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Abstract

Heavy metal contamination drastically effects the ecosystem and human life. This work focusing on elimination
of Chromium (Cr (VI)) ion from the synthetic wastewater using biodegradable and easy to use chitosan blended
sugarcane bagasse nanocomposite. The nanocomposite was prepared via crosslinking of chitosan and cellulose
nanocrystals with N, N-methylenebisacrylamide (MBA). The successful blending and crosslinking have been
confirmed by using Fourier Transform Infrared Spectroscopy (FTIR), Field Emission Scanning Electron
Microscopy (FESEM), X-Ray diffraction (XRD), Particle size analysis (PSA). The adsorption potential of the
nanocomposite of heavy metal ion under different time duration, pH, dosage and initial chromium solution
concentration were analysed using UV spectroscopy. The ideal pH was 4, equilibrium interface time was 90 min,
adsorbent dose was 0.1 g, and beginning metal ion concentration was 100 ppm for the adsorption investigation.
Tonic effect was also observed. The adsorption potential was evaluated using linear and nonlinear isotherm and
kinetic models and results portrayed that the Langmuir Isotherm were best fitted in case of linear and Freundlich
in case of nonlinear models, whereas follow Pseudo 2™ order reaction in case of linear and Pseudo 1% order
reaction in case of nonlinear showing chemical bonding between the adsorbent (nanocomposite) and adsorbate
(chromium ions). Thermodynamics parameters were analysed it confirms the spontaneous and favourable
adsorption mechanism. Maximum desorption rate of 95% at 90 min contact time was observed in 0.1 M HCI, with
five repetitive cycles.
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1. Introduction

The growth in industrial scale becomes hasty worldwide which results in the ingression of various unwanted
heavy metal to the aquatic water system. Many industrial wastewater effluents contain metals such as Pb, Zn, Ni,
Cr, Cu, and Hg, which are very hazardous and carcinogenic even at low concentrations. Due to non-biodegradable
behaviour of heavy metals, it becomes substantially hazardous and cause environmental as well as human health
damage [1-4] It causes problem and show toxic behaviour, even at modest level [5]. This study mainly deals with
the removal of Chromium (Cr (VI)) metal ions from laboratory prepared aqueous solution. Trivalent and
hexavalent chromium have differing chemical, biological, and environmental properties. It is also known to be as
trace metal required at a very small quantity for the growth of several microorganism, on the other hand it the also
show extreme toxicity level, known to be carcinogenic in behaviour also [6].

The majority of chromium wastewater is discharged from sources such as tanneries, textile, electroplating,
steel production, and mining sectors, among others [7-9]. Due to their non-biodegradable nature, high toxicity,
and ease of entry into the food chain, chromium heavy metals pose a concern to both humans and ecosystems
[10]. It also causes cancer, renal and liver dysfunction, vomiting, ulcers, and skin discoloration, among others
[11,12]. The concerned govern authorities WHO set limitations for chromium-ion-containing wastewater



discharge to surface waterbodies. Safe disposal levels up to 0.1 mg/L and 0.05 mg/L in surface waterbodies and
drinking water respectively. In order to comply with this permissible limit, it is utmost important that all the
concerned industries properly treat chromium wastewater to meet out the acceptable standards, prior to discharge
into the natural environment [13].

Numerous conventional techniques have been used to treat wastewater containing heavy metals in order to
lessen the impact of heavy metal pollution on the freshwater ecosystem and human health, including membrane
separation, biological methods, TiO, photocatalysis, sedimentation, electroplating, precipitation, photocatalytic
reduction, ion exchange, precipitation, adsorption, Fenton-like oxidation, replacement-coprecipitation. Some of
these methods are unsuitable for chromium species eradication due to their resistance. Most existing technologies
are expensive, produce secondary pollutants, use a lot of energy, process slowly, have poor adsorbent
regeneration, and only remove a small amount of pollutant [14,15]

Adsorption method is remarkably used to treat wastewater. This method is flexible, less energy needed for
working condition, easy to use, economic and repeatedly use of adsorbent make it cost effective also. Moreover,
because adsorption is occasionally reversible, adsorbents can be renewed through an appropriate desorption
procedure [16]. Using cheap and effective adsorbent to remove Cr (VI) from aqueous solutions has been reported
in recent years. Various agro-based adsorbents are used, such as sweet lime peel, waste tea leaves, apple peel,
banana peel, pine bark, rice husk, mangrove charcoal etc [17,18-24]. The non-conventional adsorbent show
number of advantages such as efficient removal of the pollutant, cheaper than conventional adsorbents with very
low transportation cost comparatively if available locally, simplest process is used for the lignin removal for the
extraction of major portion from the raw material and require less maintenance cost. Therefore, cost-effective
adsorbent is one of the factors that keeps on mind while fabricating adsorbents. In this study nanocomposite
formulation was done by using chitosan as matrix and cellulose nanocrystals (CNCs) act as nanofillers, for
reinforcement the nanocomposite was crosslinked with N, N-methylenebisacrylamide (MBA).

Nontoxic, biodegradable, and soluble in basic media, chitosan forms high-viscosity solutions. Chitosan films
and chelates. De-acetylating chitin produces p-(1—4)-linked D-glucosamine, one of the most prevalent natural
polymers. Due to its chemical, biological, and physical qualities, chitosan has several uses. Food, agriculture,
cosmetics, biomedicine, pharmaceuticals, fibers, drinking water, wastewater treatment, toiletries, textiles, and
paper industry use it. [25]. Due to its amine functional groups, chitosan selectively adsorbs metal ions [26-28].
Chitosan's stability in acidic conditions and selective adsorption of heavy metals are improved via chemical
treatment. Chitosan can be modified by crosslinking [29,30], grafting [31], carboxy-methylation [32], and
blending [33,34]. Unmodified biomass had poorer absorption capability. Thus, one of the most effective ways to
boost biomass's water pollution absorption is chemical alteration.

A natural biopolymer called cellulose is produced from the biomass of plants, including trees, vines, and
straws. This is one of the explanations for the widespread availability and use of cellulose. The production of
cellulose from the sources can be accomplished using biological, chemical, and mechanical procedures. The term
"nanocellulose" refers to cellulose that was produced at the nanoscale (NC) [35]. NC is a successful adsorbent
for the elimination of contaminants from wastewater due to its high specific nano-dimension area, many hydroxyl
groups, and exceptional mechanical characteristics. NC has been used extensively as an adsorbent, especially for
the removal of dangerous colors and heavy metals from water [36-38]. The use of NC in the process of removing
chromium ions from an environment is constrained, nevertheless, due to its low adsorption capability. By
modifying the NC's surface to boost its affinity and capacity for adsorbing the desired ions, this restriction can be
overcome. Studies have been conducted using cellulose- and chitosan-based polymers for the adsorptive removal
of heavy metals and dyes. In this study, a novel biocomposite adsorbent was made from the two most abundant
natural resources (nanocellulose and chitosan) that was developed by extracting nanocellulose from sugarcane
bagasse, to remove chromium ions from synthetic wastewater. In order to increase the stability of chitosan
molecules and nanocellulose during adsorption study it was crosslinked thermally with methylene-bis-acrylamide
(MBA) by casting process at a constant temperature. Several limiting parameters were investigated during the
adsorption process, including pH value, contact duration, initial metal concentration and adequate dosage. In
addition, the isotherms, kinetics (linear and nonlinear) and thermodynamics studies were performed to observe
the adsorption behavior. In previous research, several kinds of catalysts and initiators were utilized to accelerate
the adsorption reaction (with MBA serving as the crosslinker), and this was done solely for the purpose of the
development of hydrogels and super hydrogels [39,40,41]. In this study we use novel and simple one-way process
for the creation of a nanocomposite adsorbent utilizing MBA alone, to the best of our knowledge, this has not
been reported without the use of any extra chemicals to either start or speed up the reaction. This research employs
a novel strategy that has never been used in any prior investigation of nanocellulose.



2. Materials and methods

2.1 Reagents used

The raw sugarcane bagasse was obtained from CIPRII Saharanpur plant in dried form. All the chemicals such
as Chitosan (90% deacetylated), Sodium hypochlorite (13%), H,SO4 (97%), MBA (99%), Glacial acetic acid
(99%), Potassium dichromate (K2Cr,07), Diphenyl carbazide (DPC) as indicator were purchased from Sigma
Aldrich and used in its original form during experimental work. No distillation or purification procedures were
utilised, and all the compounds were of analytical quality.

2.2 CNCs extraction process

The received sugarcane bagasse (SGB) firstly washed properly and dried for 5-10 days at room temperature.
After adequate washing it was treated preliminary and chemically in order to enhance its metal uptake efficiency.
For primary alkali treatment, known amount of SGB treated with NaOH (0.1 M) and stirred at 300 rpm for 10 h.
After attaining neutral pH, the sample was further treated with 13 % NaOCI solution for bleaching purpose, stirred
at 450 rpm for 8 h and finally treated with 2 % acid solution, stirred for 60 min at 50°C for to extract out CNCs.
After completion of hydrolysis process, 10 folds cold deionized (DI) water were added number of times to get pH
7. Now, the extracted CNCs suspension were centrifuged at rotation per min of 6500 for 30 min, then after
centrifuged CNCs pulp washed again and completely dried at 80°C to obtain fine powder of CNCs and stored for
further research study.

2.3 Synthesis of nanocomposite membrane-based adsorbent

A suspension of the CNCs was made by dispersing around 2.0 g of cellulose nanocrystals in 50 mL of DI
water, followed by the addition of 0.5 g of chitosan that had been dissolved in 30 mL of 2% acetic acid. Afterward,
0.04 g crosslinking agent (MBA) was added and stirred for 60 min. After that, the mixture was put into a Petri
dish and heated at 70°C for 8 h. After complete drying, the resulted sample cools down at room temperature and
further distilled water added to make the membrane detach from the surface. After frequent washing in order to
remove all the unreacted particles, it finally dried well with bloating paper and preserved for further analysis. The
resulted membrane was labelled as chitin nanocrystals (ChNC)+MBA.

2.4 Characterization of synthesized nanocomposite
2.4.1 Particle size analysis
The measurements were taken with a Malvern 3000 Zetasizer NanoZS (Malvern Instruments, Malvern, WR14

1XZ. UK). Using dynamic light scattering, this instrument calculates particle sizes and distributions from data
gathered on particles moving with Brownian motion.

2.4.2 FTIR spectrum analysis
The functional group entities were analysed using FTIR, Model-L160000V, Make- Perkin Elmer, Waltham,

MA, USA. During analysis the spectra was analysed in the frequency ranges from 4000 to 1000 cm-1 at normal
room temperature.

2.4.3 XRD spectral analysis
To evaluate the crystallinity of the ChNC+MBA nanocomposite before and after metal ions adsorption and

after desorption XRD Rigaku Ultima IV (Japan) used. Cu target Ko radiations (1.154 nm) were scanned at 2
nm/min between angles 4 and 90. Scherrer equation determined average crystallite size (nm).
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where, K = correction factor (0.91), A= 0.154 nm, 6= diffraction angle, p = FWHM (radians), D = crystallite
size (nm).

For crystalline index (CI) following equation is used:

CI (%) = Ac/(Ac + Aa) x 100 )

Ac = crystalline peaks total area and Aq = amorphous region total area.



2.4.4 Field Emission Scanning Electron Microscopy (FESEM) micrographs analysis

To detect the structural changes after fabrication with other polymers the resulted membrane-based adsorbent
were analysed using FESEM. To analyse the structural structure of the samples, operating voltage of 10 to 25 KV
was used. The samples were thinly coated with gold layer before examination using a sputtering process for
improved results.

2.4.5 Ionic strength

After adding NaCl to increase the ionic strength to 0.2-1.0 mol/L, 0.1 g adsorbents and 50 mL metal ion
solution (100 mg/L) were shaken for 24 h at 30°C.

2.5 Adsorption study

To investigate the ChNC+MBA, potential towards Cr (VI) ions removal, batch study was conducted at room
temperature 30°C. For Batch study, 100 mL metal ion solution and the necessary adsorbents were taken in 250
mL stopper conical flask. These tests were done at the appropriate pH value, contact duration, adequate dose of
adsorbent, and beginning metal ion concentration. A variety of Cr (VI) solutions with varying beginning
concentrations were generated by appropriately diluting a stock solution containing 1000 ppm of Cr (VI).

To optimize pH, we utilized 50 mL of a metal ion solution with 100 mg/L. NaOH or HC1 (0.1 M) was used to
adjust pH. After adding metal ion solutions to 0.1 g of nanocomposite, the mixture was agitated for 2 h at 30°C.
Cr (VI) concentration of 100 mg/L and a pH of 4 were used to study the effect of adsorbent dose on percent
removal. A solution of Cr (VI) with concentrations from 20 mg/L to 100 mg/L, a pH of 4, a contact length of 2
hours, and an adsorbent dose level of 0.1 g/L was used to study the influence of beginning concentration. The
same procedure was used to study contact time.

Following American Public Health Association (APHA) and American Water Works Association (AWWA)
standards for water and wastewater inspection, the flask's contents were filtered through filter paper and tested for
the amount of Cr (VI) that was left using a HACH-DR-4000 UV visible spectrophotometer with 1,5-
diphenylcarbazide in acid medium. All tests were repeated to assure uniformity. After a thorough batch study, the
removal rate and adsorbed metal ion were calculated using the Equation 3 and 4.

Removal Rate(%) _ Metal Conc(pjtjal) — Metal Conc(ginar)

x100 3)

Metal Conc(ipitial)

Co— Ce xV
m

Adsorbed metal ion(mg/g) = @)
whereas Cy denotes initial concentration of Cr (VI), C. denotes final Cr (VI) concentration after adsorption, V
is total volume of the working solution taken in litre and m denotes adsorbent dried weight in gm.

During adsorption, metal ion ranging from 20 to 100 mg/L. were measured. The potentiality of a 50 mL
working solution containing 0.1 g adsorbent was examined using linear and non-linear isotherm models. For 24
h, the mixture was stirred at 30°C.

Linear and non-linear models were used to analyse adsorption kinetics by contacting 100 mL of a metal ions
solution with an initial concentration of 100 mg/L with 0.2 grams of adsorbents at 30 degrees Celsius and pH 4.0.
The Linearized isotherms represented as Equation 5 and 6:

Ce _ 1 X
de dm Ce + dm (5)
Ing. = InKg + ~InC, (6)

C. (mgL") stands for metal ions concentration (at equilibrium), q. (mgg™') for the amount of metal ions
adsorbed (at equilibrium), g, (mgg™!) for maximum adsorption capacity, Ki and K¢ (Lmg™!) for Langmuir and
Freundlich constants, and 1/n for adsorption intensity in the corresponding equations. The Non-linear isotherms
represented as Equation 7 and 8:

q _9max K Ce @)

T 1+KCe

Qo= g, x Ce/™ ®)



The equation indicates the nanocomposite's adsorption capacity (qe), maximum adsorption capacity (qmax),
Langmuir adsorption constant (K1), and metal ion concentration (Ce) (equilibrium). Kr (mg g™!) is the Freundlich
constant for adsorption tendency, and 1/n is for surface heterogeneity.

To know about the occurrence of interaction during adsorption process kinetics models were used. The linear
as well as nonlinear form of Pseudo first order (PFO) and Pseudo second order (PSO) were analysed and
represented below in Equation 9,10, 11 and 12:

In(ge -q0) =Inge — k1t ©)
i: k2(1192 + i (10)
Qi =qe(1-e7k1t ) an
A _ %%2kat (12)
-

ge (mgg!) and gt (mgg') represent adsorption capacity (at equilibrium) and duration t (min), respectively,
whereas K; and K, (g mg/min) represent PFO and PSO rate constants.

The impact of the solution temperature was evaluated by adding 0.1 g of nanocomposite to a series of flasks
that each contained 50 mL (100 mg/L) of a metal ions solution with a pH of 4.0. The flasks were arranged in a
sequence. Temperatures in the range of 25 to 40 degrees Celsius were recorded.

Following equation estimated the thermodynamic equilibrium constant (K4, L/g) for metal ion adsorption on
nanocomposite adsorbents at 293, 298, 303, and 308 K.

Kd =% (13)

T Ce

The following equations determined Gibbs free energy change (AGe), enthalpy change (AHe), and entropy
change (ASe):

InKd =242 (14)
R RT
AG® = —RT InKd (15)

where R stands for the universal gas constant (equal to 8.314 J/(moL K)) and T stands for the absolute
temperature (K). Values of AH® and AS® can be determined from the slope and intercept of the line connecting In
Kd to 1/T.

ge (mg/g") and qt (mg/g") represent the adsorption capacity (at equilibrium) and time t (min), respectively; qt
(mg/g) displays the adsorption capacity at time t; K; (g/mg/min) and K (g/mg/min) stand for the rate constants
of PFO and PSO, respectively.

2.6 Regeneration/desorption study

After successful adsorption of Cr (VI) ion onto nanocomposite, it is desorbed to avoid fouling problem. In
order to do that, 0.1 M HCl and 0.1 M NaOH were used, about 50 mL of each acid as regenerating agent were
taken and metal loaded adsorbent was added. The desorption tendency of each reagent was observed under the
time duration of 30-120 min. By using following equation 16 desorption ratio was estimated. Total five cycles
were run to observe the effectiveness of the nanocomposite.

. . Desorbed metal ion concentration
Desorption Ratio = x 100 (16)

Adsorbed metal ion concentration




3. Results and discussion
3.1 Instrumental analysis

3.1.1 Nanocellulose particle size

The built-in Zetasizer application was used to automatically analyse and compute light-scattering data, which
was then used to generate hydrodynamic diameter dimensions. The DLS-obtained particle size distribution is
shown in Figure 1; it reveals that 95.5% of particles are under nano-dimension ranging from 100-300 nm.
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Figure 1 Particle size distribution of nanocellulose.

3.1.2 Fourier transform infrared spectroscopy (FTIR) spectral analysis

In Figure 2, we observed the infrared spectra of chitosan, MBA, CNCs and nanocomposite. Chitosan Spectral
bands shows prominence at 3632 cm’! for O-H stretching signals, band at 3035 cm™! denotes the availability of
OH functional group arises due to intermolecular hydrogen bonding. The absorption frequency at around 2945
cm’! can be attributed to C-H symmetric stretching, 1560 ¢cm™' peaks attributed to the NH, group peak, the
symmetrical deformation of CH3 and CH, group confirmed at 1362 cm™'. The peak at 1151 cm', confirmed the
existence of (1-4)-glycosidic band in poly saccharide unit, 1065 cm! peak is due to CH-OH in chitosan. [42-46].
Pure MBA spectral data showed peak at 3301 cm™! designated to N-H stretching vibration, observed peak at
3062 cm! has been assigned to C=CH stretching vibrations and 2954 cm! attributed to C-H stretching vibration
, 1659 cm™! is assigned to C=0 stretching mode showing Amide I band, 1617 cm™ is essentially due to C=Co.
stretching mode, band at 1539 cm™! is assigned to deformation of (N-H) moiety showing Amide II band, observed
1301 cm™ is assigned to C-N stretching vibration showing Amide III band [47]. Acid hydrolysed CNCs showing
bands at 3372 cm'! revealing the presence of intramolecular hydrogen bonds for cellulose I due to O-H stretching
group, 2879 cm™! attributed to C-H stretching, due to adsorbed water molecules, O-H bending was confirmed at
1638 cm™!, 1429 cm™! is due to CH; scissoring motion in cellulose, strongly confirms cellulose I content, 1321
cm™' and 1163 cm™! peak assigned to CH, wagging and C-O-C asymmetric stretch vibration respectively was a
proof of the presence of crystallized I cellulose, Spectral peak at 1050 cm™! has been assigned to C-O-C pyranose
ring stretching vibration [48,49]. Spectral band observation after nanocomposite composite formulation, showed
band at 3321 cm™! confirms the presence of OH and amine group (N-H), the observed broadness in the band
structure confirms the participation of OH and NH functionalities in the hydrogen bond formation. The spectral
band shifted towards lower wavenumber from 2945 cm™ of Chitosan, 2954 cm™ of MBA to 2904 ¢cm™ in the
prepared nanocomposite confirms the strong interaction between the polymer showing CH stretching, which show
strong bonding ,1634 ¢cm™!' showing imine bond (C=N) formation confirms the successful crosslinking with MBA
molecules, shifting of the OH and NH band confirm its participation in blending and crosslinking process [50].
The Amide group (NHy) shifted towards lower wavenumber from to 1560 cm™' of Chitosan, 1539 cm™! of MBA
to 1530 cm™ in the prepared nanocomposite. Spectral band at 1372 cm™! showing CH» wagging and twisting
vibration, bands shifted from 1163 cm™! in CNCs to 1154 cm™ attributed to CO stretching vibration, shifted from
1050 cm™ to 1033 cm™! attributed stretching vibration of C-O-C in the prepared nanocomposite [51].
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Figure 2 IR Spectra (A) Chitosan (B) MBA (C) CNCs (D) Nanocomposite.

3.1.3 X-ray diffraction (XRD) analysis

Figure 3 shows the XRD patterns of CNCs, nanocomposite before and after adsorption and after desorption.
Acid hydrolysed nanocrystals revealed crystalline peak at angles 20=15.72°, 22.54°, and 34.55°, confirming
cellulose I structure. 110, 200, and 004 crystallographic planes, which indicate cellulose I structure, may explain
the peaks. Chitosan and MBA formed new peaks at 20 = 11.67°, indicating its hydrated crystalline structure and
20 =16.25°, 18.86°, 22.56" and 26.6° revealed strongly crystalline behavior of MBA, confirms the presence of
MBA, results in successful crosslinking between all the components used during the formulation of the adsorbent
nanocomposite [52]. It was noted that after metal ions adsorption, some peaks are disappeared and some peaks
were shifted to 20 = 16.13°, 22.28°, 26.38° and 34.39°, the observed decreased diffraction peaks after metal ion
adsorption confirms the adherence of metal ions during the batch study. XRD analysis after desorption was also
done to check its stability and the peaks were found at 20 = 16.63°, 22.67°, 26.84° and 34.63°, increased intensities
of the observed peaks showing the stability of the nanocomposite [53].
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Figure 3 XRD Spectra CNC nanocomposite before and after adsorption nanocomposite after desorption.

The average crystallite size and crystallinity index (CI), determined using (Equation 1 and 2), were 1.1 nm,
1.3 nm, 1.6 nm, 1.2 and 72%, 14%, 11%, and 13% for acid hydrolysed CNC, nanocomposite before, after, and
after desorption, respectively. Crystallinity Acid hydrolysed CNC had a higher crystallinity index than
nanocomposite before, during, and after adsorption. Nanocrystalline plains may arise after chemical treatment



removes lignin or amorphous material from cellulose. Metal ions adhere to adsorbent surfaces when crystallite
size increases from 1.1 to 1.6 mm and crystallinity index decreases from 14% to 11%. Whereas decrease in
crystallinity size from 1.6 to 1.2 nm and increase in crystallinity index from 11% to 13% shows successful
desorption activity of the nanocomposite [54].

3.1.4 FESEM

The porous structure of the nanocomposite is clearly visible in figure 4 which confirms its permeable behaviour
for easy diffusion rate during adsorption process. Figure 4 also shows the nanocomposite after successful
adsorption process. The porous structures are filled completely after adsorption confirms the interaction between
heavy metals and nanocomposite materials [55].
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Figure 4 FESEM micrographs of ChNC+MBA nanocomposite (A) before and (B) after adsorption.

3.1.5 Ionic effect study on metal ion removal rate

Industrial wastewaters have high quantities of salts, reducing target pollutant removal efficiency. This requires
frequent regeneration, increasing operation expense. Figure 5 shows the effects of ionic strength on
nanocomposite metal ion adsorption using an ionic medium of 0.2-1.0 mol/L NaCl. NaCl did not affect
nanocomposite Cr (VI) adsorption at 0.2 to 0.4 mol/L!. However, Cr (VI) removal dropped from 76% at 0.2 mol/
L to 36% at 1.0 mol/L. These findings demonstrate that Cl- and Na* ions in solution can marginally compete with
Cr (VI) for nanocomposite sorption sites at low concentrations, whereas Cr (VI) and nanocomposite electrostatic
interaction was inhibited at high NaCl concentrations [56,57].
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Figure 5 Ionic effect on the removal efficiency of the nanocomposite



3.2 Adsorption study analysis

Adsorption method is well renowned process for the removal of heavy metal from aqueous solution, due to its
cost effectiveness it is highly recommended. In this study ChNC+MBA nanocomposite were analysed during
batch study by altering various factors such as solution pH, dosage, contact duration, metal ion initial
concentration to get optimized condition for maximum elimination of the heavy metal ions. The adsorption
mechanism illustrated in Figure 6.
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Figure 6 Schematic illustration of chromium ions removal mechanism.

3.2.1 pH and adsorbent dosage effect

pH plays significant role during adsorption process due to modification in surface chemistry as well as in
ionization degree. Therefore, it seems to be one of the major parameters to be check during metal ion adsorption.
For this study the pH ranges from 3 to 9 for the initial metal ion solution, at fixed adsorbent dosage of 0.1 g and
time duration fixed to 90 min to analyse the optimum pH for maximum metal ion removal at normal room
temperature. Observed variation in the results given in Figure 7A. It is clearly shown in the graph that on
increasing pH from 3 to 4 the removal efficiency of the metal ion is maximum. The maximum elimination of
metal ions was observed at pH 4. After it the removal rate decreases as the pH value increase, it was due to
decrease in the proton concentration, results in lowering of proton competence with metal ions. Most chromium
is in the Cr (VI) and Cr (III) oxidation states, and its stability relies on pH. The hydrolysis process of the
dichromate ion (Cr,07%") produces Cr (VI) at HCrO*~. HCrO* becomes Cr,O-* and other forms when pH rises.
The HCrO*~ form of Cr (VI) was the dominating species at pH 4 and adsorbed preferentially on the adsorbents.
The huge amount of H* ions at low pH values of 4 neutralize the negatively charged hydroxyl group (OH) on
adsorbed surfaces, allowing dichromate ions to diffuse more easily. Due to OH ions hindering dichromate ion
diffusion at higher pH values, adsorption may decrease [58,59].

Alteration in the adsorbent dosage also affect the adsorption efficiency, during study it ranges from 0.1 to 0.5
g under room temperature, initial metal ion concentration (100 ppm), pH 4 and time duration of 90 min. Figure
7B depicted the change in removal rate as the dosage of adsorbent changes. The graph makes it very evident that
when adsorbent dosage is increased, the percent removal of metal ions also increased. The large availability of
functionalized empty sites on the adsorbent surface was the cause of this increase in removal efficiency. This
upsurge in removal rate is due to an increase in the availability of functional groups and adsorption sites for metal
ions. The adsorption process reaches equilibrium after a constant increase in the percentage of metal ions removed
from the wastewater solution, which is caused by the overcrowding of adsorbent particles due to the overlapping
of adsorption sites. The removal percentage of Cr (VI) ions were 76% [60,61].

3.2.2 Contact time and initial metal ion concentrations effect

During adsorption, contact time play vital role during batch adsorption experiments. In this study the
adsorption rate was observed in the time ranges from 30 to 120 min, the nanocomposite adsorbent efficiency was
determined. For this study, metal ion initial concentration ranges from 20 to 100 mg/L were evaluated, about 0.1
g adsorbent was added to the metal ion solution under constant pH 4 at room temperature. At every 30 min samples
were taken out and analyse under UV spectrophotometer. Figure 7C Shows the upsurged removal percentages as
the contact time increases and finally reaches equilibrium at 90 min. The observed results showed that the removal
rate of chromium ions upsurge from 92 to 76%.

The impacts of initial metal ion concentration were analysed for 20, 40, 60, 80, and 100 ppm by optimizing
other parameters such as pH (4), adsorbent dosage (0.1g), equilibrium contact time (90 min), at normal room
temperature. Results described that on increasing the initial metal ion concentration from 20-100 ppm, the
elimination percentage decreased from 92-76%. Figure 7D portrayed that on increasing the initial metal ions
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concentrations, the removal percentage decreases simultaneously. This is happened due to low availability of
active site onto the nanocomposite surface (Table 1). [62-64]
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Figure 7 Graph representing effects of (A) pH (B) adsorbent dosage (C) Contact time (D) Initial metal ion on the
removal of Cr (VI) ions onto nanocomposite.

“*Experimental conditions: pH effect: pH range 3-9, Dosage 0.1, Contact time: 90 min; Dosage effect: Dose taken
in range 0.1-0.5 g, contact time: 90 min, pH:4, Initial metal ion concentration: 100 mg/L; Contact time: Time
ranges 30-120 min, initial metal ion conc. range 20-100 mg/L, pH:4, dosage-0.1 g; Initial metal ion effect: Range
taken 20-100, pH:4, dosage-0.1 g, contact time 90 min.

Table 1 Showing adsorbed metal ion and removal rate of metal ions.
Initial metal ion concentration (ppm) Adsorbed metal ions (mg/g)

Removal rate (%)

20 18.4 92.0
40 37.0 92.5
60 48.0 80.0
80 60.0 75.0
100 76.0 76.0

3.2.3 Langmuir and freundlich isotherms analysis (linear and nonlinear)

To understand how the adsorbent behaves when it comes to removing heavy metal ions through adsorption. A
surface functional group’s atom contributes electrons to the sorbate during the process of adsorption, by the donor-
acceptor complexation mechanism. For the interaction between adsorbent and adsorbate (chromium metal ion)
during the removal process, isotherm models viz., Langmuir and Freundlich (Linear and Non-linear) were
examined in this study.

Monolayer homogenous adsorption is shown by Langmuir isotherm. Adsorbate ion multilayer heterogeneous
adsorption is predicted by the Freundlich isotherm model. Langmuir and Freundlich isotherm fitting of
experimental data Figure 6 depicts linear and nonlinear models, while Table 2 lists their computed parameters.
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The correlation coefficient determines how well the isotherm model explains the adsorption process. The
linearization curves of the Freundlich's and Langmuir isotherms shown in Figure 8 and the R? values in Table 2
demonstrate that the adsorption of Cr (VI) onto the surface of nanocomposite follows the Langmuir isotherm
model. The outcomes showed that monolayer adsorption was responsible for the uptake of Cr (VI) ions on the
nanocomposite surface. Additionally, the nanocomposite's maximum adsorption capacity (qm) is 82.7 mg/g. The
separation factor (Rr) was found 0.05, shows favourability for the adsorption of metal ions onto nanocomposite
under optimized condition used in this study. [63]

Table 2 Isotherms parameters for adsorption of metal ion.

Adsorption Isotherms Parameters Values
Langmuir Isotherm (Linear form) Qmax (Mg/g) 82.7
Kr (L/mg) 0.191
RL 0.050
R? 0.92
Langmuir Isotherms (Non-linear form) (max (ME/g) 21.03
Kr (L/mg) 3.79
X? 77.0
R? 0.88
Freundlich Isotherms (Linear form) Ke 17.80
I/n 0.432
R? 0.87
Freundlich Isotherms (Non-linear form) Kr 18.49
1/m 0.41
X2 51.61
R? 091

When predicting adsorption by using non-linear models, the solute absorptivity value (K;=3.79 L/mg) were
found higher than linear Langmuir model, comparatively the maximum adsorption capacity (qm=21.03 mg/g)
found to be much lesser, while in the Freundlich model, values of Krand 1/n showing similarity in both the cases
(linear and non-linear). On the basis of non-linear regression coefficient (R?) the adsorption indicates good fit
with Freundlich model (R?=0.91) showing heterogenous behaviour of adsorption. Even so, the Chi-square test
(¥2) indicated higher values in both the non-linear models. Therefore, as per linear models Langmuir isotherm
showing good fit whereas in non-linear models Freundlich isotherm model shows best fit for the metal ion
adsorption [65,66].
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Figure 8 (A-B) Linear Langmuir & Freundlich Isotherm (C) Nonlinear Langmuir & Freundlich isotherms.
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3.2.4 Adsorption kinetics (linear and nonlinear)

The kinetic study can be used to clarify how Cr (VI) absorption by nanocomposite is regulated. To explain
how Cr (VI) ions adsorb on the surface of nanocomposite, linear and non-linear, pseudo 1* order and pseudo 2"
order kinetic models were utilized to match the experimental findings.

The parameters derived for the linear & nonlinear pseudo 1% order and pseudo 2™ order kinetic models that
were used to fit the experimental data in Figure 9 and listed in Table 3. Compared to the pseudo 1st order model,
the computed value from the linear pseudo-second-order model was closer to the experimental value of q.. The
rate constant K; value observed in the case of linear pseudo-first order is (-ve), indicating that the model is
unfavourable for adsorption.

According to the R2=0.99 values, the removal of Cr (VI) ions from the surface of nanocomposite also matches
the pseudo-second-order model better than the pseudo-first-order model. Whereas, in case of non-linear kinetic
models Pseudo first order show good fit according to R? = 0.64 value. The Chi-square test (y2) showed higher
values in both the non-linear models [67,68,69].
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Figure 9 (A-B) Linear Pseudo 1* and Pseudo 2™ order (C) Nonlinear Pseudo 1 and Pseudo 2™ order.

Table 3 Kinetics parameters for adsorption of metal ion.

Order of Reaction Parameters Values
Pseudo 1% order (Linear form) Qe Experimental (Mg/g) 76.0
e calculated (ME/g) 4.0
Ki (min) -0.0003
R? 0.66
Pseudo 1% order (Non-linear form) Qe calculated (ME/g) 80.95
Ki (min) 0.035
X? 305.0
R? 0.64
Pseudo 2" order (Linear form) Qe calculated (Mg/g) 77
K2 (g mg/min) 0.01
R? 0.99
Pseudo 2" order (Non-linear form) Qe calculated (ME/g) 102.51
K2 (min) 3.28
X2 345.0

R? 0.52
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3.2.5 Thermodynamics parameters analysis

Temperature effect on the adsorption of chromium ions onto nanocomposite was investigated at 293,298, 303,
and 308 K at a fixed metal concentration (100 mg/L) and a constant pH of 4.0 over the course of 24 h. The
evaluated parameters are shown in Table 4 and Figure 10A. The metal ion adsorption is spontaneous, favourable,
and temperature-dependent, which is explained by the negative AG® values for all temperatures. Metal ions on the
nanocomposite displayed endothermic behaviour according to positive values of AH®. The S° (+ve) results
indicated that during adsorption, the degrees of freedom is increased at the solid-liquid interface. Metal ions
replaced the coordinated water molecules during the adsorption process, increasing the unpredictability in the
adsorbent-contaminant system. [70]

Table 4 Thermodynamics parameters for Cr (VI) removal onto nanocomposite.

Parameters AG’ (kJ/mol) AH’ (kJ/mol)  AS’J/ (mol K)
Pollutant  Adsorbent 293 K 298 K 303K 308K
Cr*t nanocomposite -2.83 -3.17 -3.49 -3.67 13.85 57.03

3.3 Regeneration/desorption

The reusability of the ChANC+MBA was detected by effective desorption rate shown in Figure 10 B. It became
clear that metal ion regeneration with NaOH was less rapid than with HCI. Because the pH of the HCI solution is
low, which facilitates the desorption process, the complexation of the chloride ion with the metal ion occurs easily.
It was discovered that equilibrium was reached, and the maximum amount of adsorbed metal ions desorbed from
the nanocomposite at a time span of 90 min. The effective desorption rate of the nanocomposite confirms it
regeneration potential and likely to be repetitively used for metal ion adsorption study. In this study total five
repetitive cycle was carried out which showed that after fourth cycle the removal efficiency of the nanocomposite
get reduced.
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Figure 10 Graph of (A) thermodynamics adsorption and (B) nanocomposite adsorbent.
3.4 Advantage and disadvantages of synthesized nanocomposite

Biodegradable polymers like chitosan and nanocellulose were employed only in the formulation of the
nanocomposite in this study, in contrast to previous works that had relied on a variety of synthetic polymers to
increase the nanocomposite's efficacy, discuss in the introduction section. To combat fouling, a common issue
with natural nanocomposites, we regenerate the material in a variety of reagent solutions, achieving a 90%
removal rate after 4 regeneration cycles. The nanocomposite surface is protected against microbial growth by
being kept in an airtight container between uses. One benefit of the produced nanocomposite is that the crosslinker
MBA was utilized in a very little quantity (0.04 g) without a catalyst and reaction initiator. The washing step that
comes after the hydrolysis process results in the production of acid water, which is one of the drawbacks. More
chitosan and cellulose content added during nanocomposite fabrication makes it brittle. Results in weak bonding
and becomes fragile. The synthesized nanocomposite is vulnerable to microbial attack if it is not stored in an
airtight jar and not properly regenerated. The adsorption capacity of Cr (VI) onto ChiNC+MBA nanocomposite

was compared with the adsorption capacity of various other low-cost adsorbents, and the results are reported in
Table 5.
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Table 5 Various nanocomposite adsorbent for Cr (VI) removal.

Serial Adsorbent Qmax (Mg/g) pH References
No.

1 Common fig 29 3.5 [71]

2 Pine needle 21.50 2 [72]

3 Rice Straw 3.15 2 [73]

4 Eucalyptus bark 45 2 [74]

6 Almond shell 3.40 3 [75]

7 Treated waste newspaper 60 3 [76]

8 ChNC+MBA 76 4 Present study

4. Conclusion

ChNC+MBA membrane-based adsorbent was fabricated via blending and cross-linking to eliminate out the
Cr (VI) from synthetic wastewater. The successful crosslinking of polymers was confirmed by FTIR by showing
new functional group appearance due to formation of new bonds. The nanosuspension shown that all the particles
are under nano-range after successful hydrolysis. The change in morphological structure was confirmed from
SEM analysis. To know about efficacy of the ChNC+MBA to remove Cr (VI) ion, batch study was conducted.
During study various other factors were optimized such as pH 4, optimum contact time 60 min for maximum
removal and adsorbent dosage 0.1 g. For the suitability of the adsorption process, data were analysed using linear
and nonlinear isotherm viz., Langmuir and Freundlich; Langmuir isotherm showing best fitted corelation with the
experimental data in case of linear model whereas in case of nonlinear Freundlich showing the best fitted one.
The evaluation of the linear and non-linear kinetic models also revealed that PSO (pseudo 2" order) and PFO
(pseudo 1% order) provided the best fits for the linear and non-linear cases, respectively. The adsorption
mechanism is endothermic and spontaneous, according to thermodynamics research that was also conducted at
various temperatures. Results showed that 0.1 M HCI satisfactorily regenerate the metal ions from the adsorbent,
but it was noticed that after fourth cycle the efficiency get dropped. The utilized nanocomposite was desorbed to
minimize fouling problem. To determine the nanocomposite's capacity for removal, an ionic effect research was
applied to it. The ChNC+MBA membrane-based adsorbent was subsequently discovered to be efficient in terms
of cost and suitable for the successful removal of heavy metal ions from wastewater.
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