Ch-H hydrogel.

On the other hand, it was found that the modulus value 
of 1SpM-H (0.416  kPa) composite hydrogel contain-
ing 1% SpMMT was about five times higher than that of 
Ch-H. This result can be attributed to the open web-like 
Sp morphology obtained with the use of SpMMT at 1% 
loading (Fig. 7) and increased interaction with matrix, 
and the relatively closed-pore structure of the composite 
hydrogel (Fig. 5). When the percentage of SpMMT clay 
was used above 1%, it was observed that the compression 
moduli of 3SpM-H (0.227 kPa) and 5SpM-H (0.226 kPa) 
hydrogels were higher than that of neat chitosan but 
decreased compared to the 1SpM-H composite hydrogel. 
The decrease in modulus above 1% SpMMT loading may 
be attributed to relatively more open porous morphologies 
of main matrix cells of 3SpM-H and 5SpM-H hydrogels 
as compared to 1SpM-H (Fig. 5). Also in those compos-
ite hydrogels, Sp biomass molecules were found to be 
in a compact morphology on the cell walls (Figs. 6 and 
7), decreasing interactions of the Sp’s functional groups 
with the chitosan matrix. The larger size of open pores 
and weak Sp-matrix interactions at higher clay loadings 
can facilitate compressibility with a lower resistance to 
deformation. More interestingly, 1SpM-H, 3SpM-H and 

Fig. 12   Influence of initial metal ion concentration on metal adsorp-
tion by the hydrogels

Fig. 13   Linear and non-linear Freundlich isotherms of metal adsorption capacities of the hydrogels
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5SpM-H hydrogels showed higher toughness values of 
3.74, 3.72 and 2.43 N mm, respectively, in comparison 
with that of neat Ch-H hydrogel (2.35 N mm). This can be 

due to increased viscous character due to reversible and 
physical polymer–clay interactions in presence of SpMMT 
clay [26, 36].

Fig. 14   Linear and non-linear Langmuir and Sips isotherms of metal adsorption capacities of the hydrogels

Table 2   Freundlich, Langmuir 
and Sips isotherm parameters 
for the adsorption

Models/Hydrogels Ch-H 1 M-H 3 M-H 5 M-H 1SpM-H 3SpM-H 5SpM-H

Freundlich model
KF (L mg−1) 0.641 1.747 0.489 0.426 4.964 2.006 1.215
1/n 0.816 0.720 0.832 0.852 0.594 0.711 0.759
R2 0.9861 0.9883 0.9659 0.9770 0.9450 0.9651 0.9921
MRE % 2.63 1.74 4.44 3.79 4.76 2.94 1.90
Langmuir model
KL (L mg−1) × 103 2.23 4.875 1.765 1.549 9.39 4.95 3.628
qm (mg g−1) 151.515 147.059 151.515 161.29 158.73 153.846 151.515
R2 0.6863 0.9032 0.4067 0.4365 0.842 0.8166 0.8703
MRE % 0.69 0.90 0.41 0.44 0.84 0.82 0.87
Sips model
Ks (L mg−1) × 105 14.1 5.81 33.7 29.4 9.86 4.51 9.33
ns 0.8158 0.7205 0.8322 0.8517 0.5943 0.7107 0.7594
qm (mg g−1) 909 2000 400 312 3333 2500 1428
R2 0.9896 0.9838 0.9624 0.9782 0.9323 0.947 0.9924
MRE % 2.62 1.85 4.40 3.21 4.53 3.03 1.90
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Conclusions

Immobilization of Spirulina biosorbent/biomass onto 
surface of montmorillonite (MMT) layered silicate was 
done via help of lyophilization based “cryoscopic expan-
sion” (C-XP) method, and organophilic SpMMT clay was 
obtained. SpMMT loaded hydrogels showed higher adsorp-
tion capacities than those including NaMMT clay at each 
loading degrees. The physically crosslinked “3-in-1 type” 
composite hydrogel containing 1% SpMMT was found to 
have 150% more adsorption capacity, as compared to neat 
chitosan hydrogel. It is thought that the open fish-net mor-
phology of Sp on MMT clay on the walls of SpMMT clay 
containing composite hydrogels provides its more functional 
groups as receptors for Cr(VI) metal ions. The adsorption 
kinetic data of the NaMMT loaded hydrogels was corre-
lated with pseudo-first order model and that of SpMMT clay 
containing hydrogels agreed well with the pseudo-second 
order model. For all the hydrogels, the adsorption isotherms 
exhibited a good fit for the Freundlich model and Sips model 
with maximum adsorption capacity of 3333 mg g−1 for 1% 
SpMMT containing composite hydrogel. The mechanism of 
high adsorption capacity via the composite hydrogels involv-
ing Spirulina biosorbent could be realized by the interactions 
of chromate ions with special Sp network structure in open 
form presenting more adsorption sites for the Cr(VI). For the 

composite hydrogels containing Sp, the compression modu-
lus together with toughness were found to increase in com-
parison with neat chitosan hydrogel and NaMMT containing 
composite hydrogels. This is attributed to high interactions 
of Sp and MMT functional groups with chitosan polymer 
through abovementioned additional functional groups of Sp 
biosorbent/biomass.
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