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ABSTRACT: Dyes are a major cause of concern nowadays as large quantities are being released into water bodies causing pollution. In this
article, modified chitosan (sulphate crosslinked) has been studied for the removal of Congo red (a benzidine-based anionic diazo dye) which

is a toxic dye introduced into water bodies from textile industries. Sulphate-crosslinked chitosan (SCC) was prepared in the laboratory and the
characterization of SCC was done by Fourier-transform infrared spectroscopy (FT-IR), X-ray diffraction (XRD), scanning electron microscopy
(SEM), and energy-dispersive X-ray spectroscopy (EDX). Various parameters such as pH, contact time, adsorbent dosage, and concentration of
adsorbent were optimized. The adsorption capacity was determined at pH 3.0, at which the percentage recovery was about 90% and followed
Freundlich adsorption isotherm with an adsorption capacity of 91.8mg/g. The adsorption followed pseudo-second-order kinetics. Various
thermodynamic parameters were also determined for the change in adsorption with temperature. The SCC was regenerated with NaOH and
showed good recycling capacity. The modified chitosan was applied for the removal of Congo red from industrial wastewater samples (spiked).
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Introduction

Dyes are a major constituent of industries like paper, textile, and
plastics and their presence in wastewater is a matter of serious
concern to environmentalists.! A number of these dyes are stable
to light and oxidation and also resistant to aerobic digestion.?
Congo red (CR; 1-naphthelene sulphonic acid, 3,3’-(4,4’-biphe-
nylene bis (azo)) bis (4-amino) disodium salt) is a benzidine-
based anionic diazo dye which enters water bodies due to their
use in textile and paper industries.3 They are carcinogenic in
nature. Removal of these dyes from water has been a major chal-
lenge and a large number of methods have been adopted for the
same like photocatalysis for degradation,*” nanocomposites, and
carbon nanotubes.812 Various processes have been used for the
removal of CR specifically like coagulation, ion exchange, mem-
brane filtration, irradiation, and ozonation, but these methods are
very expensive and cannot be used at a large scale.!3-1

Adsorption has been found to be a highly useful method as
it is cost effective and also can be used in large scale. Materials
like ricehusk,?0 activated carbon from waste rubber,?! ash,??
graphene oxide,? and other bioadsorbents?* have been reported
for the removal of different dyes. Natural adsorbents like bio-
waste material,®> activated carbon from coir pith,? radish
peel,?” sawdust,?® papaya seeds,?’ pine cone,® and eucalyptus
wood3! have been studied for the removal of CR.

Chitosan is obtained by deacetylation of chitin which is a
component of crustacean shells (shrimp and crab) as well as
fungal biomass. It has a wide range of applications in fields like
food, cosmetics, medical, and pharmaceutical. It shows proper-
ties like biocompatibility and is biodegradable. The degradation

products are nontoxic.3? Due to its chemical stability, high

reactivity, good chelation property, and so on, it can be used for
the removal of dyes.33 Chitosan is obtained from chitin in the
form of flakes or powder and has limited use for adsorption, but
the main advantage is that it is insoluble in sulphuric acid. The
free amino groups react with the acid to form salt. Since sul-
phate is divalent, on treatment with sulphuric acid the cross
links are formed. The crosslinking with hydrochloric acid has
been used in medicinal applications.3*

Kahu et al®® have reported the use of sulphate-crosslinked
chitosan (SCC) for the removal of Cr(VI), but the applicability
in the removal of dyes has not yet been explored. In this article,
the removal of CR dye from wastewater has been reported
using batch adsorption method. The kinetic and isotherm
studies have also been studied.

Experimental
Materials

Chitosan was obtained from Uniloid Bio-Chemicals India
Limited, Hyderabad (India). This chitosan had 85% degree of
acetylation. CR dye, sulphuric acid, and sodium hydroxide were
purchased from Merck, India, and used without further purifi-
cation. All the solutions were prepared in double distilled water.

Preparation of SCC
The SCC was prepared as per the method reported by Kahu

et al. Approximately 5¢g of chitosan powder was taken in
round-bottom flask and 4% v/v sulphuric acid solution was
added to it and stirred with a magnetic stirrer for about an
hour. The stirring was done at room temperature (298 K). The
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mixture was then filtered and the residue was washed with dis-
tilled water. The complete removal of sulphate ions was tested
and a final solid residue of SCC was obtained. The residue was
dried at 60°C for 1 hour in a hot air oven.

Characterization

The Fourier-transform infrared spectroscopy (FT-IR) spec-
trum and X-ray diffraction (XRD) measurements along with
scanning electron microscopy (SEM) gave the same results as

reported by Kahu et al.%

Batch adsorption experiments

Fifty millilitres of CR solution with concentration of 5 mg/L at
pH 3.0 was taken in a flask and 0.1g of SCC was added to it.
The flask was stirred in a mechanical shaker for 30 minutes at
room temperature. The amount of CR adsorbed at equilibrium
was calculated as follows:

g,=(C,—C, /IW)xV

where C, and C, are the initial and equilibrium liquid phase
concentrations (mg/L) of CR, respectively; Vis the volume of
the solution taken; and W is the weight of SCC added for the
study. All the experiments were performed a minimum of 3
times to get reliable results.

Analysis

The concentration of CR was determined using UV-Visible
spectrophotometer (Shimadzu UV-1800) at 498 nm. The pH
measurements were done using pH meter (Systronics-335) and
it was adjusted using NaOH and HNO; solutions. The absorb-
ance for each solution was recorded before and after adsorption
and the quantitation was done accordingly.

Regeneration of SCC

Reusability of the adsorbent is important from an environmen-
tal point of view. Reagents like sodium hydroxide, ammonium
hydroxide, hydrochloric acid, and sodium chloride were consid-
ered for desorption studies. One gram of the SCC with the
adsorbed CR was placed in a round-bottom flask and 100 mL
of the regeneration solution (5%) was added to it. The solution
was stirred for about 1hour and then cooled, filtered, and
washed with distilled water. The chitosan obtained was
crosslinked as shown previously and reused.

Zero point charge

The zero point charge is the pH value at which the net charge
on the surface of the adsorbent is zero. The pH of zero point
charge (pH,,,.) plays an important role in the adsorption pro-
cess. For this purpose, 50mL of a 0.01M sodium chloride
(NaCl) solution was placed in a 100-mL Erlenmeyer flask. The
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Figure 1. FT-IR spectra of (A) chitosan and (B) SCC.

pH was then adjusted to successive initial values between land
10, using either sodium hydroxide or hydrogen chloride (0.1N),
and 0.1 g of modified chitosan was added to the solution. After
a contact time of 24 hours, the final pH was measured and plot-
ted against the initial pH. The pH at which the curve crosses
the line, pH (final) = pH (initial) is taken as the pH,,.. In this

case, zero point charge was observed at pH 4.6.

Results and Discussion
Characterization of SCC

FT-IR spectral characterization. The FT-IR analysis showed
broad peaks in the region of 3350 cm™ and 3550 cm~! which cor-
responds to O-H and N-H stretching vibration as well as at
1588 cm! for N-H bending vibration, 1375 cm™! for C-N bend-
ing vibration, and C-O and C-H stretching peaks at 2880 cm™
and 1070cm. The sulphate peaks were observed at 620 and
1110 cm™! which match with reported values’* (Figure 1).

XRD studies. The diffraction pattern for chitosan and SCC is
shown in Figure 2. Sulphate-crosslinked chitosan showed a
peak at 26=10.428° and 19.69°. On cross linking with sulphu-
ric acid, new peaks were observed at 20=11.55" and 18.26°
which confirm the formation of SCC.

SEM and EDX spectral studies. The SEM micrographs showed
that only chitosan showed irregularly shaped particles while that
of SCC showed a regular arrangement (Figure 3). It clearly
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Figure 2. XRD pattern of (A) chitosan and (B) SCC.
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Figure 3. SEM micrographs of (a) chitosan and (b) SCC.
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shows that the crosslinking leads to stable and ordered morphol-
ogy of the material. The peaks of C, H, and N were observed in
the energy-dispersive X-ray spectroscopy (EDX) spectrum and
after treatment with sulphuric acid the peak for S is also clearly
observed. This indicates that sulphate crosslinking has taken
place and the material has been clearly modified (Figure 4).

Effect of contact time

The contact time was varied from 15 to 180 minutes. It was
observed that the extent of adsorption initially increased with
increase in contact time after which it became constant. The
equilibrium was attained at about 90 minutes. This may be due
to the lack of availability of adsorption sites after a certain
period of time. Thus, 90 minutes was optimized as optimum

for further studies (Figure 5A).

Effect of adsorbent dosage

The effect of adsorbent dosage was varied by adding 0.02 to 0.2g
of the crosslinked chitosan at room temperature with fixed initial
concentration, pH, and contact time. There was an increase in the
percentage removal of CR with increase in concentration indicat-
ing the increase in the number of adsorption sites (Figure 5B).

Effect of concentration of adsorbate

The adsorption studies were performed by increasing the con-
centration of CR from 0.5 to 5mg/L. The percentage removal
was found to be nearly steady and then decreases. This can be
explained as, even though there is an increase in concentration
of adsorbate, the available sites for adsorption become a limit-

ing factor (Figure 5C).
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Effect of pH determine the pH at which the percentage removal of CR
was maximum. It was observed that at pH 3.0 the percentage
removal was the highest. The colour of CR dye is red around
pH 7.0, dark blue in acidic pH, and red at alkaline pH. (This
red is slightly different from the original red at neutral pH.)
It exists in its anionic form in basic pH (sulphonate group)
and cationic form in acidic pH. Adsorption of cation is
favoured at pH > pH, . and anion at pH <pH,,..3¢37 In alka-
line pH, there is an excess of negative ions as well as the SCC
has negatively charged groups, so the anionic form of CR
does not get adsorbed easily. But in acidic pH, the adsorption
of CR is higher and thus pH 3.0 was optimized for further
studies (Figure 5D).

The pH of the solution was varied from 1.0 to 10.0 at con-
stant initial concentration, contact time, and temperature to

ull Scale 3488 cts Cursor: 0.000

Kinetics of adsorption

The percentage recovery of the dye depends on the contact
time and thus the study of kinetics is essential. The experi-
mental data were correlated using pseudo-first-order and
pseudo-second-order kinetic models. The study was done
using 50 mL of 5 mg/L CR solution at pH 3.0 along with the
addition of 0.1g of SCC at 298K at increasing time

intervals.
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Figure 5. Effect of (A) contact time, (B) adsorbent dosage, (C) concentration of Congo red, and (D) pH.
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(E) van’t Hoff plot.

At
2.303

log(g, —¢,) =logg, —

where ¢, and g, refer to the amount of CR adsorbed at equilib-
rium and time, # respectively with first-order rate constant 4.
The plot of log (g,—¢,) against # gave the regression coefficient
as 0.935 (Figure 6A).

Pseudo-second-order kinetics. The pseudo-second-order equa-
tion is given as follows:

where 4, is the pseudo-second-order rate constant in
g/(mgmin).3’ The plot of log #/g, against # gave a regression
coefficient of 0.999. The high value of regression coefficient
shows that pseudo-second-order kinetic model is followed
(Figure 6B).

Adsorption isotherms

Adsorption isotherms are an important tool to explain the par-
tition of the dye between the adsorbent and liquid phases. The
studies were performed using 50 mL of CR solution with vary-
ing concentrations (0.5-5mg/L) with the addition of 0.1g of
SCC at 298K for 30 minutes.

Downloaded From: https://complete.bioone.org/journals/Air,-Soil-and-Water-Research on 26 Dec 2024
Terms of Use: https://complete.bioone.org/terms-of-use



Air, Soil and Water Research

Langmuir isotherm. The Langmuir adsorption isotherm is the
most commonly used monolayer adsorption model which cor-
relates the maximum adsorption capacity and adsorption
energy.*? The adsorption capacity and Langmuir constant can
be calculated by the following equation:

(Ce/qe) = (l/qob) +(Ce/q0)

The plot between C,/g, and C, gave a correlation coefficient
of 0.556 (Figure 6C). A dimensionless parameter R, can be
calculated by the following equation:

R, =1/(1+4C,)

If the value of R lies between 0 and 1, it indicates efficient
adsorption. The value of R; for CR is found to be 0.18, which
shows that there is an electrostatic interaction between the
modified chitosan and CR under optimized conditions.

Freundlich isotherm. The linearized form of Freundlich*! iso-
therm for studying adsorption from aqueous solution is given
as follows:

Log g, = log %f +(1/n)log C,

where 4f and 7 are Freundlich constants that indicate
adsorption capacity and adsorption intensity, respectively.
Value of 7 between 1 and 10 indicates favourable adsorp-
tion. The plot of log ¢, by log C, shows a straight line with »
value of 0.989. The value of n is found to be 1.06
(Figure 6D).

The value of r clearly shows that Freundlich isotherm model
is followed indicating multilayered adsorption over a heteroge-
neous surface.

Thermodynamics of adsorption

The effect of temperature on the adsorption of CR was studied
to obtain the thermodynamic parameters (Figure 6E). The free
energy change is calculated as follows:

AG=—RTIn K

The entropy and enthalpy changes were determined by van't
Hoff equation*?:

InK =(AS/R)—(AH / RT)

where R is the gas constant (8.314]/mol/K) and T is the
absolute temperature (K). The equilibrium constant K was
calculated as the ratio of concentration of CR on SCC to
that in the solution phase. The value of AH and AS from the
slope and intercept of the graph between In K and 1/7 was
found to be -47.62 and -0.137kJ/mol, respectively. The

% recovery of CR

6
No of cycles

Figure 7. Graphical representation of reusability studies.

Table 1. Comparison of adsorption capacity of various reported
materials.

S.NO. ADSORBENT ADSORPTION REFERENCES
CAPACITY
(MG/G)
1 Chitosan bead 93 Chatterjee
et al*3
2 Chitosan bead 94.39 Rouf et al*4
modified with CTAB
3 N,O-carboxymethyl 81.23 Wang and
chitosan Wang*>
4 N,O-carboxymethyl 74.24 Wang and
chitosan/ Wang*6
montmorillonite
nanocomposite
5 Sulphate- 91.8 This study

crosslinked chitosan

Abbreviations: CTAB: Cetyl tribormide ammonium bromide.

van't Hoff plot is shown in Figure 6E. The negative free
energy change indicates the spontaneous nature of adsorp-
tion process. Negative enthalpy change shows that the pro-
cess is exothermic and negative entropy indicates the
decrease in randomness as it goes from solution to adsorbed
state.

Reusability of SCC

Various reagents were analysed for desorption studies like 5%
solutions of NH,OH, HC], NaCl, and NaOH for 10 cycles.
The regeneration of SCC in 5% NaOH solution was found to
be maximum (Figure 7). The regenerated SCC was found to be
as effective as the original SCC.

Comparison with other adsorbents

Adsorption capacity is an important parameter for an adsor-
bent. A comparison with other similar adsorbents shows that
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SCC shows a better adsorption capacity for CR dye as com-
pared to some of the previously reported ones (Table 1). Thus,
this method is a novel, efficient, and simple method for the
removal of CR dye from aqueous solutions.

Conclusions

The effectiveness of using a modified biopolymer (sulphur
crosslinked) for the removal of CR dye has been shown in this
study. The various parameters studied gave optimum values at
pH 3.0, contact time of 90 minutes, and concentration of
SCC as 0.1g. The system was observed to follow pseudo-
second-order kinetics and the type of adsorption was shown
by the high 7 value using Freundlich isotherm. The thermo-
dynamic parameters showed that the process is spontaneous
and exothermic. A comparison with other modified chitosan
samples previously reported showed that SCC has a good
adsorption capacity and can be reused with nearly 100% effi-
ciency. The method gave good results with spiked wastewater
samples also.
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