#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue,

Evaluation of optimized conditions for the
adsorption of malachite green by SnO,-modified
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This work deals with the synthesis of SnO,-modified sugarcane bagasse biochar (SnO,-SBB)
nanocomposites using an impregnation method. XRD, FTIR, SEM, and EDX analyses were used to
characterize the produced nanocomposites. Several factors influencing the removal of malachite green
from wastewater via the adsorption process were explored to maximize the effectiveness of this process.
These factors included the different doses of nanocomposites, pH, temperature, contact time, etc.
Studies on batch adsorption were conducted to examine the impact of operational parameters, such as
contact time (5 to 30 minutes), adsorbent dosage (5 to 40 mg), pH (2 to 10), and temperature (303, 323,
and 353 K), on the percentage of MG dye removal. The adsorption kinetics of MG dye over SnO,-SBB
nanocomposites were evaluated with the aid of the Langmuir adsorption isotherm, which provided
a good fit (R*> = 0.99) for pseudo-second-order kinetics. The thermodynamic parameters revealed
spontaneous and exothermic adsorption of MG dye over SnO,-SBB nanocomposites. A maximum
adsorption capacity (gmax) of 52.64 + 0.03 for 0.3 SnO,-SBB and 73.86 + 0.05 for 0.5 SnO,-SBB
nanocomposites was observed. The newly synthesized SnO,-SBB nanocomposites showed negative zeta
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1. Introduction

Malachite green is a chemical triarylmethane dye and has been
extensively used in the pigment industry."” Malachite green is
a cationic dye, which means its positive charge allows it to
attach to negatively charged molecules, thus providing the
ability to attach to cell membranes and other cellular compo-
nents.>* Malachite green has been used to dye cotton, silk, jute,
leather, paper, and wool in addition to being a food coloring
additive.>* It is well recognised that the use of malachite green
dye has detrimental effects on the environment.”® The feeding
habits and survival of fish may be impacted by decreased
fertility, stunted growth rates, and birth abnormalities caused
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by even low concentrations of malachite green.® Additionally,
malachite green is harmful to soil microbes and can lower
agricultural production and soil fertility.'® Moreover, it has the
potential to contaminate groundwater supplies, rendering them
unfit for agricultural or human use.'* Untreated wastewater
discharged by industries contaminates surface and ground
water with malachite green dye, which can have detrimental
impacts on human health, including carcinogenesis, muta-
genesis, and respiratory toxicity.">**

The removal of dye molecules has been studied using
a variety of water treatment methods, including advanced
oxidation, membrane separation, ozonation, photocatalysis,
coagulation, and electrochemical processes.'*'* Regarding their
impact on human health and expense, each of these approaches
has certain disadvantages. Due to its exceptional efficacy in
removing dyes, ease of use, economic feasibility, high selec-
tivity, and environmental friendliness, adsorption technique is
considered more advantageous than alternative treatment
approaches.'™"” Our previous reports were based on adsorption
technique, which motivates this research work.**¢

The selection of an appropriate adsorbent for the effective
removal of MG dye is very difficult. Adsorbents such as charcoal,
activated carbon, clay, agricultural waste, zeolites, and func-
tionalized chitosan are the most commonly studied. **~** When
a significant volume of organic waste or mixture is thermally

RSC Adv, 2024, 14, 29201-29214 | 29201


http://crossmark.crossref.org/dialog/?doi=10.1039/d4ra05442c&domain=pdf&date_stamp=2024-09-14
http://orcid.org/0000-0001-8927-3280
http://orcid.org/0000-0001-8064-1470
http://orcid.org/0000-0003-3425-8758
http://orcid.org/0000-0001-9690-4124
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra05442c
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA014040

Open Access Article. Published on 16 September 2024. Downloaded on 4/12/2026 7:44:35 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

treated, thoroughly heated and decomposed, a heterogeneous,
carbonaceous char known as biochar is produced.** It has been
discovered that biochar improves adsorption processes and
possesses qualities, including catalytic activity, adsorption
efficiency, high porosity, and high surface area.***® However,
the low yield and reduced adsorption selectivity of these
adsorbents severely restrict their usage. A promising new class
of materials for eliminating malachite green from contami-
nated water is nanoadsorbents. Due to their huge specific
surface area, large surface area to volume ratio, high porosity,
and simplicity of functionalization are some of the adaptable
qualities that make them ideal for the adsorption technique.**°
Furthermore, the ability of nanoadsorbents to form multiple
contacts with MG dye molecules, such as hydrogen bonding,
hydrophobic, and electrostatic interactions, renders them effi-
cacious for extraction applications.** Materials containing
tin(v) oxide have recently drawn much interest due to their
possible use in treating industrial effluent.*> The superior
adsorption and catalytic qualities of tin(iv) oxide materials may
effectively remove several pollutants, such as organic dyes,
heavy metals, and colors.*” Tin(iv) oxide nanoparticles possess
distinct surface chemistry and large surface areas that provide
effective adsorption and reactivity with contaminants, which
successfully remove them from wastewater. A combination of
hydrophobic and electrostatic interactions drives the efficient
adsorption of organic substances, such as dyes, phenols, and
organic solvents.* The capacity of tin(wv) oxide for regeneration
and reusability is one of its benefits as an adsorbent. An
exhaustive literature survey revealed that several researchers
have worked on the removal of malachite green dye with
different adsorbents. The cationic dye malachite green was
adsorbable from an aqueous solution by Ben et al. using
polyaniline-functionalized cobalt phosphate,** which had an
adsorption capacity of roughly 185 mg g~ . Even after five cyclic
runs, the nanocomposite can be renewed by washing it with
ethanol and a high stabilizer. Hydrogen bonding, w-m interac-
tion, and electrostatic interactions were followed for malachite
green adsorption. Malachite green removal using biochar
produced by Pinus patula biomass micro-gasification was
investigated by Rubio-Clemente et al. ** The findings demon-
strated that once it achieved equilibrium, the biochar produced
from wood chips had a greater potential to adsorb MG dye than
the biochar produced from the gasification of wood pellets. In
a thorough review article, Ali et al. reported on the latest
developments in biochar usage as a successful remover of
malachite green dye.*> Numerous methods for producing bio-
char have been documented, such as gasification, pyrolysis,
hydrothermal liquefaction, and carbonization. Additionally,
different factors affecting the adsorption of malachite green
have been explained. To remove malachite green from an
aqueous solution, Hamad et al created nano-bentonite,
a unique hybrid MgO-impregnated clay, and fungal compos-
ites.*® The synthesized adsorbent was optimized using response
surface methods to obtain the simultaneous maximal removal
of malachite green. Compared to pure bentonite and nano-
bentonite, the results show that MgO-impregnated clay has
a greater MG adsorption capability. Khalatbary et al. developed
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a very effective and environmentally acceptable nanoadsorbent
created using natural cellulose and waste tires (y-Fe,Os/
MWCNTs/cellulose) using the chemical vapor deposition
method®” for the removal of malachite green from aqueous
solutions. The results showed that y-Fe,O;/MWCNTSs/cellulose
had the maximum malachite green adsorption capability
(47.61 mg g ). The adsorption process is exothermic and
spontaneous, as shown by the thermodynamic data.

Thus, in the current research work, attempts have been
made to synthesize SnO,-modified sugarcane bagasse biochar
nanocomposites to enhance the adsorption efficiency of mala-
chite green in waste water. Through the adjustment of various
parameters, the optimized conditions were investigated.
Assessing the impact of slight variations in tin(v) oxide
concentration on adsorption efficiency is the primary goal of
this work.

2. Materials and methods

2.1. Chemicals

SnO, was acquired from the chemical laboratory of CDH, India.
Sugarcane bagasse was collected from a neighbouring juice
shop. MG dye, hydrochloric acid (HCl) and sodium hydroxide
(NaOH) were supplied by Fischer Scientific India Pvt, Ltd. Every
experiment was carried out using deionized water.

2.2. Preparation of sugarcane bagasse biochar (SBB)

The collected sugarcane bagasse was washed with water and
then dried in the sun for 48 hours. The dried sugarcane bagasse
was ground in a mixer and then sieved. By pyrolyzing sugarcane
bagasse at 500 °C for two hours at a rate of 10 °C per minute in
the absence of air, biochar is produced. The black residue of
sugarcane bagasse biochar was further ground and sieved to
obtain an average particle size.

2.3. Synthesis of SnO,-modified sugarcane bagasse biochar
nanocomposites

SBB with a variable ratio of SnO, (0.3 g and 0.5 g) in the presence
of ethanol ultrasonicate for 1 hour was used to synthesize SnO,-
modified sugarcane bagasse biochar (SnO,-SBB)
composites. Two nanocomposites, 0.3 SnO,-SBB and 0.5 SnO,-
SBB, were formed based on different ratios of tin(v) oxide. After
the ethanol was evaporated, it was cleaned, centrifuged, and
dried in a lab oven set at 100 °C. Samples were stored in air tight
bottles. Fig. 1 depicts the synthetic route of SnO,-SBB
nanocomposites.

nano-

2.4. Characterization methods

FTIR, XRD, and SEM-EDS studies were used to characterize
Sn0,-SBB nanocomposites (0.3 SnO,-SBB and 0.5 SnO,-SBB).
FTIR spectra were captured using KBr pellets and a spectral
range of 4000-400 cm ™" on a PerkinElmer spectrum version
10.4.00. The Panalytical X Pert Pro X-ray diffractometer, which
was outfitted with a CuKe. radiation (A = 1.54060 A) and ran at
45 kV voltage and 40 mA current, was used to perform XRD
measurements. Using Nova Nano FE-SEM 450 (FEI), the surface

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Synthesis of SnO,-modified sugarcane bagasse biochar (SnO,-SBB) nanocomposites.

morphology and form of the nanocomposites were evaluated
using SEM. FE-SEM and EDS detectors are connected so that
elements included in nanoparticles can be identified and their
chemical composition can be examined. The Quanta Chrome
Nova Touch LX, gas sorption analyzer was used as an instru-
ment for the BET measurement of the sample. Zeta potential
values were measured using Litesizer DLS 500 version 3.4.4.
Utilizing the Malvern ZEN 3600 Zetasizer, the hydrodynamic
diameter of the nanocomposites was assessed.

2.5. Batch adsorption studies

The stock solution (500 ppm) of malachite green dye was
prepared in deionized water and further diluted to prepare
a series of samples from 500 to 1 ppm. During the batch
adsorption method, the effects of different parameters, such as
dye concentration (1-500 ppm), adsorbent dosage (5-40 mg),
contact time (5-30 min), pH (2-10) and temperature (303, 323
and 353 K), on MG dye removal using SnO,-SBB nano-
composites were investigated.

Eqn (1) was used to analyse the adsorption capacity, and eqn
(2) was employed to calculate the removal efficiency (%) of MG
dye: **

Adsorption capacity of malachite green (¢.) = (C, — Co)VIM,(1)
Removal (%) = (C, — C.)/C, x 100, (2)

where C, (mg L") denotes the initial concentration of mala-
chite green dye, C. (mg L™') denotes the equilibrium

concentration, V (L) denotes the volume of MG dye taken in an
aqueous solution, and M (mg) denotes the mass of the SnO,-
SBB nanocomposite.

3. Results and discussion

3.1. Structural characterization

The nanocomposites exhibit better hydrophilic properties (DLS)
and are more dispersible than their parent sugarcane bagasse.
Table 1 presents the average hydrodynamic diameter of the
parent SBB and associated nanocomposites in an aqueous
solution. It was demonstrated that composites with average
hydrodynamic diameters of 276.6 and 314.2 nm could self-
assemble into nanoaggregates in aqueous solutions. The
newly synthesized nanocomposites possess enhanced zeta
potential values compared to the parent SBB, which indicates
that the SnO,-SBB composite functions as a superior adsorbent.
The presence of an electrostatic attraction force between the
cationic dye and the adsorbent is shown by the negative values
of the zeta potential, and this force is highly helpful for the
removal of MG dye. Fig. 2 and 3 illustrate the surface
morphology and composition of the SBB and the corresponding
nanocomposites, respectively. The FE-SEM micrograph displays
morphology with an irregular porous structure and folding. The
well-developed porous structure was created by the biomass's
rapid volatilization of its organic constituents.**** SnO,-SBB
nanocomposites are more porous than their parent SBB
according to the FESEM scans. SEM pictures display variability

Table 1 Zeta potential, mean diameter, and elemental composition comparisons between SBB and SnO,-SBB nanocomposites

Composition (in %)

Mean zeta potential Electrophoretic DLS diameter Polydispersity
Composites (in mv) mobility (in pm em V™' s7h) (in nm) index (DLS) C o Sn
SBB —-17.8 £ 0.3 —1.38 944.7 0.77 82.63 17.36 —
0.3 SnO,-SBB —34.2+ 04 —2.66 276.6 0.28 74.77 15.99 9.23
0.5 SnO,-SBB —35.4 £ 0.8 —2.75 314.2 0.45 73.90 16.20 9.89

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 SEM and elemental mapping images of the SBB/SnO, nanocomposites at a magnification of 10 pm.

in the sizes and forms of the particles, some of which have
lengthy forms. The tin (Sn), carbon (C), and oxygen (O) lattice
stoichiometry with their nominal proportion and the actual
inclusion of tin, carbon, and oxygen in the composite are
confirmed by the EDX findings (Table 1).

Fig. 4(a) depicts the FTIR spectrum of SnO,-SBB nano-
composites, which contain characteristic bands of biochar and
tin dioxide. The spectrum contains bands of carbohydrates,
such as cellulose, hemicellulose, and lignin, which reveal
nanocomposites derived from SBB. The strong intensity band at
3359 cm~ ' may be attributed to the O-H bond of poly-
saccharides and lignin. The bands at 2921-2891 cm ' and
1642-1600 cm ™" are found as a result of the aromatic C-H and
C=C bond vibrations of polysaccharides and lignin. The
medium intensity bands appearing at 1161 and 1240 cm ™' may
be due to the C-O-C vibration of polysaccharides. The bands
observed at 830-873 cm™ " may be due to aromatic C-H bond
vibration of the lignin and polysaccharides. The bands present

at 592 cm™' reveal the presence of the O-Sn-O bond, which
confirms the impregnation of tin dioxide with SBB* and is
consistent with the EDX analysis.

Fig. 4(b) shows the XRD patterns of SBB and their corre-
sponding composites. The XRD patterns of synthesized
composites contain peaks at 26.24°, 33.69°, 38.08°, 51.65°,
54.05°, and 58.65°, which were assigned to the (110), (101),
(200), (211), (310) and (301) planes of SnO, (JCPDS card no. 41-
1445).5%%> The diffractograms of both composites exhibit peaks
of biochar and tin dioxide, suggesting that the nanoxide is
impregnated over SBB.

According to the BET measurements (Table 2), the total
surface area and total pore volume of the composites were
greater than those of the SBB, indicating that the nano-
composites were a better adsorbent than the original biochar. It
has been reported in the literature that adsorption efficiency
rises with decreasing particle size.>® Consequently, nano-
composites have a superior adsorption capacity than biochar
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Fig. 3 EDX spectrum of (a) SBB, (b) 0.3 SnO,-SBB and (c) 0.5 SnO,-SBB nanocomposites.
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Table 2 Comparative data of different parameters in BET studies of parent biochar and corresponding nanocomposites

Pore diameter

Total pore volume

Total surface

Average particle

Composites (in nm) (in nm) (inccg™ area (in m”* g™ ") size (in nm) Pore size
SBB 3.06 7.35 2.98 1.25 3.60
0.3 SnO,-SBB 3.38 8.97 6.08 0.68 3.38
0.5 SnO,-SBB 3.42 9.19 7.36 0.86 3.42

because they have relatively smaller particle sizes. Comparative
investigations of nanocomposites and biochar are displayed in
Fig. 5(a).

X-ray photoelectron spectroscopy (XPS) reveals the elements
present in a material, such as their electronic state, elemental
composition, and surface characteristics. Fig. 5(b) shows the

a
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Fig. 5

important peaks of carbon, oxygen and tin.

© 2024 The Author(s). Published by the Royal Society of Chemistry

XPS spectrum revealing the presence of three important
components (carbon, oxygen and tin) in the composites. **

3.2. Adsorption performance of SnO,-SBB nanocomposite

A 10 ppm MG dye solution was employed in this experimental
work. The 20 mL of MG dye solution was taken in a beaker in
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(a) Plot representing the comparative pore size distribution curve for biochar and composites. (b) XPS spectrum of composite containing
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which SnO,-SBB nanocomposites (30 mg) were added. The
solution was continuously shaken until equilibrium (15-20
minutes) was achieved. Malachite green dye adsorption from an
aqueous solution was studied using the SnO,-SBB nano-
composites at various parameters, including adsorbent
concentration, pH, contact time, and temperature. All other
parameters were kept constant, and the amount of absorbent
was adjusted from 5 to 40 mg. The pH was adjusted from 2 to 10
with solutions of 0.1 M HCl and 0.1 M NaOH. The duration of
the shaking was extended from 5 to 30 minutes. When the
designated amount of time passed to isolate the adsorbent, the
adsorbate solution was removed and filtered. After filtration,
the concentration of the solution was measured at 615 nm using
a previously calibrated UV-vis spectrophotometer.

3.2.1. Alterations in adsorbent dose. During adsorption,
adsorbent doses play an important role. Adsorbent dosages
ranging from 5 mg to 40 mg were used to test the impact of the
SnO,-SBB nanocomposite dosage on the adsorption of MG dye
(10 mg L™"). Fig. 6(a) demonstrates that increasing the SnO,-SBB
nanocomposites dosage from 5 to 40 mg boosted the removal
efficiency. The dome-shaped graph in Fig. 6(a) is the result of an
initial increase in adsorption efficiency with adsorbent concen-
tration, followed by a reduction. This is because at lower adsor-
bent concentrations, more adsorbents have larger surface areas
and more adsorption active sites.*® Particle aggregation occurs
with increasing adsorbent dosage, which lowers dye uptake and
efficiency.” It was discovered that the optimized dose was 30 mg
for SnO,-SBB nanocomposites. The removal efficiency decreases
after the optimized dose of adsorbent.

3.2.2. Variation with pH. pH influences the adsorbate's
surface charge, which makes it a significant factor in the
adsorption processes of MG dye over adsorbent (SnO,-SBB
nanocomposite). Fig. 6(b) shows how pH affects the effective-
ness of the removal of nanocomposites towards MG dye. The pH
was regulated as required with 0.1 M hydrochloric acid or 0.1 M
sodium hydroxide. The removal efficiency was increased from 2
to 8 but quickly decreased when the pH increased from 8 to 10.

(@)
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The adsorption capacity of MG dye is low at a lower pH in
acidic media because more positively charged adsorbent
surface sites are created at the expense of more negatively
charged surface sites.>® At a lower pH, the carboxylic groups of
MG exhibited a large positive charge density due to proton-
ation.>® Consequently, electrostatic repulsion between the
positively charged dye molecule and its positively charged
surface grew as the pH of the solution increased, which
decreased MG's ability to adsorb on the adsorbent.*® In addi-
tion, the H' ion's competition with the cationic dye molecules
decreased the adsorption. Conversely, functional groups, such
as hydroxyl and carbonyl, can function as sites with negative
charges or as biosorbing agents. Higher pH levels negatively
charged the adsorbent's surface, which encouraged the posi-
tively charged dye cations to adhere to it via the electrostatic
force of attraction.’® The adsorption of MG onto the adsorbent
subsequently increased when the pH levels increased. Histori-
cally, hydrogen bonding, -7 interaction, electrostatic inter-
actions, and hydrophobic factors have controlled the
adsorption of analytes onto nanocomposites. >**’

3.2.3. Effect of temperature. Temperature is thought to be
a significant element that affects how well the MG dye is
adsorbed and removed. At various temperatures within the
range, the impact of temperature on MG dye adsorption was
assessed at 303-353 K while maintaining the adsorbent dosage
(30 mg), the pH (8), the contact time (15 min for 0.3 SnO,-SBB
nanocomposite and 20 min for 0.5 SnO,-SBB nanocomposite),
and constant agitation speed (500 rpm). Fig. 7(a) shows that the
temperature increased from 303 to 353 K, and the rate of MG
dye adsorption on SnO,-SBB nanocomposites is reduced. This

suggests that the adsorption process was marginally
exothermic.
3.2.4. Influence of contact time. Evaluating the impact of

the contact duration is crucial because the findings of this kind
of research offer fundamental details about how quickly the
adsorption process reaches equilibrium. While keeping the
other parameters constant, the impact of varying the contact
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Fig. 6 (a) Removal percentage of malachite green with different adsorbent dosages and (b) variation in the removal percentage of malachite

green with variable pH ranges.
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period of 20 minutes on the adsorption capacity was investi-
gated. According to the data shown in Fig. 7(b), the experiment
began with rapid dye adsorption, which progressively slowed
down when the equilibrium condition was approached after
around 15-20 minutes. The reason behind this could be that
during the initial phases of the adsorption process, a significant
number of vacant active surface adsorption sites were used,
causing the rate of pollutant removal to decrease.”® Dye mole-
cules may aggregate as contact time rises, making it almost
difficult for them to diffuse deeper into the adsorbent structure
at higher energy sites. This could be another factor. The
adsorbents become resistant to the diffusion of aggregated dye
molecules due to the aggregation, which removes the effect of
contact time by filling the pores.*®

3.3. Thermodynamics of adsorption

An important factor in the investigation of adsorption efficiency
is temperature. In thermodynamic analysis, three parameters
were examined to assess the nature of the adsorption process:

(a)

RI = (.99 .
Y= 1394.41x+ 1.096
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Gibbs free energy (AG°), entropy (AS°), and enthalpy change
(AHP). The ability of SnO,-SBB nanocomposites to adsorb MG
dye increases as the temperature increases, indicating that the
adsorption process is exothermic. Other thermodynamic

parameters were evaluated using the following equations:*"**%¢

AG" = —RTIn(¢/Cp), (3)
In(¢J/C.) = AS°/R — AH'IRT, (4)
AG® = AH" — TAS", (5)

where R is the gas constant (8.314 ] mol™' K™'), T is the
temperature, and ¢./C. = Kq =
adsorption. Fig. 8 illustrates a graphical plot between In(g./Ce)
and 1/T, which is used to calculate the values of entropy and
enthalpy change from the intercept and slope of the graph. The
negative values of AG®° and AH° imply spontaneous and
exothermic adsorption processes, whereas the positive values of

equilibrium constant for

AS° reveal a rise in randomness at the solid-liquid interface
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Fig. 8 Thermodynamic isotherm plots between In(g./Ce) vs. 1/T. (a) 0.3 SnO,-SBB and (b) 0.5 SnO,-SBB nanocomposites.
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Table 3 Thermodynamic parameters of MG adsorption by SnO,-SBB composites

Temperature AS°e AH° AG°
Adsorbent (in kelvin) (inJmol ' K (in KJ mol ) (in KJ mol )
0.3 SnO, SBB 303 9.06 —-11.59 —14.33

323 —14.55

353 —14.79
0.5 SnO,-SBB 303 26.27 —6.366 —14.37

323 —14.63

353 —15.63

during adsorption. Table 3 illustrates all the values of the
thermodynamic parameters involved in MG dye adsorption over
Sn0,-SBB nanocomposites.

3.4. Kinetic study

When creating an adsorbent, adsorption kinetics play an
important role. Adsorption occurs at a pace determined by
kinetics. It is affected by the adsorbent's surface complexity,
contact time, and solute concentration. The adsorption of MG
dye by adsorbents was represented by pseudo-second- and
pseudo-first-order kinetics. The pseudo-first-order and pseudo-
second-order models were represented in linear form by eqn (6)
and (7):41,55,56

(6)
(7)

In(g. — ¢,) = Ingq. — Kit,
tlg, — 1UKxqe + tlge,

where K; and K, represent the pseudo-first- and pseudo-second-
order constants, respectively. The curves representing ¢/q, versus
contact time (¢) and In(g. — g,) versus contact time (¢), respec-
tively, were used to compute the values of K; and K. To forecast
the effect of contact time on the adsorptive effectiveness of MG
dye, an experiment was conducted at pH 8. The pseudo-first-
order and pseudo-second-order linear adsorption curves of
MG dye are displayed in Fig. 9. Regarding MG dye, the pseudo-
first-order kinetic model's R* (0.95/0.97) value was less than 1,
whereas the pseudo-second-order model's value was almost
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Table 4 Kinetic parameters regarding pseudo-first-order kinetic curves and pseudo-second-order kinetic curves for SnO,-SBB
nanocomposites
Adsorbents C,o (mg 1) Jeexp (Mg g ) Rate constant values Gecal (Mg g7Y) R®
0.3 SnO,-SBB 10 19.75 Ki(minutes) = 0.104 1.04 0.95
0.5 SnO,-SBB 10 19.80 Kominutes g mg ) = 0.1533 19.76 0.99
Kiminutes) = 0.068 1.06 0.97
Kominutes g mg ) = 0.1173 19.77 0.99
equal to 1 (R* = 0.99) (Fig. 9). As shown in Fig. 9, the adsorption Celge = Colqmax + 1 qmaxK1, (8)

capacity first increased over time as more active sites became
available and eventually reached saturation after 20 minutes. It
was discovered that the pseudo-second-order kinetic models
(geca and geexp) were nearly identical, suggesting that this model
offers a very good fit for the experimental data. For every kinetic
model, the values of the kinetic parameters and R” are calcu-
lated, as displayed in Table 4. This result indicates that surface
adsorption, which is dependent on the physicochemical inter-
actions between the composite and dye, is the rate-limiting
phase.

3.5. Adsorption isotherm

The distribution of the adsorbate between the liquid and solid
phases is shown by the adsorption isotherm. On the adsorbent
surface, the Langmuir model frequently assumes that there is
a limited quantity of the same binding sites and that adsorption
occurs as a single layer on a uniform surface. The following is
a representation of the linear Langmuir equation: **

where gma (mg g ') is the maximal adsorption capacity for
monolayer adsorption and K;, (L mg™') is the Langmuir
constant. The multilayer adsorption process is often described
by the Freundlich model (eqn (9)):

Ing. =In K¢ + 1/ninC,, 9)
where 1/n is the heterogeneity factor and Ky (mg g~ ') is the
Freundlich constant. Fig. 10(a-d) illustrates how the Freundlich
and Langmuir isotherm models were fitted to the experimental
data of MG dye. Table 5 shows the parameters of the Freundlich
and Langmuir isotherm models. Fig. 10 depicts the adsorption
of MG dye on SnO,-SBB nanocomposites based on the correla-
tion coefficient (R*) values, which are found to be close to 1, and
the Langmuir model is adopted. The value of the dimensionless
constant (Ry) confirms whether the adsorption process is
favourable for calculating monolayer adsorption. Eqn (10) can
be used to calculate the separation factor (Ry): **
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Fig. 10 Langmuir adsorption isotherm models for (a) 0.3 SNO,-SBB and (d) 0.5 SnO,-SBB nanocomposite. Freundlich isotherm models for (b)
0.3 SnO,-SBB and (e) 0.5 SNO,-SBB nanocomposite. Plot for adsorption capacity versus equilibrium concentration for (c) 0.3 SnO,-SBB and (f)

0.5 SnO,-SBB nanocomposites.
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Table 5 Isotherm parameters for MG dye removed using SnO,-SBB nanocomposites

Langmuir isotherm parameters Freundlich isotherm parameters
Adsorbents gm (mgg™) Ky (L mg ™) R Ry, n Kp (mgg™) R?
0.3 SnO,-SBB 52.64 £ 0.0 3 0.0033 0.99 0.96 1.52 1.57 0.97
0.5 SnO,-SBB 73.86 £ 0.05 0.0083 0.99 0.92 0.88 0.073 0.94

Ry =1/1 + K C,, (10)
where C, = initial concentration of MG dye and K;, = Langmuir
constant. If the Ry, values were observed in the range of 0-1, it
means that the adsorption process was favourable; otherwise, it
is not. In the present study, the R; values were found to be 0.96
and 0.92 for MG dye, suggesting that the adsorption of MG dye
over SnO,-SBB nanocomposites was favourable. Fig. 10(c and f)
shows the relationship between the equilibrium concentration
(mg L") and equilibrium capacity (mg g *). This figure shows
that the equilibrium concentration increases with the adsorp-
tion equilibrium capacity. The highest level of adsorption effi-
ciency was found to be 52.64 £ 0.03 (0.3 SnO,-SBB) and 73.86 +
0.05 (0.5 SnO,-SBB) nanocomposites for the MG dye.

3.6. Adsorption mechanism for composites

The effective adsorption capacity of SnO,-SBB nanocomposites
for MG dye is caused by their unique shape, which offers a wide
surface area, various surface active sites, and a significant
number of pi-electrons.* The specific affinity between the
adsorbent and the adsorbate propels the adsorption process
onward.*® Negative zeta potential values indicate a significant
electrostatic force of attraction between the composite and dye
molecules. The two main variables that affect adsorption are the
active groups present on the surface of the adsorbent and its
particle size.>® Because adsorbent efficiency increases.

Y
QC >N
Electrostatic

attraction

As the adsorbent size decreases, according to the results of
the BET analysis, nanocomposites serve as an efficient adsor-
bent in the current investigation. Most N-functional groups on
the surface of the pyrolyzed biochar are heterocyclic, six-
membered, and five-membered rings. Nitrogen forms single,
double, and triple bonds with oxygen and carbon atoms to
create bracelets. N-doped biochar is easily recyclable and reus-
able and continues to exhibit strong adsorption capabilities
even after several cycles. Nitrogen functional groups in biochar
have also been shown to interact with pollutants and immobi-
lize them on the surface of adsorbents through various chem-
ical processes.® Bands at 3080-3670 cm ' are present in the
SBB's infrared spectra, and they could be related to the OH/NH
vibrations of amines, water, etc. The C=0 and C-O groups of
the carboxylate and carbonate/ether groups exhibit bands at
1646 cm ™' and 1425 cm ', respectively. The literature review
shows that the surface and catalytic characteristics of metal
oxide are improved when it is dispersed in a carbonaceous
matrix.>® The hybrid composite created when metal oxide and
biochar are combined has special qualities that highlight the
benefits of both components. Due to the potential for intricate
formation interactions, tin(iv) oxide and hydroxides have
important applications in the adsorption of organic pigments.®
Another crucial element in the adsorption of MG dye is pH
because the dye adsorbed maximum is at pH 8.%® Fig. 11 illus-
trates how hydrogen bonds develop at pH 8 between the dye's
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Fig. 11 Plausible adsorption mechanism of SnO,-SBB nanocomposites for the removal of MG dye.
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nitrogen atoms and the SBB's hydroxyl groups. The cellulosic
portion of SBB and MG dye may be electrostatically attracted to
one another. Chemically speaking, SBB is lignocellulosic and
mostly comprises functional groups that contain oxygen.
Studying the interaction between the adsorbent and adsorbate
is crucial to comprehending the adsorption mechanism.*
Using FTIR, the relationship between the adsorbent and the
adsorbate is clearly understood. Several significant bands
demonstrating the presence of active functional groups and
validating H-bonding, electrostatic forces of attraction, or van
der Waal forces during the adsorption process may be observed
in the infrared spectra of SBB.*® The hydrodynamic diameter of
the composite, in addition to all other variables, indicates the
interaction between the solvent and adsorbent that facilitates
adsorption.

4. Conclusion

The current study investigates the possibility of using SnO,-
modified sugarcane bagasse biochar nanocomposites as an
effective adsorbent for the extraction of MG dye from wastewater.
The amount of MG dye adsorbed depends on several variables,
including temperature, pH, contact time, and adsorbent dosages.
According to kinetic studies, the MG dye adsorption by nano-
composites fits well into the Langmuir adsorption isotherm and
follows pseudo-second-order kinetics. The adsorption of MG dye
over nanocomposites exhibits both spontaneous and exothermic
behaviour, as indicated by the thermodynamic characteristics.
Due to negative zeta potential values, the tenable mechanism
suggests that electrostatic attraction has a significant effect on
the adsorption of MG dye from waste water. Better adsorption
effectiveness depends on the capacity of the nanocomposites to
interact with solvent molecules, as demonstrated by the hydro-
dynamic diameter values. The adsorption effectiveness of
composites is influenced by variations in the tin(iv) oxide content
between the two nanocomposites. The 0.5 SnO,-SBB composite is
a superior adsorbent to the 0.3 SnO,-SBB composite, according to
the characterization data. In comparison to the others, it also
exhibits better adsorption efficiency.
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