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The development of economic and recyclable adsorbents for removing pollutants from contaminated
water is gaining increasing attention. Agro residue or nature-based material sourced absorbents could
revolutionize the future of wastewater treatment. Hence in this study, nanocellulose was synthesized
from coconut husk fiber and immobilized onto chitosan to form hydrogel beads. The BET surface area
and zeta potential of the adsorbent nanocrystalline cellulose—chitosan hydrogel (NCC-CH) bead was
2577 m? g7! and +50.6 mV, respectively. The functional group analysis also confirmed that the
adsorbent had functional groups appropriate for the adsorption of textile dyes. The adsorption
performance of NCC-CH and also the influence of initial dye concentration, adsorbent dose, pH, and
contact time was evaluated by batch adsorption studies with crystal violet (CV) and methylene blue (MB)
dyes. The most favorable operational conditions achieved through I-optimal design in response surface
methodology were 0.5 g NCC—CH, 1 h, 9 pH, and 60 mg L™ for CV removal (94.75%) and 0.13 g NCC—
CH, 1 h, 9 pH, and 30 mg L™! for MB removal (95.88%). The polynomial quadratic model fits the
experimental data with an R? value of 0.99 and 0.98 for CV and MB removal, respectively. The optimum
depiction of the isotherm data was obtained using the Freundlich model for MB adsorption and
Freundlich and Langmuir model for CV adsorption. The Dubinin—Radushkevich (D—-R) isotherm was also
a good fit to the adsorption of CV and MB dye, suggesting the physisorption due to its free energy of
adsorption < 8 kJ mol™t. The kinetics were effectively explained by a pseudo-second order model for
both the dyes suggesting that chemical mechanisms influenced the adsorption of CV and MB dyes onto
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the CV with a single step process. Also, the removal efficiency of adsorbent was retained at above 60%
DOI: 10.1039/d2ra082839 even after seven adsorption—desorption cycles indicating the effectiveness of the NCC-CH hydrogel

rsc.li/rsc-advances beads for the removal of textile dyes.

1. Introduction ?nly S(.)urces of dyes before globa.lization. Howeve.r, the

increasing demands for dyes and the high cost of extraction led
Globalization enabled rapidity, efficacy, and comfort in every to the discovery of synthetic dyes. Since then, dyeing industries
field of life. In addition, it has also contributed to biosphere have become increasingly dependent on synthetic dyes,
pollution due to the uncontrolled discharge of pollutants by producing around 8 x 10° tons of synthetic dyes every year.’
industries of all kinds, especially the dye industry in particc Moreover synthetic dyes are mostly organic, and when dis-
ular.’? The use of dyes covers a wide range of materials, charged into the environment pose a serious threat to all living
including paper, textile fiber, leather, food, tannery, pharma- beings due to their carcinogenicity.® In this line, crystal violet
ceutical products, cosmetics, etc.** Natural sources were the (CV)and methylene blue (MB) dyes are very toxic and is used for

paper printing and textile dyeing. CV (C,5N3H;3,Cl) is a triphe-

nylmethane dye which is more toxic than anionic dyes.” The
“Department of Environmental Sciences, Tamil Nadu Agricultural University, India. ~ chemical stability, thermal, and light stability of CV dye is
f’mail"j“yaball’hd@g’"‘fil'“’m ' ' - attributed to its complex aromatic structures and physico-
Ii);f;rtment of Nano Science and Technology, Tamil Nadu Agricultural University, chemical properties. The molecule is considered recalcitrant

since it is poorly metabolized by microbes and can persist in

‘Water Technology Centre, Tamil Nadu Agricultural University, India K . L. A
a wide range of environments.? Similarly, the most widely used

T Electronic  supplementary information (ESI) available. See DOI: ) ) o
https://doi.org/10.1039/d2ra08283g dye in dyeing cotton, wood, and silk is MB (C;H;5CiN3S). It can
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cause adverse effects including methemoglobinemia, nausea,
vomiting, hypertension, red blood cell breakdown, allergic
responses, and mental problems. Additionally, after a brief
period of inhalation, it also causes shortness of breath.®
Therefore, the development of new advanced eco-friendly
materials is needed to overcome the problems raised from
using conventional materials used in the adsorption of these
dyes.**®* Several methods employed for dye removal are
adsorption, membrane filtration, coagulation, flocculation,
ozonation and biological treatment." Efficacy and viability of
these methods depend mainly on their complexity in scaling up.
Due to its simplicity, effectiveness and capacity to adsorb
different compounds, methods with adsorbents are recognized
as the most suitable and promising approach for removing
harmful compounds from effluents. Several natural and
synthetic absorbents had been developed for the removal of
dyes from aqueous solutions during the past few decades.”>™*
But, large scale application of these developed adsorbents were
limited due to economic or technological concerns. In addition
to that high cost, reusability and disposal of the adsorbents is
still a question among the researchers and industries. There-
fore, development of adsorbents from the nature derived
materials with high reactive surface area, specific functional
groups to adsorb targeted pollutant and sound reusability,
could transform wastewater treatment. Nanocellulose sourced
from agro residue is one among them having good mechanical
strength, high functionality, biodegradability, non-toxic and
high specific surface area.*

Based on the existing data, we considered the coconut husk
fibre, a lignocellulosic material could serve as a low cost raw
material for the synthesis of nanocellulose. Only a few research
have reported the synthesis of nanocellulose from coconut husk
fiber that can also be utilized to synthesize nano scale resources
such as nanocellulose fibrils, nanocellulose whiskers, and
nanocellulose crystals. Karimifard et al.*® hydrolysed the coir
fiber with sulphuric acid to produce rod-like nanocrystals with
diameters ranging from 10 to 30 nm. Similar to this, cellulose
nanowhiskers with lengths ranging from 80 to 500 nm and
widths of 6 nm were extracted from coconut husk fibres using
nitric acid."” At large scale, production of nanocellulose can be
done through cost-effective alkali-acid hydrolysis method.
However after adsorption process, centrifugation or coagulation
is needed to recover the nanocellulose, which limits their large
scale application.”® To overcome this, nanocellulose can be
cross-linked with other polymers to form hydrogel beads. The
use of hydrogel beads in wastewater treatment have received the
attention of many researchers due to their swelling capability,
posing of hydrophobic and hydrophilic proportions and its
reusable nature.” Similar to cellulose, chitosan is one of the
biodegradable and non-toxic natural polymer composed of
unbranched chains of poly(B-(1,4)-p-glucosamine).*® The pres-
ence of hydroxyl (-OH) and active amino (-NH,) groups in
chitosan makes it suitable for adsorption processes hence it was
used to impregnate the nanocellulose.” Ecologically friendly
nanomaterials for removing toxic compounds from wastewater
could be extremely beneficial in the years ahead.
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Hence, the main objective of this work was directed to
fabricate and develop an effective nanocrystalline cellulose—-
chitosan (NCC-CH) hydrogel bead to remove CV and MB dyes
from textile wastewater. FTIR, SEM, TEM, XRD, TGA and BET
were used to characterize the prepared adsorbent. For effective
adsorption of CV and MB dyes onto NCC-CH, different vari-
ables such as initial dye concentration, contact time, pH and
NCC-CH dosage were examined and optimized using Response
Surface Methodology (RSM). Optimization of adsorption
parameters using conventional method is obsolete since it
requires more experimental runs and time consuming. Also, the
interaction effects of the optimization parameters were not
elucidated in conventional method. Hence, RSM was applied to
optimize the process parameters. Also, the reliability of experi-
mental results was checked out using various models in kinetics
and isotherm investigation.

2. Experimental methods

2.1. Synthesis of nanocellulose from coconut husk fiber

Coconut husk fiber was selected for nanocellulose synthesis
since it is underutilized in agricultural sector and also has high
cellulose content of 38 to 40%.>**® Fibers were washed to
remove dirt, shade dried for 48 h and shredded into small
fibers. The dried husk fibers were soaked in water for 3 h at 50 ©
C, followed by alkali treatment with 2% NaOH at 80 °C for 3 h
(1 g 10 mL™"). The alkali-treated fibers were washed till neutral
pH and then oven dried for 6 h at 80 °C. Followed by bleaching
with sodium hypochlorite (pH - 3.5, adjusted with 1 M glacial
acetic acid) for 20 min and washed several times with water to
remove the traces of chlorine. Bleaching was repeated until the
residue became white or ivory yellow. The bleached residue was
treated with 0.05 N nitric acid at 70 °C for 1 h, followed by alkali
hydrolysis with 0.1 M NaOH at 45 °C for 3 h. Then the substrate
was washed with distilled water until the pH became neutral
and dried in oven at 80 °C for 3 h. The acid hydrolysis was
performed with 45% sulphuric acid for 60 min at 50 °C under
continuous stirring at 1200 rpm. A substantial amount of
distilled water was added to quench the reaction and centri-
fuged for 15 min at 8000 rpm to remove the excess sulphuric
acid. Then to disperse the nanocrystals, the solution mixture
was suspended in distilled water at 1:10 ratio and sonicated
using probe sonicator PR 250 for 20 min at 25-30 kHz.

2.2. Preparation of NCC-CH hydrogel beads

The synthesized nanocrystalline cellulose (NCC) was blended
with chitosan to form hydrogel beads* (Fig. 1). A 2 g of chitosan
powder was mixed with 2% v/v acetic acid solution and stirred
continuously using magnetic stirrer at 1000 rpm for 1 h. To this
solution, 1 g of NCC was added and again stirred for uniform
dispersion (1.5 h). Then the solution was allowed to drip from
the burette to the alkali media (10% NaOH) under constant
stirring condition at 300 rpm. The height of the nozzle from the
alkali media was kept at 2.5 cm. Once the mixture came into
contact with the NaOH media, the nanocrystalline cellulose-
chitosan (NCC-CH) hydrogel bead was formed. For

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Preparation of Nanocrystalline cellulose—chitosan hydrogel beads.

stabilization, the beads were kept in 2% NaOH solution for 12 h.
After that, beads were collected and washed with water thor-
oughly until the wash water pH became neutral. The beads were
dried in hot air oven at 50 °C for 2 h and stored for further
experiments.

2.3. Characterization of NCC-CH hydrogel beads

2.3.1. Surface area and morphology. The surface area of the
samples were determined by BET surface area analyzer (SMART
SORB 92/93) in liquid nitrogen flow. In this process, the
nitrogen gas molecules gets adsorbed onto the surface of the
samples at the temperature of —196 °C. The quantity of adsor-
bed gas forms a monolayer which gives the distinct surface area
of the samples.* Morphology of the sample was examined using
the Quanta 250 (FEI, Netherlands) scanning electron micro-
scope (SEM) at a voltage of 10 kV. To eliminate the electron
charging effects, the samples were coated with gold. TEM
imaging was performed using FEI Techai Sprit (Netherlands)
microscope with an accelerating voltage of 120 kV to study the
nanostructure.

2.3.2. Swelling studies. Swelling capacity of the composite
beads was studied by soaking a known quantity of beads in
100 mL distilled water for 12 h at room temperature. The
swollen beads were weighed at an interval of 2 h removing the
excess moisture using blotting paper.”® The swelling percentage
was calculated using the following eqn (1)

Swelling percentage (%) = ="

= 100 )]
where, m; and m, is the initial weight and swollen weight of the
hydrogel beads, respectively.

2.3.3. Determination of zero point charge (pH,p) and zeta
potential. To determine the pH zero point charge of the beads,
pH drift equilibrium technique was employed. Ten conical
flasks each containing 50 mL of 0.01 M NaCl was taken and the
pH was adjusted from 1 to 10 using NaOH and H,SO,4. A known

© 2023 The Author(s). Published by the Royal Society of Chemistry

quantity of composite beads was added to each flask and the
flasks were equilibrated for 48 h. The final pH measured after
48 h was plotted against the initial pH and the intersection
point was taken as pH,,. of the bead.” For zeta potential
analysis, the solution was agitated for 2 h in a mechanical
shaker before sonicating. After sonication, the solution was
filtered using Whatman no. 42 filter paper and supernatant was
collected and analysed for its surface charges in particle size
analyser (Horiba Scientific Nanopartica SZ-100, Japan).*®

2.3.4. X-ray diffraction analysis. The crystallinity degree of
the samples was determined using an X-ray diffractometer
(XPERT-PRO D8 Bruker) at 30 mA current and 40 kV voltage.*
The Cu K radiation ranged from 5° to 400°. Amorphous
subtraction method was used to calculate the crystallinity index
(X)) by eqn (2)
Ic - Iam

X. =
I

x 100 (2)
where, I. and I,, are the peak intensities of crystalline and
amorphous materials, respectively. The crystallite size was
calculated by Scherrer eqn (3)

K
"~ Bcosd

(3)

2.3.5. Thermal stability. Thermogravimetric analyser (TG/
DTA - EXSTAR/6300) was used to evaluate the thermal
stability of the samples. The heating rate was kept at 10 °
C min " and the temperature ranged from room temperature to
600 °C in nitrogenous atmosphere.*

2.3.6. Functional group analysis. The surface functional
groups of the NCC and NCC-CH (before and after adsorption)
was examined using Fourier-transform infrared spectroscopy
(model 8400S of Shimadzu, Japan). The analysis was performed
in the wavenumber range of 500-7000 cm ' at 4 cm '
resolution.*
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2.4. Dye removal studies

2.4.1. Process variables. As seen in earlier studies, process
parameters optimization for adsorption of dyes by keeping one
factor constant and varying other factors is time consuming and
laborious. To overcome these hurdles, response surface meth-
odology (RSM) was being employed for optimization of process
parameters to achieve maximum dye removal. RSM was
demonstrated to be a beneficial technique which reduces both
cost and time of the experiment.** Hence, in this study RSM was
adopted to optimize the adsorption parameters for MB and CV
removal from aqueous solutions. A four independent factors
such as initial dye concentration (mg L"), adsorbent dose (g),
contact time (h) and pH were selected based on the results re-
ported by the previous studies. The other parameters tempera-
ture and rpm were fixed at 25 °C and 200, respectively. The
Integrated Optimal design (I-optimal) of RSM was chosen to
study the interaction between the process parameters and the
response.** The response for optimization was dye removal
percentage from aqueous solutions. The optimization parame-
ters and their coded variables were given in Table 1. Twenty five
runs with random adsorption parameters were suggested by the
I-optimal design and the runs were performed in triplicates.
The response data were analyzed and evaluated using
DESIGNEXPERT software (Stat-Ease, USA, version 13).

2.4.2. Batch adsorption experiments. By dissolving 0.1 g of
each dye in 100 mL of distilled water, a stock solution of
1000 ppm of dyes (CV and MB) was prepared. The appropriate
concentration (15, 30, 45 and 60 mg L™ ') was then obtained
through dilution. A 25 mL of each concentration was taken in
conical flasks to perform the trial runs as given in Table 2. The
pH of the solutions were adjusted using 0.1 M NaOH and 0.1 M
HCIL. All tests were conducted at room temperature (25 °C). After
adsorption, residual dye concentration was measured using
Thermoscientific Genesys 180 UV-vis spectrophotometer. The
maximum absorbance (A.,) of MB and CV were found to be at
664 and 586 nm using a calibration curve.” Dye removal effi-
ciency (%) and adsorption capacity (mg g ') of NCC-CH were
determined by the given equations.

Dye removal efficiency (%) = G=G 100 (4)
0
G- C)V
o= 0= GV 6
(G- C)V
qe = i (6)

where, C, is the initial dye concentration (mg L"), C, and C. is
the dye concentration at time and equilibrium (mg L7,

Table 1 Range of factors in RSM |-optimal design for dye removal
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Table 2 Predicted and experimental responses of CV and MB removal
by NCC-CH hydrogel beads

CV-Removal efficiency

(%)

MB-Removal efficiency
(%)

Run A° B® C° D° Experimental’ Predicted Experimental’ Predicted
1 60 0.15 7 93.21 +0.88 93.18 77.16 £ 0.73 76.82
2 30 055 5 88.98+0.71 89.16 89.21 £+ 0.71 90.73
3 60 054 5 91.46 +0.95 91.53 90.66 = 0.94 90.94
4 60 055 9 92.60+ 0.48 92.54 85.87 £ 0.45 86.29
5 30 015 5 91.94+1.04 91.84 93.69 = 1.06 92.28
6 15 053 5 87.77 +£1.16 87.54 91.60 + 1.21 91.21
7 15 0.13 7 89.55+1.60 89.17 84.18 £1.51 83.35
8 60 011 5 93.86+ 1.32 93.82 90.33 +£1.27 90.67
9 375033 7 90.84 +£0.94 90.98 90.35 £ 0.94 90.15
10 37.5033 7 91.13 +£0.47 90.98 93.76 £ 0.49 93.42
11 15 055 7 86.73 +0.82 86.69 91.60 = 0.86 90.51
12 15 035 9 8843 +1.17 88.43 89.24 + 1.18 88.90
13 375033 7 91.07 £ 0.95 90.98 88.07 £ 0.91 86.89
14 45 051 7 92.63 +1.12 92.64 95.11 + 1.15 96.23
15 15 0.52 9 89.41 4+ 0.91 89.47 93.08 £ 0.95 93.22
16 45 014 9 9249+ 0.48 92.57 91.28 £ 0.47 91.42
17 15 031 5 90.28 +£0.72 90.31 88.84 +£ 0.71 88.76
18 30 051 5 91.30+0.86 91.47 90.33 £ 0.85 91.28
19 37.50.33 7 90.96 +1.28 90.98 86.78 +£1.22 88.35
20 60 031 9 93.74 £1.24 93.85 87.02 £ 1.15 87.11
21 60 051 5 93.15+1.46 93.00 92.27 +£1.45 91.32
22 37.50.33 7 91.02 £ 0.73 90.98 89.24 + 0.72 89.73
23 30 011 9 92.93+0.95 92.73 83.44 + 0.85 83.13
24 15 013 7 88.59+1.25 89.17 75.73 £1.07 75.68
25 45 014 9 92.55+0.96 92.57 85.91 £+ 0.89 86.37

¢ A - initial dye concentration (mg L), B - adsorbent dosage (g), C -
contact time (h), D - pH. ? Values next to + are standard error of 3
replicates.

respectively, V is the volume of dye solution (L), M is the weight
of dry beads (g), ¢, and ¢. is the amount of dye adsorbed (mg
g~') at time and equilibrium, respectively.

2.5. Adsorption isotherm

Adsorption isotherms were studied in batch experiments by
varying the dye concentrations from 25 to 60 mg L™ '. Contact
time and adsorbent dose were fixed at 60 min and 0.1 g,
respectively, in this experiment. Various mathematical models
were used to determine the influence of dye concentration on
removal efficiency (%) and adsorption capacity (mg g ).

2.6. Adsorption kinetics

Batch adsorption experiments were carried at fixed adsorbent
dose (0.1 g) and initial dye concentration (60 mg L") by varying

Factor Name Levels of factor I I 111 v A%
A Initial dye concentration (mg L) 4 15 30 45 60 —
B Adsorbent dose (g) 3 0.1 0.3 0.5 — —
Cc Contact time (h) 5 1 2 3 4 5

D pH 3 5 7 9 — —

4760 | RSC Adv, 2023, 13, 4757-4774
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the contact time from 20 to 180 min. The dye uptake by the
adsorbent was then plotted against time and fitted using
different models to determine the adsorption kinetics.

2.7. Desorption and regeneration study

One of the key aspects in dye removal from wastewater appli-
cations is a solid adsorbent's recovery and reusability.** Several
cycles of adsorption/desorption investigation were conducted in
batch mode. In 25 mL of an aqueous dye solution (60 mg L),
0.1 g of hydrogel beads were agitated. After reaching equilib-
rium, the saturated beads were subjected to desorption by
shaking it with double distilled water, 50% ethanol, 1 M NacCl,
1 M NaOH, 1 M KOH, 1 M CacCl,, 0.1 M HCl and 0.1 M HNO; for
60 min. Between each cycle, the beads were filtered and dried in
hot air oven for 1 h at 50 °C. After the process, the concentration
of desorbed dye was analysed using standard graphs in spec-
trophotometer. The amount of desorbed dye was calculated by
the following eqn (7),

Dye desorption (%) = ? x 100 (7)
where, gq is the amount of dye desorbed (mg g~ ') and g, is the
amount of the dye adsorbed onto the adsorbent (mg g ).

3. Results and discussion

In our work we chose the coconut husk fibre, a lignocellulosic
biomass as raw material for isolation of cellulose to synthesize
NCC. Alkali treatment by sodium hydroxide, was very effective at
extracting the lignin fraction from the fibre (up to 70%), causing
structural changes in the biomass.***® Sulphuric acid had
hydrolysed the cellulose content and yielded spherical NCC

View Article Online
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with diameter <50 nm (Fig. S1af). Then the synthesized NCC
was blended with chitosan and NCC-CH hydrogel beads were
formed. The homogeneous, translucent composites showed
that NCC and chitosan had been thoroughly dissolved,
homogenized, and dispersed (Fig. 3a). After drying, the
composites’ pale yellow colour was probably caused by the
contact between chitosan's amino groups and cellulose's
carbonyl groups (Fig. 3b).>*

3.1. Characterization of NCC and NCC-CH hydrogel bead

As shown in Fig. 2a, the wet NCC-CH hydrogel beads exhibited
spherical shape with smooth surface. After drying, the hydrogel
beads were shrunk and surface became wrinkled with slight
texture (Fig. 2b). Xu et al'® also reported that the beads
produced from carboxylated chitosan and cellulose nanocrystal
had wrinkled surface after drying. The TEM micrograph in
Fig. S1at depicts the morphology of the synthesized NCC, which
was <50 nm in diameter and spherical in shape. SEM micro-
graphs shown in Fig. S1b-df depicts the surface morphology
and porous nature of the NCC-CH hydrogel beads before and
after adsorption. The NCC incorporated hydrogel have rough
and undulated surface which in turn influenced the pore size
and distribution on its surface (Fig. S1b¥). The undulations and
folds on the bead surface might increase the surface area for
adsorption of dyes. Also, the presence of NCC could enhance
the liquid diffusion into the hydrogel matrix by increasing the
hydrophilic groups and binding sites. Furthermore, it is evident
from the SEM micrographs that the NCC were efficiently
dispersed within in hydrogel network, no agglomerations were
seen. This could be due to the presence of hydroxyl groups in
NCC, which gives it a hydrophilic character, facilitates better
interaction between NCC and chitosan.

Fig. 2 NCC-CH hydrogel beads (a) wet (b) dry (c) after CV adsorption (d) after MB adsorption.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The BET specific surface area, pore volume and corre-
sponding pore size of NCC-CH beads were 25.77 m*> g™, 0.057
em?® ¢ and 16.2 nm respectively (Fig. S11). Similarly, Li et al.*”
also reported that the synthesized cellulose-chitosan composite
bead has 29.5 m® g~ " surface area. The pores were mesoporous
in nature and distributed uniformly in the bead surface as
evidenced in SEM micrograph (Fig. S2bt). Consequently, this
can improve the bead's ability to adsorb dyes on its surface.*®
The swelling property of hydrogels is one of its key properties,
which is very important for the practical application of hydro-
gels. Swelling ratio (SR) is controlled by the porosity and
chemical functionality of the adsorbent.** The hydrophilic
nature of the chitosan (-NH, group) and NCC (-OH group) is
responsible for the initial rise in the SR. The SR of the hydrogel
beads gradually increased from 55 to 83% and attained the
equilibrium after 8 h (Fig. S3at). At first, a huge amount of water
enters the hydrogel structure and formed hydrogen bonds;
later, as more water slowly diffused into the hydrogel network,
the osmotic pressure between the water surrounding the
hydrogel network decreased, lowering the force opposing elastic
contraction.”

The surface charge of the adsorbent material in an aqueous
solution is characterized by the point of zero charge. The pH,.
of the cellulose-chitosan hydrogel beads was found to be 4.4
(Fig. S3bt). At this pH, the surface charge of the adsorbent is
neutral (ApH = 0). Due to the electrostatic force an adsorbent
surface becomes negatively charged when pH > pH,., thereby
favouring the adsorption of cationic dyes while at pH < pH,p,
the adsorbent surface becomes positively charged due to the
adsorption of H".*® Zeta potential measurements were used to
prove the stability of the suspension. In order to establish
colloidal physical stability, it is considered that a zeta potential
value of less than —30 or more than +30 mV provides an
appropriate repulsive force. Sulphate groups end up being
chemically bonded to NCC as a result of H,SO, hydrolysis,
imparting a negative charge with a zeta potential value of
—72.2 mV. For NCC-CH, negative hydroxyl groups are converted

22.6°

> - _
‘@
C
2
c
0 20 40 60 80 100
2 theta degree
Fig. 3 X-ray diffractograms of NCC and NCC—-CH hydrogel beads.
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into positive quaternary ammonium groups, as indicated by the
zeta potential value +50.6 mV.**

The X-ray diffractograms of nanocellulose and hydrogel
beads were shown in Fig. 3. The 26 peaks at 16.6°, 22.6° and
34.6° of the NCC spectra were the lattice planes of crystalline
cellulose (110), (200) and (004), respectively. The diffraction
peak at 22.6° was shifted to 21.1° after the hydrogel bead
formation, which was evident in the NCC-CH spectra. The new
diffraction peaks at 28.6° and 32.6° could be due to the cross-
linking of NCC with chitosan, which is a semi-crystalline poly-
saccharide.** Also, the crystallinity index of the hydrogel bead
(46.6%) was found to be declined greatly compared to the NCC
(80.05%). This could be due to the reactions occurred on the
surface of NCC which decreased the intensity of the interactions
while forming hydrogel.*® The increase in average crystallite size
(124.7 nm) of the NCC-CH hydrogel bead than the NCC (10.77
nm) confirmed the crosslinking of NCC with chitosan.

The thermogravimetry analysis and derivative thermog-
ravimetry curves were depicted in Fig. 4. The decomposition
occurred in three stages in both the samples. Initially, the
weight loss up to 100 °C was due to the loss of low molecular
weights and moisture from the samples (Fig. 4a). The second
stage at temperature range 160-340 °C in NCC-CH had mass
loss of 30% which could be due to decomposition of chitosan
components.** While in NCC, around 50% of mass loss
occurred at a narrow range of temperature (200-350 °C) due to
the degradation of cellulose components. But, the decomposi-
tion of NCC-CH was started at lower temperature (160 °C) than
the NCC, indicating that the thermal stability was higher for
NCC. This reduced thermal stability of the NCC-CH could be
due to decreased crystallinity and weak hydrogen bonding
between NCC and chitosan as seen in FTIR spectra. The third
stage continued after 350 °C in both the samples was due to
complete degradation of components into CO, and H,O. As in
DTG graphs (Fig. 4b), the decomposition in both the samples
occurred at a single peak. Also, per cent solid residue left after
the pyrolysis was higher in the NCC-CH than NCC. Jia et al.*?
also reported low thermal stability of bacterial cellulose-chito-
san hydrogel than the cellulose due to decreased crystallinity.

The FTIR spectra of the NCC and NCC-CH hydrogel beads
before and after CV adsorption were shown in Fig. 5. Since
adsorption is mainly depend on the functional groups present
in the adsorbent surface, the study of surface chemistry is
inevitable. The C-O stretching of cellulose is represented by the
characteristic peak at 1029 cm ™' in the NCC spectra, while that
peak shifted to 1017 cm™" after forming composite bead with
chitosan. The intensity of C-O stretching vibrations observed at
1054 ecm ' in NCC spectra was decreased in the NCC-CH
spectra (1051 cm ') before adsorption. The IR spectral peaks at
3330 cm ™' in NCC were shifted to 3360 cm™ " in the hydrogel
bead indicating the presence of intermolecular hydroxyl (-OH)
bond.”” The reduced intensity of the peak indicates the decrease
in crystallinity of the hydrogel bead.** The composite formation
took place as a result of interactions between OH groups on the
surface of the NCC and OH and/or NH, groups on Chitosan.*
Similarly, the peaks at 898 and 1630 cm ™' corresponding to the
B-glycosidic linkage between glucose unit in cellulose and OH

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 FTIR analysis of NCC and NCC-CH hydrogel beads before and
after dye adsorption.

bending in the NCC spectra were shifted to 877 and 1654 cm ™
in NCC-CH spectra with increased intensity. The shifted peak at
1654 cm™ " and the appearance of new peak at 1561 cm ™" (-NH
group) in the NCC-CH spectra could be due to the presence of
type I and type II amide groups in the chitosan molecule. This
shift was attributed to the presence of an electrostatic interac-
tion between the negatively charged sites of NCC and amine
groups of Chitosan.* Also, the peak at 1427 cm™ " in the NCC
spectra indicated the crystallized cellulose I and amorphous
cellulose, whereas in the NCC-CH spectra it shifted to
1410 cm ™" representing cellulose II and amorphous cellulose.®
Moreover, NCCs with high ZP (—72.2 mV), caused by high
surface charge of single bond OSO;~ groups during acid
hydrolysis, could have attracted the amide units -NH," of chi-
tosan via electrostatic interactions. This indicates the successful
mixing of NCC with chitosan.

3.2. Optimization of parameters for removal of dyes by NCC-
CH using integrated optimal design (I-optimal) in RSM

The process parameters for crystal violet and methylene blue
adsorption were optimized using I-optimal design in RSM.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Experimental design using RSM results in higher accuracy by
improving the process parameters for more than two levels thus
minimizing the experimental error. The individual and inter-
active effects of process parameters on the response was
determined using 3-D surface plots given by I-optimal design.*®
The process parameters were listed in terms of the coded vari-
able, 4 stands for initial dye concentration (15 to 60 mg L"), B
for adsorbent dose (0.1 to 0.5 g), C for contact time (1 to 5 h),
and D for pH (5, 7 and 9). The trial runs with experimental and
predicted values were presented in Table 2.

3.2.1. Interactive plots. In multivariate optimization, it is
important to evaluate how different independent factors affect
the outcome.”” Fig. 6 and 7 show the three-dimensional (3-D)
quadratic response surface plots for different independent
variables such as initial dye concentration, adsorbent dosage,
contact time and pH concerning CV and MB removal from
aqueous solution, respectively. By varying any two variables up
to the experimental range's upper limit while holding the other
independent factors fixed, the surface plots were generated
from the model. Furthermore, the nature of the curvature of the
plots illustrates the intensity of the interaction of the process
variables.*®

3.2.1.1. Influence of initial dye concentration on dye removal.
The initial dye concentration is proven to be one of the most
relevant components that would attribute to the dye removal
efficiency. According to the contour plots in Fig. 6a-c, as the
initial CV concentration increased, the percentage dye removal
also increased. As the dye concentration increases, more free
dye molecules are available and ready to bind to the adsorbent's
surface, increasing the effectiveness of dye removal. Also, at
lower CV concentrations the availability of dye molecules was
lower in the vicinity of the adsorbent leading to reduced extent
of driving force resulting in decreased CV removal percentage.*’
Contrarily, increase in initial MB concentration decreased the
removal percentage as evident in Fig. 7a-c. This may be caused
by the hydrogel surface becoming saturated with adsorption
sites due to the low ratio of active sites to dye concentration.
This in turn implied that a dye molecule monolayer may form at
the hydrogel-dye interface.* From Fig. 7a, it was noted that the
removal percentage decreased from 85 to 78% with increasing
dye concentration at 0.1 g NCC-CH. Similar results were
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obtained by Allouss et al.**. In their study using carboxymethyl
cellulose based hydrogel bead, the removal efficiency decreased
from 97 to 83% as the MB concentration increased from 2 to
15 mg L. Besides, higher interaction of dye molecules with the
surface and active sites in the adsorbent structure could be the
cause for the high removal efficiency at low MB concentra-
tions.*® Furthermore, the electrostatic attraction between dye
molecules increases with dye concentration, causing competi-
tion between dye molecules for the limited number of NCC-CH

4764 | RSC Adv, 2023, 13, 4757-4774

active sites. As a result, the dye removal (%) decreased with
increasing initial dye concentrations. The decrease in removal
efficiency with increase in initial dye concentration was sup-
ported by many researchers.>”»*>5*

3.2.1.2. Influence of pH on dye removal. The pH of the
aqueous solution plays a major role in the adsorption of dye
molecules by influencing the surface charge of the adsorbent
and also ionization of dye molecules. The dye removal
percentages were increased with increasing the pH from 5 to 9.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The pH,;,. of the NCC-CH was 4.4 and the surface charge of the
adsorbent became negatively charged at pH > 4.4. As pH
increases above 4.4, deprotonation of amino (-NH,) and
carboxyl (-COO) groups could have occurred at the adsorbent
surface generating more of negatively charged surface binding
sites.”” The NCC-CH has OH, COOH and C=O0 groups, which
perform as active sites for dye adsorption. Moreover, CV
(Fig. 6¢-f) and MB (Fig. 7c-f) dyes readily adsorbed onto NCC-
CH in alkaline conditions. From Fig. 9c, it was observed that in-
creasing pH had increased the MB removal from 86 to 90% at

© 2023 The Author(s). Published by the Royal Society of Chemistry

15 mg L~ ! MB concentration. The active sites get fully ionized as
a result of an increase in the amount of negative charges on the
adsorbent. This in turn increased the electrostatic interaction
between the cationic dye molecules and surface binding sites in
NCC-CH hydrogel bead. However, the removal of dyes
decreased at higher pH which could be due to the declined
surface charge density of the adsorbent resulting in electrostatic
repulsion from the positive charge of the dye molecule.*
3.2.1.3. Influence of adsorbent dosage on dye removal. As seen
from the contour plots (Fig. 6a-e), increase in adsorbent dose
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resulted in decreased CV dye removal. The low dose 0.1 g had
achieved maximum removal efficiency than the higher doses.
The possible reason is that when NCC-CH concentration
increases, more active sites are crowded into a smaller space,
increasing steric hindrance and suppressing the adsorption
process.>* But, several authors had reported that the pollutant
removal increases with adsorbent dosage due to the increase in
active sites of the adsorbent.>**¢ Likely, MB removal increased
with increase in adsorbent dosage from 0.1 to 0.5 g (Fig. 7a-e).
The MB removal percentage increased from 77 to 94% as
adsorbent dosage increased from 0.1 to 0.5 g at 60 mg L™ ' MB
concentration and pH 9 (Fig. 7a). Through pore diffusion, CV
and MB in aqueous solution were first adsorbed on the surface
of adsorbents, then transported into the pore interiors of those
adsorbents. As dye molecules diffuse, both the structural
characteristics of adsorbents and adsorbates play an important
role in the adsorption process. A difference in the molecular
structures of MB (line-shaped) and CV (fork-shaped) could
contribute to the difference in adsorption patterns between CV
and MB as a result of the co-influence of the pore size of
adsorbents and the structure of adsorbates.””

3.2.1.4. Influence of contact time on dye removal. An essential
element of the designed adsorption process is the contact time
between the adsorbate and adsorbent. As seen from the surface
contour plots, the highest dye removal was observed at
minimum contact time. However, no drastic difference was
observed in removal efficiency of both the dyes. As time
increases, all the vacant adsorption sites in the surface of NCC-
CH hydrogel bead got occupied and saturated which lead to
decreased CV removal at higher contact time. Moreover, low
adsorption could be due to the electrostatic repulsion between
the adsorbed dye molecules and positively charged CV mole-
cules in aqueous solution.* From Fig. 7f, it can be seen that the
MB removal efficiency increased from 83 to 94% with decrease
in contact time at alkaline pH 9.

3.2.2. Model validation. After applying the desirability
function, the optimum CV removal was 94.75% at contact time
of 1 h, initial dye concentration of 60 mg L™, adsorbent dosage
of 0.5 g and solution pH of 9. The optimum MB removal was
95.88% at contact time of 1 h, initial dye concentration of
30 mg L', adsorbent dosage of 0.13 g and solution pH of 9. To
validate the accuracy of the model, the experiment was carried
in replicates with the optimized conditions. The average CV and
MB removal obtained was 94.75% and 95.88%, respectively,
which was closer to the predicted value (CV - 94.10% and MB -
95.74%). It indicated that the quadratic regression model was
valid and accurate in predicting the dye removal.®

3.3. Response surface modelling

3.3.1. Model fitting and analysis of variance. The quadratic
model suggested by the RSM tool was applied to analyse the
experimental results. The statistical analysis for the CV and MB
removal processes were given in Table 3, respectively. The p-
values for the model variables helps in determining the level of
significance (<0.05) of individual as well as interaction effects of
each factor.*® The p-values for both the process were <0.0001.
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Table 3 ANOVA and coefficients model for the dye removal process

ANOVA Ccv MB
Model

F-value 85.19 30.55
p-value <0.0001 <0.0001
Significance s¢ s¢
Lack of fit

F-value 0.70 5.05
p-value 0.6204 0.1759
Significance Ns“ Ns*
Coefficient of variation 0.30% 1.26%
R 0.99 0.98
Adjusted R 0.98 0.94
Predicted R 0.87 0.81
Adeq. precision 33.82 23.06

¢ 8 - significant; NS - not significant.

Similarly, the magnitude of significance of the quadratic model
and the factors was determined by the Fisher's F-test. If the F-
value is higher, the significance is higher for the model term.**
The F-value is calculated as the ratio between the mean square
of the model and the residual error. In addition to significant p-
values (<0.0001), F-value of 85.19 and 30.55 for CV and MB
removal, respectively, had also confirmed that the quadratic
model was the best fit in explaining the removal of dyes using
NCC-CH hydrogel beads. Model also suggested that there is
only a 0.01% chance for this large F-value could occur due to
noise. According to F-value, the order of effect of the process
parameters on the CV removal is as follows, initial dye
concentration > contact time > pH > adsorbent dose (Table S17).
Whereas, for MB removal the order was contact time > initial
dye concentration > adsorbent dose > pH (Table S2f). The
quadratic model equation with coded factors acquired for the
CV and MB removal processes by NCC-CH hydrogel beads were
given as,

CV removal (%) = +90.98 + 1.894 — 0.6424B — 0.7624C +
0.1914D + 0.18354B + 0.3757AC — 0.0074AD — 0.3336BC +
0.3028BD — 0.0652CD — 0.83224% + 0.0840B° + 0.6523C> +

0.5242D7 (8)

MB removal(%) = +90.35 — 2.464 + 2.24B — 0.7527C + 1.30D +
3.584B — 2.184C — 1.16AD — 3.60BC + 0.3121BD + 0.062CD —
1.114% — 2.70B* — 1.86C* — 0.017D? (9)

Among those variables, A, C, D, AC, BC, BD, A*>, C*, and D*
were found to have significant effect on the removal efficiency of
CV by NCC-CH hydrogel bead (Table S1t). Whereas, for MB
removal A, B, C, AB, AC, AD, BC, B*> and C* were found to have
significant effect (Table S21). Any model term with a positive
coefficient demonstrated a synergistic effect, whereas those
with a negative value indicated an antagonistic effect. The
insignificant terms were eliminated and the final model equa-
tion is expressed as,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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CV removal (%) = +90.98 + 1.894 — 0.6424B — 0.7624C +
0.1914D + 0.37574C — 0.3336BC + 0.3028BD — 0.83224% +
0.6523C* + 0.5242D° (10)

MB removal (%) = +89.76 + 2.534 — 1.93C + 1.25D + 0.37574C
— 0.8340BC + 0.7570BD — 0.83224% + 0.6523C> + 0.5242D°(11)

The lack of fit is insignificant relative to the pure error with
an F-value of 0.70 for CV removal and 5.05 for MB removal
(Table 3). The significance of “lack-of-fit,” according to the
literature, can be linked to repeated measurements with
repeating centre point data that are identical to one another.*
Non-significant ‘lack-of-fitt in our study implies that the
quadratic model is the best fit. The fit statistics data such as
coefficient of variation (%), adequate precision, R*, adjusted
and predicted R* were also obtained. The obtained co-efficient
of variation for both the dyes were <10% and that the data
were accepted with less variation between the experimental
results.®” The desirability of the I-optimal model was deter-
mined by the adequate precision ratio, which was found to be
33.82 and 23.06 for CV and MB removal, respectively in our
study. Chinonye et al.®* stated that if the ratio is above 4, then
this model could be used to navigate the design space. The R*
value should not be less than 0.75 for an accurate model.**
According to Rai et al.,* for there to be good agreement, the
adjusted R* (0.98) and predicted R* (0.87) must be within 20% of
each other for CV removal. For MB removal also, the adjusted R>
(0.94) and predicted R* (0.81) ought to be within 20% of each
other. As a result, the suggested model is 87 and 81% versatile
in predicting the CV and MB removal outside of the experi-
mental range of reaction conditions.

3.3.2. Diagnostic plots. Graphical estimations that
describes the difference between the experimental and pre-
dicted values is also essential to prove the fitness of the model.
The predicted values plotted against experimental values is
shown in Fig. S4t1 and the normal plot of residuals in Fig. S5.1
From the Fig. S3,7 it can be seen that the experimental values
obtained were in close proximity with the values predicted by
the model, which confirmed the robustness of the model.*®
Most of the residual values were found to be insignificant as
many values show only 1 unit deviations from the centre point
(Fig. S57). Hence, the quadratic regression model suggested by
RSM tool was sufficient in modelling the removal of CV and MB
by NCC-CH hydrogel beads. The deviation from the reference
point in terms of independent factors was shown in the
perturbation plot (Fig. S61). From the graph, the highest devi-
ation from 88.3 to 92% was exhibited by the initial dye
concentration, while the lowest was by solution pH (91.3 to
91.8%) for CV removal. It has been found that a curve or steep
slope indicates how sensitive the response is to certain factors,
whereas a flat line indicates how insensitive the response is to
those factors.®® The least influence on CV and MB removal was
exerted by adsorbent dosage and pH, respectively. Whereas,
initial dye concentration and contact time had highly influ-
enced the removal of CV and MB, respectively.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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3.4. Adsorption isotherms

Fig. 8a illustrates the effect of initial dye concentration on the
removal efficiency and adsorption capacity of NCC-CH hydrogel
bead for CV and MB. The initial dye concentration is proven to
be one of the most relevant component that would attribute to
the dye removal efficiency. The adsorption capacity was
increasing with increase in initial dye concentration which
shows that the adsorbent sites got occupied with the dye
molecules.®® In our study, the adsorption capacity of NCC-CH
hydrogel bead for CV and MB was increased from 5.98 to
14.11 mg g ' and 6.21 to 13.43 mg g~ ', respectively when their
initial concentrations was increased (25 to 60 mg L™"). Similar
trend was observed by Guzel et al* in his study that the
adsorption capacity of nanoporous carbon from tomato waste
increased from 2.83 to 21.89 mg g~ with the increase in initial
CV concentration from 25 to 200 mg L~ '. When CV concentra-
tion is increased, mass transfer from the bulk solution to the
surface of the sorbent is increased, resulting in faster sorbent
uptake and greater adsorption capacity.®’

Further, adsorption isotherms were used to determine the
relationship between the adsorbent and the adsorbate.®® Four
standard isotherm models used in this study were, Langmuir,
Freundlich, Temkin and Dubinin-Raduskevich (D-R) isotherm
models. The non-linear isotherm equations used were:

. leXK Ce
Langmuir : ¢. = f—i-—KLLCe (12)
Freundlich:
4e = K]:Cel/n (13)
Temkin:
e = Bln(KTCe) (14)
D-R:
Ge = qm exp(—Be”) (15)
1
=RTIn|1+— 16
. n( n Ce) (16)

where g, and C, is the adsorption capacity (mg g ') and dye
concentration (mg L") at equilibrium, respectively, ¢y, is the
maximum adsorption capacity (mg g~ '), Ky is the Langmuir
adsorption constant (L mg™ '), Ky is Freundlich adsorption
constant, n is the heterogeneity factor, B is the Temkin constant
that is controlled by the adjusted uptake temperature (J mol %),
Kr is the binding constant of Temkin isotherm (L g™ %), 8 is the
adsorption energy constant (mol®J~?), ¢ is the Polanyi potential
(k] mol™"), R is the universal gas constant (8.314 J mol " K ")
and T is the absolute temperature (K).

Furthermore, to validate the adsorption isotherm models,
Chi-square (x*)® error parameter was evaluated in addition to
R?. The error equation used was:
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where, “exp” and “calc” indicate the experimental and calcu-
lated values of the adsorption capacity for the each isotherm
model, respectively.

The isotherm model constants and their fitting correlation
coefficients (R*) were given in Table 4. The value of R?, and x>
were used to determine the suitability of the model. The best
suited model is the one which has the higher R* and lower x*
values. The non-linear plots of four isotherm models for CV and
MB adsorption was given in Fig. S7.7 The best suited model for
CV removal was found to be Langmuir and Freundlich model,
while for MB removal it was D-R and Freundlich model based
on the high R*> value. The maximum monolayer adsorption
capacity for CV and MB is 34.82 and 11.18 mg g™, respectively.
But, the error analysis for CV removal indicated that the lower
error values were found in D-R and Freundlich model even
though Langmuir model has higher R* value. So, CV removal
would have followed both Freundlich and Langmuir model i.e.
both multilayer adsorption and monolayer chemical adsorp-
tion. Monolayer adsorption is the reversible chemical reaction
in which adsorption and desorption are equal at equilibrium.*
According to Langmuir isotherm, no additional adsorption can
take place at the binding site once the dye has occupied it, and
dye molecules cannot interact with one another. Similar to our
results, Bassyouni et al.”” also observed that adsorption of direct
blue 71 dye on nanocellulose-chitosan beads had followed both
Langmuir and Freundlich sorption at different dye concentra-
tions. Whereas, Abdelaziz et al.*® had reported that acid red 8
dye adsorption by cellulose nanocrystal hydrogel is composed of
homogenous sorption sites and had followed only Langmuir
model with adsorption capacity of 11.24 mg g *. Freundlich
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adsorption isotherm for MB removal indicated that the dyes
could be removed from the external particle layers very effi-
ciently by the adsorbent in a multilayer coverage where the
functional groups were heterogeneous. Moreover, the Freund-
lich constant K values were >1 for both the dyes signifying that
the energy of adsorption decreases with an increase in the
degree of occupancy of active adsorption sites.** A further
indication of adsorption isotherm deviation is provided by the
Freundlich intensity parameter or surface heterogeneity, 1/n.
The adsorption process is considered favourable when 1/n < 1
and unfavourable when 1/n > 1. The adsorption of CV and MB
onto NCC-CH was favourable as indicated by 1/n values being
less than unity. Also, this favourable adsorption increases the
adsorption capacity of NCC-CH due to the formation of new
active adsorption sites. Even though the adsorption is favour-
able, desorption of dyes from the adsorbent would have similar
characteristics with an unfavourable isotherm.®

Temkin isotherm addresses the interactions between
adsorbate molecules and makes the assumption that the
enthalpy of dye molecules drops linearly as the layer is covered
and that the adsorption process is characterized with a uniform
distribution of binding energies. The constant B, which
measures the heat of adsorption was found to be positive,
indicating an exothermic reaction.” The Temkin constant B
values obtained for CV and MB removal were 6.41 and 1.73,
respectively. Similar findings were recorded by Aysu et al.,”* in
which removal of CV and MB by activated carbon was an
exothermic process with positive B values of 171.8 and 154.9,
respectively.

Experimental data was also evaluated using Dubinin-
Raduskevich (D-R) isotherm model to confirm the nature of
dyes adsorption onto NCC-CH. The high R* value for CV (0.97)
and MB (0.98) removal, indicated that the D-R isotherm is best

Table 4 Adsorption isotherms and kinetics for CV and MB removal by NCC-CH

Adsorption isotherms

Langmuir Freundlich Temkin D-R

cv MB cv MB cv MB Ccv MB
gm (mgg™")  34.82 11.18 1/n 0.71 0.22 B 6.41 173 E (k] mol™") 1.31 0.76
Ky (L mg™) 0.18 5.32 Ky (mgg™)  5.69 8.35 Kr(Lmg™) 225 156.01 g, (mgg™)  21.13 18.09

8 (mol*J ™2 0.29 0.86

R 0.99 0.66 R 0.99 0.93 R’ 0.95 0.81 R 0.97 0.98
x* 0.135 0.570  x* 0.069  0.348  x* 0.407 123 ¥ 0.008 0.125
Adsorption kinetics
Pseudo-first order Pseudo-second order Elovich Intra particle diffusion

cv MB Ccv MB Ccv MB Ccv MB
k; (min™") 011 011 ky(gmg 'min") 0.002 0.031 «(mgg 'min') 12.6 x 10° 3.62 kg (mgg 'h™*%) 0.166 0.156
Gecar (Mg g™ ") 1422 1419  Geca (mgg ') 14.69 1452 f(gmg ) 1.34 159 C 12.40  12.55
Geoxp (Mg g™") 14.87 1472 geexp (Mg g™) 14.87  14.72
R? 072 075 R 091 090 R 0.82 0.83 R* 0.69  0.89
X’ 0.097 0.018 ¥ 0.029 0.101 x> 0.006 0.004 x> 0.108  0.026
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suited to explain the adsorption of dyes onto NCC-CH.

According to D-R isotherm, the mechanism of adsorption of

dye molecules in mesopores of NCC-CH is based on pore

volume filling.*® But, the nature and strength of adsorption

process can be determined by calculating the free energy of
adsorption (E) using the eqn (20).
1

E= — (18)

V28

Usually, the sorption energy ranges from 1 to 8 k] mol ™" for
physical sorption, and from 9 to 16 kJ mol™" for chemical
sorption.”” The adsorption energy obtained in this study for
adsorption of CV and MB were 1.31 and 0.76 k] mol %, respec-
tively. The adsorption energy for both the dyes were below
1 k] mol ™" confirming that the adsorption of dyes on to NCC~
CH hydrogel bead was physical via weak van der Waals inter-
actions. Similarly, Elsherif et al.”® conducted a study with olive
leaves powder as adsorbent for CV dye and reported
0.707 kJ mol " indicating that physisorption is predominant
process in adsorption.

3.5. Adsorption kinetics

As seen from the Fig. 8b, the removal of dye molecules was rapid
at the initial stage and attained equilibrium after some time. CV
removal increased rapidly up to 60 min and thereafter attained
stationary phase after 80 min. However, MB removal attained
stationary phase after 140 min (Fig. 8b). In a study conducted by
Chawla et al’® CV removal using chitosan beads had also
attained equilibrium phase after 90 min. As the dye molecules
occupied the active sites on NCC-CH, the adsorption slowed
down, and equilibrium was eventually reached.”®”® The
maximum adsorption capacity of CV and MB by NCC-CH was
14.87 and 14.72 mg g ', respectively. In an attempt to under-
stand the adsorption kinetics of CV and MB onto NCC-CH
hydrogel beads, the pseudo-first order, pseudo-second order,
Elovich, and intraparticle diffusion models were employed to
explain our experimental results.” The non-linear equations of
used models were given as follows:

a T T T T T T T T
#-— MB Removal (%)
100 4 i ® - CV Removal (%) /@ 14
# - MB - ge (mg/g) "
®--CV -qe (mg/g) :
98
L}
— - 12
X
< 964 — 4 . N
g . R g
g LNz F10 £
5 94+ > ® £
= 2
o ':/' L
O 92 Y s
¥
90 - .
& L -6
88 T T T T T T T T

20 25 30 35 40 45 50 55 60 65

Initial dye concentration (mg L)
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) ] ky

Pseudo-first order : log(g. — ¢;) = log ¢. — 2.3031 (19)

2

qe sz
Pseudo- dorder: ¢,= ——— 20
seudo-second order : ¢, kot + 1 (20)
Elovich:
4, = B1In(r) + B 1In(a) (21)
1

Intraparticle diffusion : ¢, = kg2 + C (22)

' min~") are the pseudo-first

where, k; (min™") and k, (g mg~
order rate constant and pseudo-second order rate constant,
respectively. The g. and g, refer to the amounts of dye adsorbed
onto NCC-CH hydrogel beads (mg g™ ") at equilibrium and at
time ¢, respectively. « is the initial adsorption rate (mg
¢ ' min~") and § is the desorption constant (g mg™ '), kiq is the
intraparticle diffusion rate constant (g mg~* min*?) and C is
a constant related to the extent of the boundary layer effect.
Usually the best fit kinetic model was selected based on the
predicted g. value and correlation coefficient (R?).

The pseudo-first order kinetics is the first equation used to
describe the adsorption kinetics of a system based on the
quantity of adsorbate adsorbed on to the adsorbent. Whereas,
the pseudo-second order is considered as the rate limiting step
controlling the adsorption process.”” The values of the kinetic
parameters were given in Table 4. The non-linear plots of four
models for CV and MB adsorption were given in Fig. S8,}
respectively. Adsorption of both the dyes had invariably high r?
value for pseudo-second order kinetic model. It indicates that
the effectiveness of the adsorption relies largely on the number
of accessible active sites of the adsorbent NCC-CH and hence
the experimental data is more accurately explained by pseudo-
second order kinetic model. A crucial part in adsorption is
also played by the valence forces created by sharing or trading of
electrons between the adsorbent and adsorbate.” The experi-
mental equilibrium adsorption capacity (g.) of CV and MB was
14.87 and 14.72 mg g~ ', respectively which was very close to the
calculated g. in the pseudo-second order model. This

b o T B e S s e
= MB Removal (%)
@ CV Removal (%) 3 1
96 - ® MB-qt (mg/g) / L
- CV-qt(mglg) $ ¢ -8 -8 -8 -8 144
944 [ 2 o
9 k14.0
8\-/ 92A o/ —
g v °
£ %01 . ¥ L136 £
& ] <3
Q 88 "
[a] ®
: 13.2
86 o
¢
84
. 12.8
82 T T T T

T T T T T
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Time (min)

o
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Fig. 8 Effect of initial dye concentration (a) and contact time (b) on removal of CV and MB.
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emphasizes the superior fit of pseudo-second model for both
the dyes, confirming that the overall rate is driven by the elec-
trostatic attraction. Furthermore, according to this kinetic
model, the adsorption rate does not depend on the concentra-
tion of the adsorbate but on sorption capacity.” Hamza et al.*
published similar results, stating that CV adsorption on nano-
porous carbon from waste tomato paste followed pseudo-
second order kinetic adsorption with g. of 3.08 mg g ' at
75 ppm. In assuming that solid surfaces are energetically
heterogeneous, the Elovich equation was successfully applied to
describe the second-order kinetics.** The low x> value of Elovich
model for CV (0.006) and MB (0.004) adsorption indicated that
the chemisorption would be the rate limiting step and the
adsorbent surface was heterogeneous. However, the initial
adsorption rate was higher only for CV adsorption with the
value of 12.6 x 10 mg g~ min " (ref. 83) than the MB (3.62 mg
g ' min~"). Similarly, Gala et al.® reported that CV adsorption
onto glutaraldehyde cross-linked chitosan beads had followed
Elovich model and the adsorption rate decreased with time due
to more generous coverage on the surface.

The rate controlling steps of an adsorption process mainly
depends on surface or pore diffusion.” So, to determine the rate
controlling step, Weber-Morris intraparticle diffusion model
was applied. The plots did not pass through the origin which
evidently confirmed that the intraparticle diffusion alone is not
the rate controlling step. Some other kinetic models or
boundary layer control might also control the adsorption rate by
operating simultaneously.”” However, the positive intercept
value of 12.40 for CV and 12.55 for MB adsorption indicated that
the adsorption process could mainly be controlled by both the
external and internal diffusions.” The MB adsorption had
occurred at three stages as depicted in Fig. S8.f The first stage of
sharp increase in adsorption is attributed to the movement of
dye molecules on to the outer surface of NCC-CH hydrogel bead
by diffusion through boundary layer. Followed by a decrease in
the rate of adsorption at second stage and then the dye mole-
cules would be diffused into the interior small pores of the
adsorbent reaching equilibrium at third stage. Similar findings
were reported by Melo et al.”. In their study, MB adsorption
onto cellulose nanowhiskers-chitosan hydrogel bead had
significant R* values at the second stage of intraparticle diffu-
sion reflecting non-consecutive diffusion into the wider micro-
pores within the adsorbent. In light of the above results, the
adsorption of CV on NCC-CH hydrogel beads can be fitted by
the pseudo-second order, Langmuir, and Freundlich models, in
which valence forces are involved through the exchange of
electrons between the adsorbent and the adsorbate. Whereas,
MB adsorption fitted by Freundlich and pseudo-second order
models had followed multilayer chemical adsorption.

3.6. FTIR after adsorption of dyes

The significant changes in NCC-CH spectra exhibited after
adsorption of dyes were depicted in Fig. 7. The characteristic
peak shift from 3360 to 3283 and 3425 cm™ "' after CV and MB
adsorption, respectively could be due to the strong interactions
such as electrostatic bonding of dye molecules with hydroxyl (-
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OH) group in NCC-CH beads. Besides, the peaks at 1654 cm™*
(amide I) and 1561 cm ™" (amide II) in NCC-CH spectra before
adsorption were shifted to higher frequency in CV-ads spectra
(1661 and 1585 cm ') and to lower frequency in MB-ads spectra
(1632 and 1509 cm™"). Also, these peaks were weakened after
adsorption. The intensity of the peak 1410 cm ™' in NCC-CH
spectra corresponding to -NH deformation in -NH, was dras-
tically reduced after dye adsorption indicating the formation of
hydrogen bonds with the dye molecules. The peaks corre-
sponding to C-H deformation and C=O0 stretching of carbox-
ylic acids at 877 and 1774 cm™ ' were completely disappeared
after adsorption of dyes.* After the adsorption of CV and MB
over NCC-CH beads, a few additional peaks appeared as a result
of aromatic rings and the interaction of the dyes with the beads.
This proved that chemical adsorption was also involved in the
adsorption of CV and MB. These changes in the position of
functional groups indicate that the CV and MB adsorption onto
NCC-CH hydrogel bead was successful.

3.7. Mechanism of CV and MB adsorption onto NCC-CH
hydrogel beads

From the FTIR results and taking into account the functional
groups (-OH, -NH,, -OSO; ) present in the NCC-CH hydrogel
beads and dyes previously, Fig. 9 summarizes the various
mechanisms involved in adsorption of cationic dyes. Adsorp-
tion mechanisms include hydrogen bonding, n-m, and elec-
trostatic interaction, dipolar bonds, and van der Waals forces.
Two types of hydrogen bonding could have occurred. Dipole-
dipole hydrogen bonding between the H-acceptor (nitrogen) in
the dye molecules and the hydrogen present in ~-OH group of
NCC-CH surface. Second H-bonding occurred with the -OH
groups and the aromatic rings of CV and MB known as Yoshida
H-bonding interactions.® As seen from FTIR results (Fig. 5), the
intensity of ~OH groups (3360 cm ') in NCC-CH spectra had
reduced slightly after adsorption of CV and MB. This confirms
that hydrogen bonding contributed little to the adsorption
mechanism. Moreover, weak electrostatic attractions could also
occurred between the negatively charged sites on the NCC-CH
surface and the cationic dye molecules in the solution. When
pH of the solution is above zero point charge, the oxygen-
containing functional groups become ionized and decreased
the solution pH. Thus increase in negative charge in the
adsorbent surface readily binds the positively charged mole-
cules. The electron donor-acceptor interactions (n-7) occurred
between the oxygen as donor on the surface of NCC-CH
hydrogel bead and aromatic rings of CV and MB dye molecules
act as acceptors.® The disappearance of C=0 and C-O peaks in
the FTIR spectra after dye adsorption indicated that the n-m
interactions could have played a substantial part in the
adsorption process. Furthermore, CV had followed both
Freundlich and Langmuir isotherms revealing the occurrence of
electrostatic and n-m interactions and hydrogen bonding.
Whereas, MB adsorption had fitted with Langmuir isotherm
indicating that the electrostatic attraction (charge neutraliza-
tion) was predominant.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Proposed adsorption mechanisms for CV and MB dyes onto NCC—-CH hydrogel beads.

3.8. Desorption and reusability of NCC-CH hydrogel beads

To improve the economic feasibility of the synthesized NCC-CH
hydrogel bead, it was subjected to successive adsorption/
desorption cycles. After desorption, the adsorbent can be
reused thus minimizing the need for resources and cost
incurred for the synthesis of new adsorbents.* Desorption were

a I ~E 1] OF 1 AE 2] OE 2l AE 3

T T T T T T T T
NaOH KOH NaCl CaCl2 HCI HNO3 Ethanol Water

AE - Adsorption Efficiency DE - Desorption Efficiency

carried out using different eluents and the results are depicted
in Fig. 10. The use of 1 M NaOH and 1 M KOH had performed
better in case of CV desorption, while for MB 0.1 M HCI and
50% ethanol performed better. Furthermore, adsorption effi-
ciency of the other adsorbents were decreased below 50%. The
adsorption efficiency of NCC-CH for MB was 87% and 83% at

b I AE 1] OF (I A€ 2l OF 2l AE 3

T T T T T T T T 1
NaOH KOH NaCl CaCl2 HCI HNO3 Ethanol Water

AE - Adsorption Efficiency DE - Desorption Efficiency

Fig. 10 Variation in adsorption and desorption efficiency of NCC—-CH under different desorbents (a) CV and (b) MB.
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the third cycle when desorbed with 0.1 M HCl and 50% ethanol,
respectively. Whereas, the CV adsorption at the third cycle was
92% in 1 M NaOH and 95% in KOH desorbed beads. After 8
cycles the CV adsorption capacity of NCC-CH hydrogel beads
regenerated with 1 M KOH was found to be 60% (Fig. S9at). The
saturation of active sites on the surface of adsorbents might be
the cause of the decline in adsorption/desorption efficiency.
The electrostatic interaction between NCC-CH and the dye
molecules become weaker in basic solutions and this could be
the reason for better desorption while using 1 M NaOH and 1 M
KOH than the other ones in CV dye adsorption.*® Desorption of
MB adsorbed beads using 0.1 M HCI had 60% adsorption effi-
ciency after 7 cycles. Similarly, Momina et al.®” reported that
bentonite based adsorbent was used up to 7 cycles with 70% MB
desorption using HCI solution. Also, the adsorption capacity of
NCC-CH regenerated with 50% ethanol was reduced by 42%
after 7th cycle (Fig. S9bt). Ethanol, which has both hydrophobic
(-CH3) and hydrophilic (-OH) functional groups. The hydro-
phobic group in ethanol can strongly adsorb onto the aromatic
structure of carbon,*® whereas the hydrophilic group interacts
with surface functional groups (-OH, -COOH) of NCC-CH
beads. This interaction keeps ethanol molecules firmly adsor-
bed on NCC-CH surface and partially inhibits the interaction
between adsorbent and dye molecules. Here, desorption of dye
molecules using ethanol actually involves two steps: first, the
dye molecules are replaced by ethanol molecules, and then they
get dissolved in the solution. Hence, the regeneration of NCC-
CH were successful while using 1 M NaOH, 1 M KOH, 0.1 M HCI
and 50% ethanol as eluents.

4. Conclusion

The NCC-CH hydrogel beads were evaluated as adsorbent for
removal of cationic dyes, CV and MB from aqueous solutions.
The characterization techniques reveal that the nanocrystalline
cellulose and chitosan were successfully blended to form
hydrogel beads. The cationic dyes from the aqueous solution
were effectively bound by the pores as well as active functional
groups in the NCC-CH surface. The optimum CV removal ob-
tained through RSM was 94.75% at contact time of 1 h, initial
dye concentration of 60 mg L™ ", adsorbent dosage of 0.5 g and
solution pH of 9. The optimum conditions for MB removal
(95.88%) were at alkaline pH 9, initial MB concentration of
15 mg L', and 0.13 g adsorbent dose at 1 h. The isotherm
studies showed that the adsorption of MB dye had followed
Freundlich isotherm with multilayer adsorption, while CV
adsorption followed both Freundlich and Langmuir isotherm
models. According to D-R isotherm studies the adsorption
mechanism of CV and MB on NCC-CH hydrogel beads was
confirmed to be predominantly physical. Kinetics study sug-
gested that the adsorption of CV and MB onto NCC-CH is
predominant by the pseudo-second order adsorption mecha-
nism. This implied that hydrogen bonding, and electrostatic
and n-m interactions were involved in the adsorption of cationic
dyes on the synthesized NCC-CH hydrogel beads. In addition to
that, adsorbent was easily regenerated with 1 M NaOH and 1 M
KOH after CV adsorption and 0.1 M HCI and 50% ethanol after
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MB adsorption even up to eight cycles. Hence, the synthesized
NCC-CH hydrogel beads can therefore be used to develop
a reliable, effective and eco-friendly tertiary treatment tech-
nology for dyeing industry effluents.
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