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Abstract
The present study reported the synthesis of novel organic–inorganic hybrid nanocomposite by incorporating tin (IV) based 
ion exchanger into the hybrid polymer network of chitosan and gelatin prepared under vacuum for the efficient removal of 
heavy metal ions and toxic dyes from an aqueous fluid. The physicochemical studies such as ion exchange capacity (IEC), 
chemical stability, thermal stability, pH titration and distribution behaviour studies were also carried out to determine the 
cation exchange behaviour of the material. The surface morphology and structural properties were studied by the techniques 
such as FTIR, FESEM, EDS, TEM and XRD. Distribution studies confirmed the synthesized CG/STPNC had the highest 
selectivity for  Pb2+ ions (85.3 mL/g). Maximum adsorption of methylene blue (82%) was achieved within 240 min at 500 mg 
of adsorbent dose, 10 mg/L of the initial concentration of dye, pH of 7 and 30 °C of temperature. Adsorption kinetic data fitted 
well with pseudo-second order rate model with  R2 = 0.995. The correlation value 0.95 and favourable  RL = 0.21 of adsorp-
tion data suggested better fit for Langmuir adsorption. Thus the synthesized nanocomposite ion exchanger was found to be 
a promising cation exchanger as well as an adsorbent for heavy metal ion and dye removal from textile industrial effluents.
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Abbreviations
C  Chitosan
G  Gelatin
HPN  Hybrid polymer network
GLA  Gluteraldehyde
IEC  Ion exchange capacity
CG/STPNC  Chitosan–gelatin/Sn(iv)tungstatophosphate 

nanocomposite
STP  Sn (IV) tungstatophosphate
MB  Methylene blue

Introduction

Over two-thirds of the earth surface is covered with water 
and undeniably, it has become one of the greatest resources. 
Presently, the increase in population and industrial waste 
ultimately causes water pollution. Various organic and inor-
ganic pollutants are responsible for causing water pollution 
due to their toxic and carcinogenic nature [1]. Over the 
past few years, the rampant use of dyes in industries is the 
major cause of water pollution because of the release of the 
dyes in the water [2, 3]. Dyes have complex stable aromatic 
structures and are synthetically prepared. They have poor 
degradability in the environment causing various ecological 
problems. These highly toxic dyes used in a large number 
of industries such as textiles, paper, plastics and cosmet-
ics [4, 5]. A large number of processes have emerged for 



21Journal of Polymers and the Environment (2019) 27:19–36 

1 3

the removal of dyes like biological treatment, coagulation, 
floatation, electrochemical techniques, adsorption and oxida-
tion [6–12]. Among all, adsorption route is the most widely 
used method because of the easy availability of different 
adsorbents [13]. Thus, dye removal has been emerged as a 
dire need for wastewater treatment and reducing the aquatic 
concern of toxicity [14]. A large number of heavy metals 
like lead, antimony, mercury, cadmium, cobalt, nickel etc. 
are discharged into the water from mining, pharmaceuti-
cals, bleaching and tannery, and metal finishing industries 
[15–19]. These heavy metals are hazardous to human beings 
as they can enter the food chain causing poisonous effects 
[20, 21]. As a consequence, it has become essential to eradi-
cate heavy metal ions and dyes before being released into 
the water. Of late, ion-exchangers have been widely used in 
the field of dye removal because of their good ion exchange 
capacity, cost effectiveness and high distribution coefficient 
values. Ion exchangers are the insoluble solid substance, 
which has the tendency to exchange ions from the electrolyte 
and release ions of the same charge into the solution [22]. 
Different kind of inorganic and organic ion exchangers has 
already been explored by number of researchers to remove 
the poisonous pollutants [23–25]. Organic ion exchanger 
consists of a three-dimensional cross-linked matrix contain-
ing acidic or basic groups. These resins have both cation and 
anion exchange property. Cation exchange resins consist of 
strongly acidic -SO3H group, moderately acidic -CO2H or 
the weekly acidic -OH group. Anion-exchange resins contain 
weak amino groups. In inorganic ion exchangers, the matrix 
consists of the inorganic part, which can act as oxidative 
and reducing agents. Organic ion exchangers are the widely 
known because of its good ion exchange capacity and sta-
bility [26]. However, inorganic ion exchangers are stable 
even at a high temperature than organic ion exchangers and 
therefore are applicable in metal ion absorption and catalysis 
[27]. However, there are certain limitations existing with 
them, which prevent their use in the removal of heavy met-
als. To overcome the limitations, hybrid ion-exchangers have 
been synthesized by incorporating inorganic precipitates 
within the organic matrix [28]. These organo-inorganic com-
posites are of great interest because of their high mechanical 
strength, stability and high performance. They show high ion 
exchange capacity and are used in heavy metal ion removal 
applications.

Recently, nanocomposite ion exchangers have trapped enor-
mous interest of the scientific community due to the wide-
spread utility in various fields such as water softening, dye 
removal, chromatography, separation of heavy metal ions from 
effluents and ion selective electrodes etc due to their marvel-
lous properties as compare to the bulk materials like excel-
lent adsorbents because of advantages of possessing higher 
adsorption capacity [5, 29–35]. Gelatin (G) is one of the most 
important natural biological macromolecule material derived 

from the hydrolysis of collagen; it has been widely used in 
food, medicine and chemical industry [36]. However, lack of 
mechanical properties restricts the use of gelatin as natural 
biomaterials. Chemical cross-linking of gelatin with natural 
polymers like chitosan (C) may provide a simple method to 
improve the chemical stability and mechanical strength [37]. 
Chitosan (C) has been used by a number of researchers world-
wide for removal of various pollutants from the environment. 
Hydrogels, nanogels and nanocomposite materials of chitosan 
and modified chitosan have been found extensive applications 
in the field of adsorption of dyes, removal of metal ions, and 
photodegradation of organic pollutants in wastewater [38–40]. 
As per the literature survey and the best of our knowledge, 
there is no report on the under vacuum synthesis of the chi-
tosan and gelatin-based HPN. The novelty of work lies in the 
under vacuum synthesis of nanocomposite ion exchanger of 
chitosan and gelatin with the incorporation of tin (IV) tung-
statophosphate inorganic ion exchanger. In the present study, 
an attempt has been made to explore the use of biopolymers 
like chitosan and gelatin in the synthesis, characterization 
and application of nanocomposite ion exchanger based upon 
Sn(IV) tungstatophosphate (under vacuum). Under vacuum, 
condition was chosen for the synthesis of nanocomposite ion 
exchanger because mostly the free radical polymerization reac-
tions required for hydrogel formation are inhibited to a large 
extent by the presence of oxygen in air condition. Therefore, 
for preparing the nanocomposite ion exchanger, the vacuum 
condition is appropriate because it provides the environment 
with minimum oxygen content [41, 42]. The synthesized CG/
STPNC ion exchanger was effectively characterized by dif-
ferent characterization techniques like FTIR, XRD, FE-SEM 
and HRTEM. CG/STPNC was explored for the selective 
removal of  Pb2+ and  Cu2+ metal ions. The nanocomposite 
ion exchanger was further used to remove methylene blue 
dye from wastewater. Methylene blue considered as the most 
widely used dye for dying cotton, wood and silk [43]. MB 
is the toxic cationic dye having positive nitrogen atom and 
show an adverse effect on human health such as vomiting, 
diarrhoea, heart rate, cyanosis, jaundice, gastritis and breath-
ing problem [44]. Thus, it has become the essential need to 
remove methylene blue before it is discharged in the water 
and cause pollution. Therefore, the present research work is 
of immense scientific and industrial interest to remove lethal 
dyes and heavy metals from contaminated water resources.

Materials and Methods

Materials

Chitosan, gelatin, acetic acid, stannic chloride  (SnCl4), 
sodium tungstate  (Na2WO4), orthophosphoric acid  (H3PO4), 
nitric acid  (HNO3), sodium hydroxide (NaOH), EDTA, 
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Eriochrome black-T, methyl orange, methylene blue were 
purchased from HiMedia, India. Glutaraldehyde was pur-
chased from Merck Specialties Private Limited (Mumbai, 
India). Metal nitrates such as cupric nitrate, lead nitrate, 
nickel nitrate and magnesium nitrate have been purchased 
from SD Fine Pvt. Ltd, India. All reagents are of analytical 
grade and used without any further refinement.

Instrumentation

Fourier transform infrared (FTIR) spectrophotometer a (Per-
kin Elmer spectrophotometer), Field Emission Gun SEM 
(Nova Nano FE-SEM 450 FEI), UV–VIS spectrophotom-
eter (Systronics Double Beam UV–VIS Spectrophotometer 
2201), XRD panalytical X’Pert Pro multipurpose diffraction 
(MPD), Transmission Electron Microscope (The Tecnai  G2 
20 (FEI) S-Twin), Brunauer-Emmett-Teller (BET) analysis 
used for calculation of surface area  (N2 physisorption) were 
used for the characterization of the synthesized samples.

Preparation of solvents

0.1 M nitric acid, 0.1 M stannic chloride, 0.1 M sodium 
tungstate and 0.1 M orthophosphoric acid were prepared 
by adding the calculated amount in the required amount of 
distilled water.

Preparation of organo‑inorganic hybrid 
nanocomposite (CG/STPNC) ion exchanger

Inorganic precipitates of Sn (IV) tungstatophosphate 
were synthesized by adding 0.1 M stannic chloride, 0.1 M 
orthophosphoric acid and 0.1 M sodium tungstate in dif-
ferent volume ratios as shown in Table 1. The precipitates 
of prepared hybrid ion exchanger were then filtered off, 
washed with distilled water and dried. These precipitates 
were then incorporated into the polymeric network of 
chitosan and gelatin. The reaction was carried out in the 
vacuum oven with the addition of the calculated amount 
of crosslinker at pre-optimized conditions of temperature, 
pressure and time. The synthesized product was then dried 
in a hot air oven at 50 °C. The dried product was then 
crushed into small granules and dipped in 0.1 M nitric 

acid  (HNO3) for 24 h. The prepared ion exchangers then 
washed with distilled water to remove excess of acid and 
then dried again at 50 °C in the oven.

Instrumental Analysis

Fourier Transform Infrared (FTIR)

FTIR spectrum of the samples was recorded in the range 
of 400–4000 cm−1 using KBr disc method in Perkin Elmer 
spectrophotometer. A disc of the nanocomposite in the  H+ 
form was formed by applying a pressure of 6894.76 Pa 
in moisture free atmosphere. This technique provides the 
information about sample structure and functional groups.

Field Emission Scanning Electron Microscopy–Energy 
Dispersive Spectroscopy (FESEM–EDS)

The surface morphology of the synthesized hydrogel, inor-
ganic ion exchanger and CG/STPNC ion exchanger, were 
viewed in Nova Nano FE-SEM 450. Samples of nanocom-
posite were gold-plated to achieve good conductive effects. 
EDS was used to measure the elemental composition of 
the sample of hydrogel and nanocomposite ion exchanger.

High‑Resolution Transmission Electron Microscope 
(HR‑TEM)

The high-resolution images of the prepared hybrid nano-
composite were recorded in Tecnai  G2 20 (FEI) transmis-
sion electron microscope. It was used for identification of 
size and particles. The sample for TEM was prepared by 
dispersing nanoparticles for 1–2 h in ultrasonicator and 
placed over Cu grid for determination of particle size and 
morphology. Selected area electron diffraction (SAED) 
images in TEM studies are very important tools to deter-
mine the crystal structure of any material in which the 
electrons are diffracted at a particular selected area and 
bright spots with a dark background are observed.

Table 1  Variation of volumes if 
different inorganic ions

Sample Molar concentration (mol/L) Volume ratios pH I.E.C (meq/g)

Sn4+ WO4
2− PO4

3−

STP1 0.1 0.1 0.1 2:1:1 7 1.8
STP2 0.1 0.1 0.1 1:1:1 7 0.2
STP3 0.1 0.1 0.1 1:1:2 7 0.8
STP4 0.1 0.1 0.1 1:2:1 7 0.6
STP5 0.1 0.1 0.1 3:1:1 7 1.6



23Journal of Polymers and the Environment (2019) 27:19–36 

1 3

X‑Ray Diffraction (XRD)

X-ray diffraction studies of nanocomposite, ion exchanger 
and hydrogel were carried out in powdered XRD by using 
panalytical X’pert multipurpose diffraction (MPD) with 
Cu-Kα radiation of wavelength 1.54 A° at 298 K. XRD stud-
ies use to depict the crystallinity and amorphous nature of 
the sample (Bale et al. 1998).

Physicochemical properties

Ion exchange capacity

Ion exchange capacity of the hybrid ion exchanger (CG/
STPNC) was determined by the standard column chromatog-
raphy as discussed in the literature [20]. 1 g of CS/STPNC in 
 H+ was placed in glass column supported with glass wool at 
the bottom of the column. A 1M solution of KCl was added 
as an eluent and allowed to pass through the ion exchang-
ers at the rate of 10 drops per minute. The added eluent 
was passed through the exchanger until all the  H+ ions were 
replaced and were confirmed by checking pH of the effluent. 
The process was repeated with other alkali or alkaline metal 
solutions as an eluent. The collected effluent with replaced 
 H+ ions was then titrated with 0.1 M NaOH and phenol-
phthalein used as an indicator. The ion exchange capacity 
was calculated by using the following formula as in Eq. 1:

where N is the normality, V is the volume of alkali used and 
W is the weight of nanocomposite ion exchanger occupied.

pH Titrations Studies

pH titration study of CG/STPNC ion exchanger was per-
formed by the method mentioned in literature [29]. 0.5 g 
of the ion exchanger in its  H+ form was equilibrated with 
50 mL of the equimolar solutions of metal chlorides and 
their hydroxides (KCl with KOH and NaCl with NaOH) 
were placed in a conical flask in different volume ratios. The 
pH was recorded after 24 h until equilibrium was achieved.

Thermal Stability

Thermal stability of ion exchangers was determined at dif-
ferent temperatures. In this method, 0.5 g of ion exchanger 
 (H+ form) was heated at different temperature ranges from 
100 °C to 500 °C for 1 h in a muffle furnace. After cooling 
down at room temperature, ion exchange capacity was cal-
culated by the method discussed in Sect. 2.6.1.

(1)I.E.C =
N × V

W
mequiv∕g

Chemical Stability

Chemical stability of ion exchangers for different chemi-
cal solutions was studied. In this method, 500 mg of ion 
exchanger was equilibrated with different chemical solutions 
for 24 h at room temperature. After this, the solution was 
washed and filtered off to remove excess acid or base. The 
remaining ion exchangers have then washed again with dis-
tilled water and dried in a hot oven at 40 ± 10 °C till constant 
weight. The ion exchange capacity was then again calculated 
by column method.

Distribution Studies

The distribution study of the metal ions plays a crucial role 
in the selectivity of the prepared ion exchanger. The batch 
method was used to determine the distribution coefficient 
 (Kd value) of the ion exchanger in different solvent solutions. 
0.2 g of CG/STPNC ion exchanger in its  H+ form was added 
in 20 mL of metal nitrate solutions with discontinuous shak-
ing 24 h in a shaker. The concentration of metal ions was 
determined before and after the equilibrium by titrating with 
EDTA solution.  Kd values of metal ions were calculated by 
using the formula mention below in Eq. (3) [21]

where I is the initial amount and F is the final amount of 
metal ions in an aqueous phase, V is the volume of the solu-
tion and m is the mass of the ion exchanger (g).

Applications of CG/STPNC Ion Exchanger in Dye 
Removal Studies

The adsorption studies of methylene blue (MB) dye removal 
were performed by the batch method. Solutions of different 
concentrations ranging from 2 to 10 mg/L were prepared. 
The hybrid nanocomposite was added to the 100 mL solu-
tion of the dye. The effects of adsorption were studied by 
varying dye concentrations, pH, sample concentration and 
temperature. The amount of dye adsorbed per unit mass of 
sample  (qt) was calculated by using the formula in Eq. (3)

where V is the volume of the dye solution, M is the mass of 
the dry sample,  Co is the initial concentration of MB and  Ct 
is the concentration of MB at time t.

The percentage dye removal was calculated using the 
Eq. (4)

(2)Kd =
I − F

F
×

V

M
mL∕g

(3)qt =
(Co − Ct)V

M

(4)%R =
(Co − Ce)

Co

× 100
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where  Ce is the concentration of MB at equilibrium.

Results and Discussions

Mechanism

The mechanism of the formation of the HPN matrix occurs 
through the formation of the Schiff’s base. A Schiff base 
is a nitrogen analogue of an aldehyde or ketone in which 
the C=O group is replaced by C=N–R group. It is usually 
formed by condensation of an aldehyde or ketone with a pri-
mary amine. Here Schiff base is formed by reaction among 
chitosan and gelatin polymeric chains in the presence of an 
acid as catalyst and glutaraldehyde as cross-linker [45]. The 
network formed by the cross linking of two same polymeric 
chains or different polymeric chains with glutaraldehyde. 
Figure 1a shows the mechanism of formation of HPN matrix 
where both chitosan and gelatin are linked with each other 
by the crosslinking through glutaraldehyde to form a 3D 
network. Figure 1b shows the structure of the prepared inor-
ganic ion exchanger. The prepared inorganic ion exchanger 
was incorporated into the chitosan and gelatin mixture 
during the synthesis of HPN. Inorganic ion exchanger has 
shown various physical interactions with the polymeric 
chains containing functional groups in 3D HPN matrix and 
results in the formation of nanocomposite (Fig. 1c).

Physico‑Chemical Properties

Ion exchange capacity used to determine the number of 
 H+ ions replaced by the CG/STPNC. It is determined by 
the column method as mentioned earlier in Sect. 2.6.1. Ion 
exchange capacity of various samples prepared by varying 
different volume ratios was determined. Table 1 show that 
the SWP 1 ion exchanger has the better exchange capac-
ity (1.8 mequiv/g) among all. Its IEC was found to be 
much higher than its inorganic counterpart (1.0 mequiv/g). 
Therefore, this sample of ion exchanger was further used 
for the study of various other physicochemical properties. 
It can be explained on the basis of binding of an organic 
part with the STPNC which results in the increased surface 
area and enhanced ion exchange capacity. The pH titration 
curve (Fig. 2) of the CG/STPNC ion exchanger shows that 
 H+ ions were replaced into the basic equimolar solutions 
of alkali metal chlorides and their hydroxides (KCl with 
KOH and NaCl with NaOH) [46, 47]. As the volume of the 
base (KOH and NaOH) increased in the solution,  OH− ions 
concentration was also increases and this increased concen-
tration was replaced by the released  H+ ions. As the basic-
ity of the medium increases, the rate of ion exchange also 
increases due to the removal of all  H+ ions from the solution. 

The curve (Fig. 2) shows one inflexion point indicating the 
bifunctional behaviour of the ion exchanger.

Thermal stability of the synthesized nanocomposite ion 
exchanger was determined by calculating ion exchange 
capacity of the hybrid ion exchanger heated at a different 
temperature. It can be investigated from the Table 2 that 
the ion exchange capacity of the prepared ion exchanger 
decreases with increase in temperature due to the degrada-
tion of the organic counterpart and physical denaturation of 
the nanocomposite ion exchanger at molecular and macro-
scopic level. The CG/STPNC was found to possess average 
thermal stability as it possessed about 33.3% (0.4 mequiv/g, 
Table 2) of the initial IEC (1.4 mequiv/g, Table 1) by heating 
up to 400 °C.

The effect of various chemicals at different concentrations 
on ion exchange capacity was shown in Table 3. These stud-
ies of the chemical stability of CG/STPNC revealed that the 
weight of nanocomposite ion exchangers gets lowered on 
treatment with different acidic and basic solutions for 24 h. 
The prepared nanocomposite ion exchanger was quite stable 
in mineral acids at low concentration (1M HCl, 1M  HNO3) 
but begin to dissociate at higher concentrations of acids and 
at all concentration of bases. At a very high concentration 
of base, a complete dissolution of the crosslinked network 
of CG/STPNC ion exchanger takes place.

Table 4 shows the distribution coefficients values of dif-
ferent heavy metal ion solutions. The distribution studies 
explained the cation exchange potential of different metal 
nitrates in the separation of the metal ions from the solu-
tion. The distribution coefficient  (Kd) values were strength 
and solvent dependent [48]. The selectivity of metal ions 
was obtained in distilled water and the order was  Pb+ 2 
>Cu+ 2>Ni+ 2>Mg+ 2.

Ion exchange capacity was found the maximum for the 
potassium ion (Table 5). It has 1.4 meq/g of ion exchange 
capacity due to its appropriate size with the exchanger it 
was easily replaced for the solution of potassium chloride. 
Thus, potassium ion showed the high tendency to exchange 
ion with the ion exchanger used.

Characterizations

The surface morphology of CG hydrogel of chitosan and 
gelatin and hybrid nanocomposite was studied (Fig. 3a, b). 
Both the samples showed the remarkable difference in their 
morphology. The surface of the CG hydrogel found to be 
less porous and rough than the CG/STPNC. Synthesized 
nanocomposite ion exchanger was found to be highly porous, 
rough and heterogeneous because of incorporation of ion 
exchanger along with the cross-linking in the backbone 
chains. The FE-SEM of CG/STPNC before and after adsorp-
tion of MB was compared (Fig. 3b, c) and it was observed 
that after adsorption, the morphology of the CG/STPNC ion 
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exchanger gets modified. The MB dye gets adsorbed on the 
surface of the adsorbent and made it less porous than before.

Energy dispersive X-ray spectroscopic studies (Fig. 3d, e) 
of CG hydrogel confirms the C, N and O but EDS spectra of 
CG/STPNC showed various elemental peaks of C, N, O, W, 
Sn, P and Na present in it which confirmed the incorporation 
of inorganic ion exchanger into the organic counterpart and 
results in the formation of hybrid ion exchanger.

High-resolution transmission electron microscopic 
images of CG/STPNC ion exchanger are shown in Fig. 3f to 
g. The dark region in the TEM image showed chitosan and 
gelatin wrapped in the STP ion exchanger, whereas the light 
portion indicated chitosan and gelatin. The TEM images 
of nanocomposite confirm the particle size in the range of 
20–90 nm with ImageJ software. Selected Area Electron Dif-
fraction (SAED) image of CG/STPNC ion exchanger has 

Fig. 1  a Mechanism of the 
formation of cross linked net-
work of Chitosan and gelatin. b 
Structure of Sn (IV) tung-
statophosphate ion exchanger. c 
Mechanism for the synthesis of 
CG/STPNC nanocomposite ion 
exchanger
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been shown in Fig. 3h. It is clear from SAED pattern that the 
sample seems to be nanocrystalline (with very small crys-
tallite sizes) with the bright lattice spots in high-resolution 
TEM which confirmed that CG/STPNC ion exchanger con-
tained short range crystallinity [49].

The FTIR spectrum (Fig. 4a) of the CG hydrogel matrix 
depicted a broad peak observed around 3500–3000 cm−1 
due to the overlapping of N–H and O–H stretching and 
2883 cm−1 due to C–H stretching vibrations. CG hydro-
gel matrix showed the significant peak at 1632 cm−1 of 
C=N because of the formation of the imine bond. Thus, 
this peak confirms that the crosslinking in hydrogel takes 
place through Schiff’s base formation. The IR spectrum 
of prepared ion exchanger (STP) recorded the peaks at 
1026.6 cm−1 of the ionic phosphate group and 509.7 cm−1 
of the Sn–O bond. However, the organo-inorganic nano-
composite CG/STPNC showed all characteristic peak at 
3307 cm−1, 1635 cm−1

, 1029.2 cm−1 and 518.6 cm−1 due 
to O–H and N–H stretch, C=N,  PO4

3− and Sn–O stretching 
vibrations respectively with the slight shift in wave numbers 
[50]. The small peak near 1250 cm−1 may be attributed to 
C–N vibrations [51]. Thus the FTIR spectra of CG/STPNC 
confirmed the incorporation of inorganic counterpart into 
the CG hydrogel matrix and results in the formation of 
organic–inorganic hybrid nanocomposite ion exchanger.

The FTIR spectrum of CG/STPNC was compared before 
and after the adsorption of MB in the Fig. 4b. The FTIR 
spectrum of CG/STPNC after adsorption of MB depicted the 
peaks present in the spectrum of CG/STPNC after adsorp-
tion of MB are similar to the peaks present before adsorption 
but with change in the wave number along with the appear-
ance of peaks of MB. The band appeared at 3100 cm−1 con-
firmed the =C–H stretch of aromatic rings of MB in the 
FTIR spectra after adsorption [52]. The bands in the regions 
1031 cm−1 and 1250 cm−1 were attributed to the bending 
vibrations of the C–N bond of aliphatic amines and to the 

Fig. 2  pH titrations curves of NaOH and KOH

Table 2  Effect of temperature on I.E.C of CG/STPNC

S. no Temperature (°C) Colour I.E.C (meq/g)

1 100 Brown 1.2
2 200 Brown 0.9
3 300 Brown 0.6
4 400 Black 0.4
5 500 Black 0.2

Table 3  Chemical stability of CG/STPNC in different solvents and its 
effect on ion exchange capacity

S.no. Solution Initial 
weight 
(g)

Final weight (g) I.E.C (meq/g)

1 0.1 M HCl 0.5 0.387 1.6
2 1M HCl 0.5 0.382 1.0
3 2M HCl 0.5 0.345 0.8
4 0.1M  HNO3 0.5 0.412 1.8
5 1M  HNO3 0.5 0.396 1.6
6 2M  HNO3 0.5 0.367 1.2
7 1M NaOH 0.5 0.132 0.5
8 2M NaOH 0.5 Dissociates com-

pletely
-

9 1M KOH 0.5 0.152 0.6
10 2M KOH 0.5 Dissociates com-

pletely
-

Table 4  Kd value of different metal ions in metal nitrates on CG/
STPNC in different solvents

S. no. Metal ions Kd value (mL/g)

D.W 0.1 M HCl

1 Pb2+ 85.3 78.2
2 Cu2+ 65.2 58.8
3 Mg2+ 13.33 12.1
4 Ni2+ 20.4 16.4
5 Ca2+ 35.8 24.7

Table 5  Ion–exchange capacity of various exchanging ions

S. no. Exchanging ions I.E.C (meq/g)

1 K+ 1.8
2 Na+ 1.6
3 Li+ 1.0
4 Mg+ 2 0.8
5 Ca+ 2 0.6
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bending of the C–N bond of aromatic amines, respectively 
[53]. The bands in the region of 596 to 949.2 cm−1 were 
due to the deformation vibrations of C–H bond in polynu-
clear aromatic rings. The intensity of the broad peak in the 

region of 3300 to 3600 cm−1 observed due to –OH and –NH2 
stretching vibration in the CG/STPNC before adsorption get 
lowered in the FTIR spectrum of CG/STPNC after adsorp-
tion which confirmed the interaction of these groups with 

Fig. 3  FESEM images of a CG 
HPN matrix, b CG/STPNC 
before adsorption of MB, c 
CG/STPNC after adsorption of 
MB. EDS spectra of d CG HPN 
matrix, e CG/STPNC. TEM 
images of e, f CG/STPNC, 
SAED pattern of CG/STPNC
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MB dye. The other peaks of  PO4
3−, Sn–O and C=N groups 

get also shifted to 1031, 497.2 and 1626 cm−1 respectively 
confirmed the interaction between the surface of the adsor-
bent and dye molecules.

Powdered X-ray diffraction patterns of CG hydrogel, STP 
and CG/STPNC ion exchanger are shown in Fig. 4c. The 
powdered X-ray diffractogram of CG/STPNC exhibited al 
the peaks of CG hydrogel and STP ion exchanger with dif-
ferent intensities. The presence of a diffused peak of CG 
hydrogel and the peak of STP at 44.6° ion exchanger within 
the diffractogram of CG/STPNC confirmed the formation 
of nanocomposite ion exchanger. The low-intensity peaks 
assured the semi-crystalline nature of the CG/STPNC ion 
exchanger.

Surface area of the synthesized nanocomposite ion 
exchanger was estimated before and after adsorption of 
MB by using BET. The calculated surface area values for 

both before and after adsorption of MB are 12.086 m2 g−1 
and 12.340 m2 g−1 respectively. There was no much differ-
ence was observed in the surface area of both the samples 
might be due to the adsorption is monolayer and once the 
pores are covered (i.e. monolayer is formed) no more lat-
eral interactions were observed for further adsorbate mol-
ecules and absorbent was homogenous therefore the sur-
face area remains almost same [54, 55]. Surface area was 
found > 10 m2/g confirmed the meso porous nature of the 
adsorbent.

Application of CG/STPNC in dye removal (MB)

Mechanism

Methylene blue is the cationic dye and possesses quaternary 
amine group. This amine group has cationic nitrogen, which 

4000 3500 3000 2500 2000 1500 1000 500
30

40

50

60

70

80

90

100

110

T
ra

ns
m

itt
an

ce

wave number (cm-1)

 CG/STPNC before adsorption of MB
 CG/STPNC after adsorption of MB

3597 3514
3138 1626

1250

1031
949.2

596

497.2

518.6
1029

1634.3

(b)

(a)

(c)

Fig. 4  a FTIR spectrum of CG HPN matrix, STP ion exchanger and CG/STPNC ion exchanger, b comparison of CG/STPNC ion exchanger 
before and after adsorption of MB. c XRD graphs of HPN matrix and CG/STPNC ion exchanger



29Journal of Polymers and the Environment (2019) 27:19–36 

1 3

interacts with the anionic part of the CG/STPNC adsorbent 
through electrostatic interaction (Fig. 5). In addition, adsor-
bent shows hydrogen bonding due to the presence of func-
tional groups on it which strongly binds with the nitrogen of 
dye molecules. Thus, these interactions are responsible for 
the effective dye removal from aqueous solution.

Effects of Various Parameters on Dye Adsorption

Effect of  Initial Concentration of  Dye Initial concentration 
forms the important parameter for dye removal. The percent-
age removal of dye was found to increase with an increase 
in the initial concentration of it (Fig.  6a). This behaviour 
accounts for the prior attainment of the concentration gradi-
ent of the dye and ultimately results in the high removal of 
dye. The 10 mg/ L concentration of dye showed the high 
percentage removal (82%) from aqueous solution.

Effect of  Adsorbent Dose The percentage removal of dye 
also depends on the dose of the adsorbent. Higher is the 
adsorbent dose higher will be the removal of dye [56]. This 
behaviour is might be due to the increase in the surface area 
of the adsorbent, which results in more active sites on the 
adsorbent to adsorb the dye molecules. The percentage dye 
removal was studied by varying adsorbent dose from 200 
to 700  mg. Figure  6b showed the maximum percentage 
removal for 600 mg of the adsorbent.

Effect of pH The effect of varying pH on the percentage dye 
removal was also studied in Fig. 6c and it plays the vital role 
in the determination of the adsorption capacity of adsor-

bent. pH was maintained from the acidic to the basic range 
(2–10). The percentage dye removal was maximum in the 
neutral range (pH = 7). At pH lower than 7 the protonation of 
amino groups (-NH2) present in chitosan and gelatin results 
in increase in positive charge on adsorbent surface resulted 
in repulsions among polymeric chains and at pH more than 
7 due to complete deprotonation of − NH3

+ groups, the 
degree of ionization of the hydrogels is lowered, and there is 
a possibility of stronger and extensive hydrogen-bonding in 
the hydrogel matrix, as a result, the interaction with the dye 
molecule decreases and results in the decrease in the per-
centage dye removal [57]. This behaviour was expounded 
by the fact that at pH 7 the surface of the adsorbent con-
tained favourable sites to interact with dye molecules and 
ultimately leads to the increase in percentage removal.

Effect of Temperature The percentage of dye removal also 
depends on the temperature as shown in Fig. 6d. The effect 
of temperature was studied by varying the temperature from 
30 to 70 °C. The %R was found to be highest at 30 °C due 
to the maximum interactions between adsorbent and dye. 
With the increase in temperature, the value of percentage 
removal of dye decreases. As the temperature was increased 
the electrostatic interactions becomes poor and the bonds 
started to break which resulted in the reduced adsorption on 
the surface of adsorbent [58].

Adsorption Kinetics The three different kinetic models 
were employed to the equilibrium data to understand the 
adsorption kinetics of MB deeply as the adsorption of dye 
depends on various physical and chemical interactions 

Fig. 5  Mechanism of the 
removal of MB dye by CG/
STPNC ion exchanger
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with the adsorbent. The kinetic adsorption of dye was first 
calculated by Lagergren’s Pseudo First order Equation:

where  qe (mg  g−1) and  qt (mg  g−1) are the amount of dye 
adsorbed at equilibrium and time t respectively,  k1 is the first 
order rate constant. The slope (–k1) and intercept  (lnqe) of 
the plot (Fig. 7a) between ln  (qe − qt) and t were calculated 
(Table 6). The correlation coefficient value was found to be 
0.977 but the value of  k1 was found to be very low (0.015) 
indicating inability of pseudo-first order to fit into this equi-
librium data (Table 7).

(6)ln(qe − qt) = lnqe − k1t

The kinetics of dye adsorption was then studied for Ho’s 
and McKay’s pseudo-second order by using Eq. (7)

where  qe and  qt (mg  g−1) are the amounts of dye adsorbed 
at equilibrium and time t and  k2 is the second order rate 
constant, respectively. The intercept (1/k2  qe

2) and slope (1/
qe) used to calculate the value of  k2 and  qe from the plot 
(Fig. 7b) between t/qt versus t. It was confirmed from the 
values of  qe = 2.64 mg  g−1 and  R2 = 0.995 (Table 6) that 

(7)
t

qt
=

1

k2q
2
e

+
t

qe

Fig. 6  Optimization of different reaction parameters of removal of MB dye, a temperature, b initial dye concentration, c adsorbent dose, d pH
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the pseudo-second order kinetic model is applicable for the 
adsorption of MB dye onto the CG/STPNC ion exchanger 
over the entire adsorption period. Adsorption of MB dye 
might be due to chemisorptions. The rate of the slow step 
depends upon the interactions of MB dye molecules and 
adsorbent concentration.

The kinetic results were also verified to observe if intra-
particle diffusion is the rate determining step for the adsorp-
tion of MB on the nanocomposite ion exchanger. So, the 
kinetic data was also studied by Weber and Morris intrapar-
ticle diffusion model (Eq. 8)

(8)qt = ki t
0.5 + C

Fig. 7  a Adsorption kinetics of 
pseudo-Second order, b adsorp-
tion kinetics of pseudo-Second 
order. c Adsorption kinetics of 
intra particle diffusion. d Lang-
muir adsorption isotherm. e Fre-
undlich adsorption isotherm
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where  ki is the intraparticle diffusion rate constant and C is 
a constant which gives information about boundary layer 
resistance.

The value of ki (Table 6) was calculated from the plot of 
qt versus  t0.5 (Fig. 7c). The value of the regression coefficient 
for this model was found to be 0.97 but the plot didn’t pass 
through the origin, which ensured that the intraparticle diffu-
sion is not the only rate determining step. This also confirmed 
that the adsorption process is a multistep process involving 
adsorption, diffusion and ion exchange formation [59].

Adsorption Isotherm Langmuir and Freundlich isotherm 
models were used to determine whether the adsorption of dye 
was homogeneous or heterogeneous. The Langmuir isotherm 
for monolayer adsorption is given as:

where  Ce (mg L−1) is the equilibrium concentration of dye, 
 qe is the amount of dye adsorbed at equilibrium (mg  g−1), 
b is the Langmuir constant and  Qm is monolayer capacity, 
respectively.

(9)qe =
QmbCe

1 + bCe

(10)
1

qe
=

1

QmbCe

+
1

Qm

A plot of 1/qe versus  Ce was used to calculate the val-
ues of b and  Qm from the intercept and slope, respectively 
(Fig. 7d).

where  Co is the initial dye concentration (mg  L−1). The  RL 
value depicts whether the isotherm is favourable (0 < RL< 1), 
unfavourable  (RL > 1), linear  (RL=1) or irreversible  (RL=0).

The value of the correlation coefficient  (R2) for the iso-
therm was found to be 0.95, which is closer to unity so this 
Langmuir adsorption isotherm is applicable for the adsorp-
tion of MB using the CG/STPNC ion exchanger. The shape 
of Langmuir was determined by the separation factor  RL 
which is a dimensionless constant (Eq. 11). The value of  RL 
was found to be 0.21 and again indicated that the Langmuir 
adsorption isotherm was favourable for the adsorption pro-
cess in the present study.

The Freundlich isotherm for multilayer adsorption is 
given by the equation:

where  kf (mg/g) is adsorption capacity, 1/n is the heteroge-
neity factor. The slope (1/n) and intercept (ln kf) were cal-
culated from the plot of ln qe and ln Ce (Fig. 7e). The value 
of 1/n indicates the isotherm to be favorable (0 < 1/n < 1), 
unfavorable (1/n > 1) or irreversible (1/n = 0).

The 1/n value for the adsorption of MB on the CG/
STPNC ion exchanger was found to be 1.461, which clearly 
indicates the adsorption through Freundlich isotherm is 
unfavourable. The correlation value of 0.826 also supports 
this. So the correlation value 0.95 suggesting better fit for 
Langmuir adsorption than Freundlich (0.826). This depicts 
that the adsorbent surface was homogeneous and process to 
be a monolayer.

Reusability of the Nanocomposite Ion Exchanger

Stability, efficiency and sustainability of the synthesized 
CG/STPNC ion exchanger were explored by the percent-
age dye removal in consecutive adsorption and desorption 
runs. Regeneration of the nanocomposite ion exchanger 
was performed by using the 0.03M HCl in five cycles. Dye 
removal efficiency was not affected much in the first three 
cycles (Fig. 8). In the fifth cycle, the percentage removal 
by the nanocomposite ion exchanger was lowered to 52.4% 
from 82% that clearly revealed the excellent reusability of 
CG/STPNC ion exchanger. The decrease in the adsorption 
capacity of the synthesized nanocomposite is attributed to 
the fact that after every cycle adsorbent gets saturated and 
results in less availability of the adsorption sites towards 
removal of methylene blue.

(11)RL =
1

1 + bCo

(12)ln qe = ln kf + (1∕n) ln Ce

Table 6  Kinetic parameters for the adsorption of MB on CG/STPNC

Kinetic model Kinetic parameter

Pseudo first order k1 ×  10−2(min−1) 1.5
qe

cal (mg  g−1) 2.32
qe

exp (mg  g−1) 1.7
R2 0.977

Pseudo second order k2 ×  10−3 (g  mg−1  min−1) 2.97
qe

cal (mg  g−1) 2.64
qe

exp (mg  g−1) 1.7
R2 0.995

Intraparticle diffusion ki ×  10−1 (mg  g−1  min1/2) 1.22
C − 0.10
R2 0.977

Table 7  Isotherm parameters 
for the adsorption of MB on 
CG/STPNC

Isotherm model Isotherm 
constants

Langmuir Qm 3.72
b 0.37
RL 0.21
R2 0.950

Frendulich n 0.71
kf − 1.91
R2 0.826
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Comparative Studies of the Maximum Monolayer 
Adsorption Capacity for MB Dye Using Different 
Adsorbents

A comparative study of the synthesized nanocompos-
ite ion exchanger was performed with other adsorbents 
reported in the literature [21, 30, 54–58]. It has been done 
in terms maximum percentage removal of dyes (Table 8). 
It was found that nanocomposite ion exchanger behaved as 
adsorbent and ion exchanger simultaneously under coupled 

conditions in dye removal investigations. It was noted that 
CG/STPNC ion exchanger had comparable adsorption 
capacity with some of the adsorbents listed here. So, CG/
STPNC possessed a good potential for the removal of MB 
dye from an aqueous medium.

Conclusion

The CG/STPNC ion exchanger synthesized by the sol–gel 
method under vacuum was found to be an efficient device for 
the removal of MB dye from textile effluents. CG/STPNC 
ion exchanger was characterised using different characteriza-
tion techniques such as PXRD, FESEM, HRTEM and FTIR. 
The ion exchange capacity of the CG/STPNC was found to 
be 1.8 meq/g. The pH titration studies revealed the bifunc-
tional nature of CG/STPNC. TEM results proved the parti-
cle size of the synthesized composite ion exchanger was in 
nano range and particles size varied from 20 to 90 nm. The 
distribution studies indicated the higher selectivity of CG/
STPNC for Pb (II) and Cu (II). CG/STPNC removes 82% 
of the methylene blue dye within 4 h. Adsorption kinetic 
studies confirmed that the pseudo-second order kinetics was 
found to be applicable with the  R2 value of 0.995 which 
indicates the chemisorption is the rate determining step. 
Langmuir adsorption isotherm has shown more compatibil-
ity than Freundlich isotherm to the adsorption of MB. Thus, 
the synthesized CG/STPNC ion exchanger was an efficient 
device for the removal of toxic dyes like MB from the textile 
effluents.

Fig. 8  Reusability analysis of CG/STPNC ion exchanger for MB dye 
removal

Table 8  Comparison of maximum monolayer adsorption capacity for MB dye using different adsorbents

Adsorbent Dye Percentage dye removal 
(%)

References

Pectin @ zirconium (IV) silicophosphate nanocomposite ion exchanger MB 97.02 [29]
Alginate-Zr (IV) phosphate nanocomposite ion exchanger MB 97.45 [21]
Pectin–thorium(IV) tungstomolybdate nanocomposite ion exchanger MB 76 [60]
Brown macroalga MB 96.99 [61]
anion exchange resin (Zerolit DMF) MB 98 [62]
CG/STPNC ion exchanger MB 82 Present work
Chemically modified pine nut shells MB 98 [63]
MOF nanocomposite MB 94 [64]
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