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1. Introduction

Fabrication of highly efficient encapsulated
SnO,@alginate beads as regenerative
nanosorbents for anionic dye pollutants removal
from aqueous solutionf

Shikha Jyoti Borah, ® Kashyap Kumar Dubey® and

Vinod Kumar (2 *@

@ Akanksha Gupta,

Nano-adsorbents are emerging as potential candidates for the treatment of toxic organic pollutants. In
this context, spherical SnO, nanoparticles (NPs) are synthesized through a facile hydrothermal method
without the usage of toxic chemical precursors, which is confirmed through PXRD, TEM, FTIR, and
Raman spectroscopy. SEM imaging was used to confirm the spherical morphology of the NPs. These
NPs when applied as nano-adsorbents demonstrate the ability to remove anionic dyes from aqueous
solution. In particular, 0.1 g/100 mL SnO, NPs exhibit 95.96% Congo red (CR) removal efficiency from its
aqueous solution within an exposure time of 1 min. Primary driving forces of adsorption can be
attributed to electrostatic attraction and hydrogen bonding. Raman spectra confirmed the presence of
oxygen vacancies which can be a major factor for their high adsorption efficiency. The adsorption
process for CR dye fitted felicitously with pseudo-second order kinetics indicating chemisorption and
the Langmuir model indicating CR monolayer formation on the nano-adsorbent. The maximum
adsorption capacity is estimated to be 961.5 mg g~ Finally, the possibility of metal leaching has been
addressed through encapsulation of SnO, NPs within sodium alginate crosslinked by CaCl,, which also
exhibited nearly 75% adsorption efficiency after an exposure time of 5 min, with successful regeneration.
In addition to adsorption capability toward CR dye, SnO,@SA also exhibited moderate adsorption
efficiencies towards eosin yellow, orange G, and methyl orange dyes. This study demonstrates SnO, NPs
as a potential nano-adsorbent for treatment of toxic effluents through a sustainable, facile and
economical method.

hazardous to human health.*® Particularly, Congo red
(CR) dye, which is used extensively in the textile sector, has a

On an industrial basis, each year, approximately 7 x 10> tons of
wide ranges of synthetic dyes and pigments are used.' The
printing and textile industry releases industrial wastewater
after primary treatment, which does not efficiently remove the
dyes, thereby resulting in the contamination of water bodies.>*
The release of untreated effluents containing a high concen-
tration of dyes into the aquatic environment endangers both
the ecological environment and human health. Due to their
toxicity, mutagenicity, and carcinogenicity, azo dyes like Direct
Blue15, Congo Red, and Direct Red 2 are recognized as
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strong affinity for cellulose fibers.® Numerous methods have
been investigated to reduce dye pollution in wastewater, each
with various benefits and drawbacks. Some of these methods
include biodegradation,” photodegradation,® membrane
separation,’ and adsorption.>'® Adsorption is acknowledged
as a viable method due to its simplicity, affordability, and
sustainability. Micro-pollutants (such as dyes) can be removed
from industrial effluents using the technique of adsorption.
Adsorbents used in this technique should be easy to use and
store, have good mechanical strength, possess the right pore
structure and surface chemical composition, have significant
capacity for adsorbing the adsorbate, and be highly recyclable
and re-usable for economic reasons."’

Various adsorbents related to the environmental remediation
of dyes in textile effluents have been explored in a wide range of
publications.>**** However, SnO, nanoparticles (NPs) have
attracted significant interest in multiple industries because of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table1 Investigations related to SnO, based nanomaterials for mitigation of CR dye via two facile methods (adsorption and photocatalytic degradation)
Nanomaterial Synthesis Removal technique Removal efficiency (%)  Contact time (min)  Ref.
SnoO, Sol-gel method Adsorption 84.41 60 17
Fe,0;-Sn0, nanorods Wet-chemical method Adsorption 99.9 30 26
SnoO, Simarouba glauca leaf extract Photocatalytic degradation 80 150 27
ZnO/Sn0O, Electrospun method Photocatalytic degradation ~ 78.29 60 28
SnoO, Precipitation and calcination =~ Photocatalytic degradation 100 97 29
SnO,/chitosan Chemical precipitation Photocatalytic degradation =~ 95 60 30
SnO, nanosheets Hydrothermal method Photocatalytic degradation 96 55 31

their intriguing physicochemical features."> SnO, is an n-type
semiconducting oxide having a wide band gap and it possesses
high resistance to photocorrosion."® SnO, NPs can be prepared
through various routes such as sol-gel,"” hydrothermal,*® micro-
emulsion,'® and the solvothermal method.*® Among the available
methods, the hydrothermal technique has emerged as a highly
versatile and conventional choice, garnering popularity in indus-
trial applications owing to its straightforward methodology, high
yield, cost-effectiveness and suitability for moderate-temperature
processes.”! Moreover, this method is well-recognized for its ability
to produce NPs with desired size and shape, well-crystalized
products, and NPs exhibiting high crystallinity.”> SnO, has been
investigated as a potential material with numerous unique surface
features, such as luminescence and photocatalytic activity, over the
past ten years.”>** Due to its high chemical stability and unique
physico-chemical properties, it has been utilized in various appli-
cations such as sensors,>* photocatalytic degradation," thermolu-
minescence®® and many others.

Table 1 presents the various studies carried out for removal
and degradation of CR dye using SnO, based nanomaterials via
two common routes, namely adsorption and photocatalytic
degradation. Adsorbents are typically utilized as a fine powder,
and the difficulty of separating the adsorbent from the effluent
may result in sorbent loss. Besides this, metal leaching can also
pose as an inevitable subsequence of using the powder form of
adsorbents. Encapsulating nanomaterials in alginate beads is a
clever solution to this challenge. Alginate is a polymer derived
from brown seaweed. It has substantial advantages, including
accessibility, relatively inexpensiveness, non-toxicity, biocom-
patibility, and biodegradability.** Nanomaterial-alginate beads
have garnered attention due to the combined properties and
advantages of their constituents.®>*38

In this study, the efficiency of hydrothermally produced
SnO, NPs for CR dye removal from its aqueous solution is
meticulously evaluated. Additionally, the encapsulation of SnO,
NPs in sodium alginate (SA) beads, their use as nano-adsorbents,
as well as their capacity to demonstrate regenerative cycles have
been explored. Three primary approaches were used to conduct
this study: sustainability, viability, and cost-effectiveness. To
completely assess their adsorption effectiveness, a range of opera-
tional parameters, including pH, contact time, the amount of
adsorbent, and dye concentrations, have been studied. To ascer-
tain the adsorption mechanisms, the adsorption isotherms and
kinetics were also investigated. SnO, encapsulated within SA
(SnO,@SA) beads highlights the reduced likelihood of post-
adsorption metal leaching while also illuminating the practical

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

applicability of the synthesized NPs. In its entirety, the utilization
of SnO, NPs for dye removal and their encapsulation within
alginate beads constitute a fascinating approach that provides
numerous advantages over traditional techniques, including
the ease of adsorbent separation from the treated wastewater,
the adsorbent’s increased stability and reusability, and the nano-
particles’ decreased toxicity. This research is intended to help
establish an effective and sustainable process for treating dye
wastewater, which could have major positive effects on the
environment, water industry and economy.

2. Materials and method
2.1 Materials

The materials SnCl,-2H,O (tin(i) chloride dihydrate, 98-103%
purity), CaCl, (calcium dichloride, 98% purity), CH;OH (metha-
nol having >99% purity), ethanol and acetone were purchased
from Merck Chemicals. H,O, (hydrogen peroxide, 30% wi/v
purity), Congo red, eosin yellow, methyl orange and orange
G were purchased from Thermo Fisher Scientific. Sodium
alginate was purchased from High Purity Laboratory Chemical
Pvt. Ltd. All chemicals and solvents used in the experiments
were of analytical grade.

2.2 Synthesis of nanoparticles

SnO, was prepared through a facile hydrothermal reaction. In a
clean and dry vessel, 40 mL methanolic solution of 0.11 M
SnCl,-2H,0 was used. To this, 10 mL of hydrogen peroxide was
added. The solution was autoclaved at 150 °C for 15 hours.
Thereafter, the sample was washed numerous times with dis-
tilled water and then with methanol for removal of any residual
impurities. Finally, the sample was oven dried at 60 °C and
ground in a mortar and pestle to obtain a white homogeneous
SnO, NP powder.

2.3 Synthesis of alginate beads

A 3% solution of sodium alginate was prepared which was
continuously stirred for 2 hours to form a homogeneous viscous
gel. 100 mL of 0.05 M CaCl, solution was prepared in a separate
beaker. This was followed by dropwise addition of alginate gel to
the CaCl, solution which led to the formation of light brown
spherical beads.**'® The beads were kept immersed in CaCl,
overnight, and then washed with distilled water several times.
Finally, the beads were partially oven dried at 80 °C to remove
excess water and then utilized for adsorption studies.

Mater. Adv., 2023, 4, 5160-5174 | 5161
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2.4 Encapsulation of SnO, in alginate beads

First, 3% solution of sodium alginate was prepared. To the
viscous gel, varying concentrations of SnO, NPs (0.1 g, 0.2 g and
0.5 g) were added with continuous stirring for 2 hours to form a
homogeneous viscous gel. This was followed by preparation of
0.05 M CaCl, solution. The viscous gel was dropwise added to
CacCl, solution to form spherical white colored SnO,@SA beads.
Further, these beads were kept overnight in CacCl, solution for
hardening, which was followed by washing with distilled water.
Finally, they were partially oven dried at 80 °C to remove excess
water for further usage in adsorption studies.

2.5 Adsorption of anionic dyes

All the batch experiments, for adsorption studies, were carried
out at room temperature. First, tests were conducted in 100 mL
glass beakers with varying dye concentrations (5-60 pM) using
the powder form of SnO, NPs. Similar batch experiments were
carried out for investigating the efficiency of SnO,@SA beads in
5 uM aqueous solutions of anionic dyes. 5 mL aliquots of
solution were collected at regular time intervals, and then
centrifuged to remove the nano-adsorbent for further analysis
on a UV-Visible spectrophotometer. For pH studies, 1 M HCl/
NaOH solutions were used. For carrying out desorption studies,
chemical regeneration was carried out using 15 mL of various
eluents such as methanol, ethanol, acetone, and dil. HCI.

2.6 Instruments

The crystalline structure of the synthesized NPs was character-
ized by PXRD using a scan rate of 1° min~* for 20 range from 5°
to 70° in a Rigaku Miniflex 600 (Japan) X-ray diffractometer
(A = 1.5406 A). For determining the sample morphology and
elemental composition, SEM images and EDX spectra were
obtained from a SEM (JEOL) coupled with an EDX detector.
TEM images were obtained from a Tecnai G2 20 S-TWIN TEM.
FTIR and Raman spectra were recorded using a Shimadzu
instrument and an EnSpectr'R532 spectrometer (4 = 532 nm),
respectively. Sn detection was carried out on Agilent ICP-MS
7900. UV-Visible spectra were recorded using a UV-Visible
spectrophotometer (PG Instruments, India).

3. Results and discussion
3.1 X-ray diffraction

The crystallographic studies of SnO, NPs have been confirmed
by PXRD. Fig. 1(a) depicts the obtained XRD pattern. NPs are
confirmed to have a rutile structure having tetragonal phase
with space group P4,/mnm. The concluded data are in agree-
ment with JCPDS file no. 41-1445. In addition to this, the
diffraction peaks have been indexed to the characteristic planes
(110), (101), (200), (210), (211), (002), and (310). The highest
relative intensity peak was determined for (101) and (210)
planes. The average crystallite NP size has been determined
to be approximately 3-5 nm using the Debye-Scherrer equa-
tion. No characteristic peak was additionally observed, depict-
ing the purity of the synthesized NPs. Thus, it can be concluded
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Fig. 1 XRD spectra of (a) SnO, NPs in a powder form and (b) SnO, NPs
encapsulated within SA beads.

that rutile phase SnO, NPs are formed having broad peaks
which indicates smaller particle size. Furthermore, Fig. 1(b)
depicts that all the characteristic peaks for SnO, NPs are
observed in the obtained XRD pattern for SnO,@SA beads.
Besides this, a similar pattern is observed for SnO,@SA beads
before and after adsorption as shown in ESIt (Fig. S3). The
lowered intensities and the broadness of the peaks in the
SnO,@SA beads can be attributed to dispersion of SnO, NPs
within the alginate polymer matrix.*' No additional peak con-
firms the purity of the beads. Thus, the crystallinity and purity
of SnO, NPs continue to be well-maintained after their success-
ful encapsulation within SA beads. Similar observations have
been reported by other studies based on encapsulation of
nanoparticles within alginate beads.***

3.2 Optical Study

The structural properties of pure SnO, NPs were investigated
using FTIR spectroscopic analysis. As shown in Fig. 2(a), the
absorbance bands at 3348 cm™ ' and 1621 cm ™' can be assigned
to the hydroxyl group which may have resulted from the
adsorbed water molecules on the surface of SnO, NPs.***
The absorbance bands at 3348 cm ™' and the strong peak at
1621 cm ™' depict the stretching and bending mode of the OH
groups, respectively.*> Below the fingerprint region of the IR
spectra, the characteristic features of the SnO, lattice can be
highlighted by the presence of absorbance bands at 470 cm™*
which represent O-Sn-O stretching vibrations and the shoulder
peaks at 639 cm ™', collectively marking the stretching vibra-
tions of Sn-O bonds."®

The analysis of SnO, NPs through Raman spectral data has been
shown in Fig. 2(b). The spectrum of the synthesized SnO, shows
bands at 120 cm™?, 169 cm™ %, 301 cm ™, 428 cm ™}, 567 cm ™},
629 cm~ ' and 774 cm™". The band found at 629 cm™" represents
the SnO, lattice structure, which is corroborated by the shoulder at
428 cm ™" reflecting the Sn-O-Sn linkage bending vibrations.>*

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) FTIR spectra and (b) Raman spectra of SnO, NPs.

Bridging and in-plane oxygen vacancies can be attributed to the
bands at 567 cm ™" and 774 cm ™, respectively.'® Typically, a surface
with oxygen vacancies exhibits high electron density, low adsorption
energy, and rapid electron transfer.*®*” The oxygen vacancies may
aid in creating additional new active binding sites for adsorption.*®
Thus, the presence of oxygen vacancies on the synthesized nano-
adsorbent can also be largely responsible for its high efficiency.
Various similar studies have reported the presence of oxygen
vacancies on metal oxides which lead to enhanced adsorption
efficiency.*®>°

3.3 Morphological study

The surface morphologies of SnO, NPs and SnO,@SA beads
were studied by scanning electron microscopy (SEM). Fig. 3(a)
shows typical SEM images of the synthesized SnO, NPs. The
morphologies clearly depict the formation of various sizes of
spherical NPs (ESL, Fig. S4a). Additionally, TEM images shown
in Fig. 4(a) and (b) indicate the crystalline nature of NPs with a
lattice fringe spacing of 3.36 A which can be indexed to the
(110) plane of SnO, NPs. It was observed that many lattice
fringe spacings were within the approximate range of ~3.34-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 SEM images of (a) SnO, NPs and (b) SA beads crosslinked by CaCl,
at 20 um, with the inset representing the image taken at 5 um; panels (c),
(d), (e) and (f) show 0.5 g SnO, encapsulated within SA beads at different
magnification.

3.63 A. Also, elemental mapping of SnO, NPs for confirmation
of elemental composition analysis has been obtained which

Fig. 4 (a) Enlarged view of TEM images of SnO, NPs showing various
lattice fringes marked in a red circle; (b) magnified view of red circle 1 from
image (a); and panels (c) and (d) show the elemental mapping of SnO, NPs
with Sn and O in green and red colors, respectively.

Mater. Adv., 2023, 4, 5160-5174 | 5163
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confirmed SnO, NPs. The presence of each element has been
highlighted, where the green color denotes the distribution
of tin (Sn) and red denotes the distribution of oxygen (O)
(Fig. 4(c) and (d)).

The morphological study of SnO,@SA beads has also been
carried out through SEM imaging. Fig. 3(b), with a higher
magnification image in the inset, shows the surface morphol-
ogy of completely dried pure SA beads, which clearly indicates
long crosslinked chains. Upon encapsulation of 0.5 g SnO,
within the SA beads, the surface morphology drastically chan-
ged as depicted in Fig. 3(c)-(f) which demonstrates that the
spherically shaped SnO, NPs have been successfully entrapped
within SA beads. Additionally, the SEM images for the encap-
sulation of 0.2 g SnO, within SA beads have been illustrated in
ESIt (Fig. S4b-d) which clearly depict that at lower concen-
tration (0.2 g SnO,@SA beads, Fig. S4b-d, ESIt) the NPs are
sparsely spread and entrapped, while at high concentration
(0.5 g SnO,@SA beads, Fig. 3(c)-(f)) the NPs are densely
entrapped within SA beads.

4. Adsorption of anionic dyes

SnO, NPs were utilized as nano-adsorbents to remove four
different anionic dyes (Congo red, eosin yellow, methyl orange,
and orange G) from their aqueous solutions. In Fig. 5, the
removal efficiency of SnO, NPs is depicted, revealing nearly
complete removal (99.96%) of Congo red within 5 min of
contact time. Moreover, the removal efficiency for eosin yellow
after 30 min of contact time reaches approximately 82%.
Additionally, 5.22% and 2.46% removal efficiencies are
observed for orange G and methyl orange, respectively.
Adsorption studies were also conducted to evaluate the
versatility of SnO,@SA beads. The results, presented in
Fig. 5(b), illustrate the adsorption capabilities of 0.3 g SnO,@SA
beads for eosin yellow, orange G, and methyl orange, in
addition to Congo red. After a contact time of 30 min, the
adsorption efficiencies were found to be 81%, 47.05%, 8.39%,

100 - T/./- (
a)
= 804
>
o
&
'S 60 —s=— Congo Red
% —e— Eosin yellow
= —4— Orange G
3 404 —v— Methyl orange
£
[
o
20
ET== : : —
0 5 10 15 20 25 30
Time (min)
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and 5.53% for Congo red, eosin yellow, orange G, and methyl
orange, respectively. This clearly demonstrates that SnO,@SA
beads possess the potential to effectively remove various anio-
nic dyes, making them versatile candidates for wastewater
treatment and environmental applications. The remarkable
adsorption efficiency for Congo red and eosin yellow may also
indicate the potential selectivity of the adsorbent for dyes with
different molecular structure and charge densities. Besides, the
moderate removal efficiencies for orange G and methyl orange
indicate that SnO,@SA beads can be further fine-tuned for
specific dye removal applications. Based on the highest effi-
ciency observed for Congo red dye, further investigations were
carried out using Congo red to examine the influence of various
operational parameters, as well as to study adsorption kinetics
and isotherm.

5. Adsorption efficiency of SnO,
nanoparticles

Various dye concentrations have been studied. The calibration
curves and linear fit have been shown in ESIt (Fig. S5). The
efficiency of adsorption by SnO, NPs is shown in Fig. 6(a).
Within the first minute, fast adsorption of the dye occurs,
resulting in more than 90% adsorption of the dye (Fig. S6a,
ESIY). This high rate of adsorption may be credited to the large
surface area of SnO, NPs, as confirmed through PXRD and SEM
results. The removal efficiency () has been calculated using
eqn (S1) discussed in the ESIt (S1).?”°" The results revealed that
nearly complete adsorption of organic pollutant CR has been
successfully carried out within 5 min for the organic azo dye
without the application of external factors such as cocatalyst,
sacrificial agent, heat and light.

In the adsorption of organic dyes, a major role is played by
the surface chemistry of the adsorbents. The favorable enhanced
adsorption of CR dye by the synthesized NPs is to a great degree
due to the electrostatic interaction between the cationic center of
SnO, and the electron rich center of the CR dye.”> Another major

(b)

80

70+

60

50

40 -
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Fig. 5 Adsorption of four anionic dyes at a concentration of 5 uM using (a) 0.1 g/100 mL of SnO, NPs and (b) 0.3 g SnO,@SA beads.
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Fig. 6 (a) Adsorption efficiencies of spherical SnO, NPs as observed for various dye concentrations; (b) effect of adsorbent dosage on the removal

efficiency for 5 uM CR at pH = 5; (c) effect of contact time upon the removal efficiency for 5 uM CR dye; and (d) effect of dye concentration on the

removal efficiency for CR by 0.1 g/100 mL of SnO, NPs.

factor that can influence adsorption efficiency is the formation
of oxygen vacancies. The presence of oxygen vacancies on the
SnO, nano-adsorbent has been confirmed by Raman spectra,
which are responsible for generating vacant active binding
sites."®*®° Also, additional capture of CR moieties may occur
through the formation of hydrogen bonds.>® This process is
supported further by the fact that other reported positively
charged adsorbents had significant adsorption capacity towards
anionic dyes due to oxygen vacancies, electrostatic interactions
and hydrogen bonding.>*%?37:5455

5.1 Effect of adsorbent dose

At room temperature, the effect of adsorbent dosage has been
investigated for 5 uM CR dye at different time intervals (0-5 min).
The results are shown in Fig. 6(b), which indicates that increasing
the adsorbent dose from 0.05 to 0.2 g/100 mL increases the
percentage of adsorption for the entire contact time. This can be
the consequence of increased surface area which further
allows increased binding at active sites. The presence of additional
adsorption active sites can also be responsible for the rise
in adsorption effectiveness with the adsorbent dose.>® However,
at 5 min, the removal efficiencies of 0.1 and 0.2 g SnO, NPs are

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

99.96% and 99.83%, respectively. Since it does not indicate a
significant difference, further investigations were carried out at 0.1
/100 mL.

5.2 Effect of pH

pH is a significant parameter since it affects the adsorbent’s
surface charge, degree of ionization, and adsorbate speciation.
Fig. 7 shows the influence of initial CR pH on the adsorption
efficiency of SnO,. The adsorbent dosage was kept fixed at 0.1 g/
100 mL. At a varying pH range from 3 to 11, the predicted strong
pH influence has been demonstrated for two dye concentrations
(5 and 10 pM). At an initial pH of 5, maximum removal efficiency
(~92%) for CR on SnO, was observed (Fig. 7(a)). However, at a pH
lower than 5, as the acidic nature increased, its removal efficiency
vastly declined to a much lower level. This can be due to the face-
to-face arrangement of CR monomers into anionic dimers, which
further allows them to partially self-associate and reduce their
hydrophobic contact with water."” Thus, at highly acidic pH
ranges (pH < 5) CR dye may undergo tautomerism and aggrega-
tion, thereby hindering adsorption efficiency."> At pH > 5, the
increase in pH demonstrated a decline in the removal efficiency
which can be due to interionic repulsions between similarly

Mater. Adv,, 2023, 4, 5160-5174 | 5165
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Fig. 7 Effect of pH on removal efficiency for two dye concentrations: (a) 5 uM and (b) 10 puM.

charged particles and the increased OH™ concentrations which
compete for adsorption.>”*® Therefore, the adsorption investiga-
tions were studied at an optimum pH = 5.

5.3 Effect of contact time

As illustrated in Fig. 6(c), the adsorption of CR on SnO, NPs was
examined as a function of contact time to find the equilibrium
for maximum adsorption. The adsorption rapidly increases
within the 1st minute attaining more than 80% adsorption,
after which it subsequently slows down as sorption equilibrium
is attained after 5 min. Thus, it has been adopted as the
optimum equilibrium time for the adsorption of CR dye on
SnO, NP’s surface at a CR concentration of 5 pM, pH = 5, and
adsorbent dose of 0.1 g/100 mL. The rapid adsorption of CR
within the first minute of contact depicts the large number of
free active binding sites that are conveniently available for CR
molecules.'”>!

5.4 Effect of dye concentration

In adsorption, it is necessary to overcome the mass transfer
resistance of the dye between the aqueous and solid phases.>
This suggests that the initial concentration of the dye and its
interaction with the adsorbent are crucial factors. In this
context, the effect of initial dye concentration was studied for
a range of 5-60 UM using a constant adsorbent dosage of 0.1 g/
100 mL. Fig. 6(d) demonstrates that the increase of concen-
tration from 5 to 60 uM resulted in a decreased percentage of
dye removal efficiency. This is often related to the decrease in
the number of vacant binding sites at high dye concentration,
thereby lowering the adsorption driving force.®

6. Adsorption kinetics

The adsorption kinetics were determined at varying CR con-
centrations of 5-60 uM and at a fixed adsorbent dosage of 0.1 g/
100 mL and pH = 5. For determining the appropriate model to
describe the adsorption mechanism, the pseudo-first-order
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(PFO), pseudo-second-order (PSO) and intra-particle diffusion
(IPD) models were applied (Fig. 8). The equations used for PFO,
PSO and IPD have been discussed in the ESIT (S2).

The most appropriately fit model has been determined from
comparative analysis based on the obtained linear regression
correlation coefficient (R?) values. The calculated kinetic para-
meters for each of the models have been summarized in
Table 2. The results clearly depict that the PFO kinetics are
not suitable for the present adsorption system due to the poor
R? values. Additionally, the large difference between the experi-
mental and calculated values of g. demonstrated the poor fit of
the PFO model. However, both PSO and IPD models demon-
strated high R* values. However, R” values were more consistent
and higher for PSO than for the IPD model. In addition to this,
the calculated values of g. for the PSO model are very well in
agreement with the experimental g. data. Secondly, the PSO
kinetic model’s curve-fitting plots demonstrated a straight line
through the origin, validating it as the best fit model in the
current system (Fig. 8(c)). This reflects that the adsorption
mechanism involved in the adsorption of CR on SnO, NPs is
facilitated by the process of chemisorption. This implies that
the rate determining step is the chemical sorption of CR on the
adsorbent’s surface which may be simultaneously accompanied
by exchange of electrons between adsorbate and adsorbent.*”

7. Adsorption isotherm studies

In order to understand the interactive model between the
adsorbent and the adsorbate, it is critical to evaluate adsorption
isotherms since they provide unique insight into the nature of
interactions. In this context, the renowned Langmuir, Freun-
dlich and Temkin models were studied. The equations have
been discussed in the ESIt (S3).

Fig. 9(a)—(c) depicts the CR adsorption isotherms of SnO,
NPs for 5 pM CR at an adsorbent dosage of 0.1 g/100 mL having
pH = 5. The R* value for the Langmuir isotherm is high
(0.99988), while those for Freundlich and Temkin are 0.91772

© 2023 The Author(s). Published by the Royal Society of Chemistry
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order, (b) intra-particle diffusion and (c) pseudo-second-order.

Table 2 Kinetic parameters obtained from CR adsorption on SnO, NPs

Kinetic models 5 uM 0ouM  20pM  40pM 60 pM
Geoxp (Mg g ") 999.57  923.07 864.59  813.05  785.28
Pseudo-first-order

R* 0.9958 0.91193 0.99246 0.8948 0.98863
ks (minfl) 0.1057 0.1285 0.12824 0.3638 0.4749
Gecal (Mg g™ 138.37 83.76  38.09 42,52  87.35
Pseudo-second-order

R? 0.99991 1 0.99999 0.99988 0.9999
k(g mg ' min~")  0.0157 0.0246  0.0507  0.0283  0.0143
Gecal (Mg g7 929.925 884.95 847.45 813.00  793.65
Intra-particle diffusion

R* 0.99969 0.94341 0.99296 0.91478 0.99783
K, (mgg 'min %) 36.02  25.88 11.28 1552 35.62

and 0.91787, respectively. The Langmuir isotherm model thus
offered the most precise account of CR adsorption (Fig. 9(c)).
Table S1 (ESIt) provides an overview of the three model’s
estimated parameters. The comparatively low R> values of

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

Freundlich and Temkin isotherm models, however, led to their
rejection. This suggests that CR was adsorbed at predetermined
homogeneous sites of the nano-adsorbent, resulting in the
formation of a monolayer on the nano-adsorbent’s surface.
Similar results have been reported in various other recent inves-
tigations related to dye adsorption, indicating that PSO and
Langmuir isotherms are most commonly reported.””>**'"%* How-
ever, this does not eliminate the possibilities of adsorption
kinetics and isotherms following other adsorption models.**®°

The favorability of the adsorption isotherm was further
determined by evaluating the dimensionless separation factor
(Ry), using eqn (S6) (ESIT).®”%® The adsorption process favor-
ability is determined by 0 < Ry, < 1.'° It was determined that
the value calculated for the adsorption of CR by the synthesized
SnO, NPs lies within the range of 0 to 1 (R, = 0.000113); thus the
adsorption of CR on the adsorbent is determined to be favor-
able. Additionally, Table S1 (ESIt) compiles the information
gathered from Freundlich isotherms, which clearly indicates
that 1/n = 0.0083; hence the adsorption mechanism also fulfills
the criteria for favorable reaction (0 < 1/n < 1).
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8. Adsorption efficiency of
encapsulated nanoparticles

Secondary pollutant generation due to metal leaching from the
adsorbent and separation of the adsorbent from treated waters are
two major challenges that need to be addressed for expanding the
scope of pilot studies to practical implementation. To address these
issues, SnO, NPs were encapsulated within sodium alginate
(SnO,@SA) beads. The adsorption efficiency of SnO,@SA beads
was evaluated for varying concentrations of SnO, (0.1 g, 0.2 g, and
0.5 g). However, to obtain a better comparative analysis, pure SA
beads were first investigated for CR adsorption (Fig. 10(a)). For
providing a clear perspective, the images of SnO, NPs and the
completely dried SnO,@SA beads are provided in the ESIT (Fig. S1).
Additionally, Fig. S2 in the ESI shows the images of the partially
dried beads used for the adsorption studies. Fig. S1 (ESIt) illus-
trates the distinct color changes of the SnO, NPs and dried
SnO,@SA beads before and after adsorption. The white color of
SnO, NPs changes to a pale red color, while similar changes in
color are also observed for the dried SnO,@SA beads. Thus, the

5168 | Mater. Adv, 2023, 4, 5160-5174

adsorption of CR on both SnO, NPs and SnO,@SA beads is quite
evident through the color changes. Further analysis through UV-
Visible spectroscopy has been carried out to clearly understand the
comparative analysis of adsorption efficiency of SnO,@SA beads of
three different concentrations.

Pure SA beads demonstrated approximately 9% removal effi-
ciency. Even after 10 min of exposure, the highest efficiency for
pure SA beads is only about 25% (Fig. 10(a)). Upon encapsulating
0.1 g SnO, within SA beads (0.1 g SnO,@SA beads), the efficiency
increased to 32% within the first minute of contact. However, only
53% efficiency was attained after 10 min (Fig. S7, ESIt). Hence,
0.2 g and 0.5 g SnO,@SA beads were also investigated. Increment
in efficiency (63.82%) is typically observed for 0.2 g SnO,@SA beads
within 10 min (Fig. S8, ESIt), and nearly 75% efficiency is observed
for 0.5 g SnO,@SA beads within 5 min (Fig. S6b and S9, ESIY). Also,
Fig. 10(b) depicts the comparative analysis of adsorption efficien-
cies of SnO, NPs and SnO,@SA beads of various compositions in
the form of a bar diagram. This indicates that the encapsulated
SnO, NPs within SA beads can also show commendable efficiency
when compared to SnO, NPs.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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tion, and (b) their comparative analysis through a bar diagram.

8.1. Leaching analysis

To ascertain leachate (Sn) concentrations in treated water, ICP-MS
was employed to detect inorganic Sn within the treated water after
utilizing 0.5 g SnO,@SA beads, yielding a value of 7.729 ppb (parts
per billion) or pg L™". This indicates that the Sn concentration in
the treated water accounted for approximately 0.00019% of initial
Sn concentration present in the beads (S4 in ESIY).

Assessments carried out by the WHO reported inorganic Sn
concentration within the range of 0.2-3 ug L' in seawater,
<0.003 pg L' in rainwater, and 0.001-8 pug L' in polluted
coastal waters. Furthermore, UK drinking water supplies
revealed Sn concentration to be below 10 pg L', while an
average concentration of 6 g L™ " was reported in US municipal
drinking water.®® The Joint FAO/WHO expert committee on
Food Additives also reported that the maximum level of Sn in
commodities such as canned food and beverages must not
exceed 250 mg kg~ ' and 150 mg kg ', respectively.”® They also
concluded that Sn concentration higher than 200 ppm can
produce acute toxic effects in humans. Similarly, a study based

© 2023 The Author(s). Published by the Royal Society of Chemistry
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in Perak, Malaysia, reported Sn concentration ranging between
1 and 7 pg L™".7" More recently, the WHO released the 4th
edition incorporating guidelines for drinking-water quality,
which revealed that considering the minimal toxicity of
reported Sn concentration, the establishment of permissible
levels for Sn has been deemed unnecessary.””> Consequently,
the direct comparison of measured Sn concentrations in trea-
ted water using SnO,@SA beads based on existing literature is
not feasible. Nonetheless, it can be surmised that the detected
Sn concentration identified in this work remains lower in
comparison to the benchmarks reported in the existing litera-
ture. Thus, the pragmatic application of these beads as nano-
adsorbents exhibits significant potential for treating dye waste-
water. However, scaling up of these nanosorbents requires
further in-depth exploration which will be performed to ensure
complete mitigation of Sn leaching in treated water.

9. Regenerative studies

The stability of an adsorbent plays a crucial role when it undergoes
repeated adsorption-desorption cycles. To establish the reusability,
feasibility and cost-effectiveness of SnO,@SA beads were assessed
through chemical regeneration using solvent desorption. This
method of regeneration has substantial advantages as it has an
environmentally benign nature, low-cost, and rapid regeneration
rate. Fig. 11 presents comparative desorption efficiencies of acet-
one, methanol, ethanol and dil. HCl. Acetone and methanol
exhibited the highest desorption efficiency, surpassing ethanol
and dil. HCI significantly. However, considering the highly volatile
nature of acetone, which may lead to incomplete desorption due to
rapid evaporation, methanol was selected as the preferred eluent
for further regeneration studies.
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Fig. 11 Bar diagram showing the concentration of desorbed Congo red in
various eluents from the adsorbent.
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SnO,@SA beads were used to perform three consecutive
cycles using methanol as an eluent (Fig. S10, ESIf) and the
results are shown in Fig. 12. The amount of CR adsorption
gradually decreases as the number of cycles increases. The
amount of adsorbed dye that was not recovered by desorption
was likely present on the beads, which caused a gradual
reduction in adsorption capacity in the following cycles.® The
lowered efficiency may be attributed to the unavailable or
attenuated vacant adsorption sites during desorption.>® The
CR adsorption capacity of 0.5 g SnO,@SA beads decreased from
75.3% to 18.9% after two cycles, while that of 0.1 g SnO,@SA
beads decreased from 53.7% to 15.1% after two cycles (Fig. 12).
As a result, it can be inferred that SnO,@SA beads are promising
environmentally friendly nano-adsorbents for treatment of CR
dye. However, more investigation is required to identify the ideal
eluent to boost the efficacy of the reusability of SnO,@SA beads.

10. Comparison with other adsorbents

Various adsorbents such as activated carbon obtained from
agricultural waste biomass,”* walnut shell’* and carboxymethyl

Table 3 Comparison of various adsorbents used for removal of CR dye

View Article Online
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cellulose,”® metal organic frameworks like UiO-66'* and even
starch based hydrogels”® have been fabricated for the adsorp-
tion of CR and many other dyes such as methylene blue. The
comparison of the presented work using SnO, NPs with other
adsorbents used for the treatment of CR dye is shown in
Table 3. It clearly indicates that the maximum adsorption
capacity of SnO, NPs is quite high and even better than that
of some of the reported studies. Abdelkader et al. reported
84.41% Congo red removal efficiency after 60 min of contact
time using SnO, NPs which were synthesized at 450 and
650 °C."7 In contrast, the current study achieved significantly
higher efficiency, demonstrated regenerative abilities, and
showcased versatility in adsorbing multiple anionic dyes by
SnO, NPs synthesized at a comparatively low temperature, even
when encapsulated within sodium alginate beads. Therefore,
these nano-adsorbents can be considered as of great potential
for the treatment of anionic dyes. Moreover, the successful
implementation of SnO, NPs encapsulated within SA beads can
provide immense control over the leaching of metal from the
nano-adsorbent, thereby proving them to be a biocompatible,
highly efficient and economical adsorbent.

11. Conclusion

In this study, hydrothermally synthesized spherical SnO, NPs
were successfully prepared without any toxic reagents. PXRD,
TEM, FTIR and Raman spectroscopy confirmed the formation
of SnO, NPs. SEM imaging confirmed the formation of sphe-
rical NPs and the encapsulation of SnO, NPs in sodium alginate
beads. Within 1 min, nearly 95% adsorption efficiency is
observed for 5 pM CR dye by 0.1 g/100 mL of SnO, NPs.
Favorable adsorption is determined to be at pH = 5, while
adsorption decreases at highly acidic and basic pH. The
adsorption behavior can be best described by pseudo-second-
order kinetics. The equilibrium data displayed the best fit of
the Langmuir isotherm and the maximum adsorption capacity
was determined to be 961.5 mg g~ . The driving forces can be
attributed to oxygen vacancies, electrostatic force of attraction
and hydrogen bonding, and the adsorption mechanism
involved chemisorption and monolayer formation on adsor-
bent’s surface. Finally, the encapsulated SnO, NPs within
sodium alginate beads were also capable of behaving as
nano-adsorbents for CR dye removal, which also showed

Adsorbent Adsorption capacity,

Adsorbent dosage gm (mg g™ Isotherm Kinetic model Ref.
Cd4(H,4L),(phen),(H,0), 3000 g mL " 684 Langmuir Pseudo-second order 77
Activated carbon from water hyacinth stem 16gL" 14.367 Langmuir Pseudo-second order 78
Cyanoguanidine-modified chitosan 50 mg/50 mL 666.67 Langmuir Pseudo-second order 79
AIF-rGO 0.1 g/25 mL 178.57 Freundlich Pseudo-second order 80
Vernonia amygdalina leaf powder 5¢L" 57.47 Langmuir Pseudo-second order 81
Fe;0,/graphene oxide composite — 769.2 Langmuir Pseudo-second order 67
CoFe,_,Gd, O, — 263.2 Langmuir Pseudo-second order 82
Fe;0,@8Si0,-COOH NPs 05¢g L! 263.16 Langmuir Pseudo-second order 51

SnO, NPs 1gL"! 48.31 Langmuir Pseudo-second order 17

SnO, NPs 0.1 g/100 mL 961.54 Langmuir Pseudo-second order This work
5170 | Mater. Adv, 2023, 4, 5160-5174 © 2023 The Author(s). Published by the Royal Society of Chemistry
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successful regeneration. Additionally, nearly 0.0019% of Sn
concentration from the adsorbent material was detected in
aqueous solution after treating dyes, which indicates signifi-
cantly reduced metal leaching due to encapsulation of SnO, in
alginate beads. Moreover, the noteworthy adsorption capabilities
of SnO,@SA beads extend beyond Congo red dye, as they also
demonstrate adsorption of eosin yellow, orange G and methyl
orange. In conclusion, SnO,@SA beads have high potential in
dye wastewater treatment due to their ease of preparation,
environmental friendliness, and cost-effectiveness. Nevertheless,
efforts to improve the effectiveness of SnO,@SA beads through
doping or the production of nanocomposites can be pursued in
future studies.
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