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Abstract

Biotreatment of wastewater has attracted considerable attention due to its low cost and eco-friendliness. This study devel-
oped a novel bionanocomposite comprised of Nanochitosan (NCS), Bentonite (Bt), and SnO,—Zn0O nanocomposite prepared
using Salvia officinalis extract as a reducing/stabilizing agent. The NCS/Bt/SnO,—Zn0O bionanocomposite exhibited a rough
surface with porous nature. EDX, XRD, and FTIR results confirmed the formation of the bionanocomposite. TGA indicated
high thermal stability of the NCS/Bt/SnO,—ZnO. DRS results revealed that the bionanocomposite had a band gap of 2.60 eV.
The surface area of NCS/Bt/SnO,~ZnO was found to be 32.54 m? g~! with a 17.98 nm pore size. Adsorption of Fe(III) and
Pb(II) ions and photocatalytic degradation of methylene blue (MB) dye using this bionanocomposite were studied. Under
optimal conditions, the highest removal of Fe(III) (99.5%) and Pb(I) (91.5%) was achieved after 5 min and 40 min, respec-
tively. The adsorption data fitted the Langmuir isotherm and indicated the removal capacity of 555.55 and 243.90 mgg™"
for Fe(IIl) and Pb(Il), respectively. Also, the NCS/Bt/SnO,~ZnO showed the MB dye degradation efficiency of 99% within
30 min. Therefore, the NCS/Bt/SnO,—ZnO can be used as an environmentally friendly, cost-effective, thermally stable, and

high-performance adsorbent/photocatalyst to remove heavy metal ions and dye molecules.
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Introduction

Environmental water pollution due to heavy metal ions and
toxic dyes seriously threatens the human life and ecosys-
tems. These pollutants have originated from mining activi-
ties, metal coating, dye manufacturing, leather tanning,
textile, tannery, papermaking, pesticides, printing, plastics,
photographic industries, petroleum refining, and food tech-
nology [1]. The existence of heavy metals and toxic dyes in
water systems has posed a severe threat to the environment
owing to their toxicity, non-biodegradability, carcinogenic,
and mutagenic potential [2-4]. Thus, the development of
simple, environmentally friendly, and cost-effective methods
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to remove these hazardous pollutants from wastewater sys-
tems has become a crucial issue.

Recently, bionanocomposites have attracted significant
attention for water and wastewater treatment because of
their biocompatibility, eco-friendly, nontoxicity, abun-
dance, low-cost, biodegradation, and ease of preparation
[5, 6]. These hybrid materials are composed of biopoly-
mers and inorganic solids with at least one dimension in
the nanometric range. The addition of nanoscale inorganic
fillers to biopolymer results in the synthesis of novel mate-
rials with superior mechanical, thermal, and chemical
characteristics. The modification of biopolymer increases
the surface area with a large number of reaction sites for
effective removal of pollutants. Chitosan (CS), a poly-
saccharide composed mainly of units of p-glucosamine
and N-acetyl-p-glucosamine, is one of the most abundant
natural biopolymers. This copolymer is a very promis-
ing candidate for wastewater treatment because of the
presence of high content of functional groups (OH and
NH,) in its structure, serving as coordination and reaction
sites [7]. The recent widespread application of chitosan
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has attracted considerable attention for synthesizing its
derivatives at the nanoscale. The nanochitosan (NCS) is
a non-toxic and stable polyanion that exhibits excellent
physicochemical properties [8, 9]. The large surface area,
compactness, and high mechanical strength increase the
applications of NCS in water treatment compared to chi-
tosan. Therefore, in this work, NCS was used as a precur-
sor to develop a bionanocomposite.

Recent studies show that modifying biopolymer with the
nanofiller clay minerals reinforces its properties [10, 11].
The widespread application of clays is due to their economic
and environmental advantages. Bentonite (Bt) is a layered
aluminosilicate clay consisting mainly of montmorillonite. It
has a high absorption ability and exhibits good thermal and
mechanical stability. The Bt, as an environmentally friendly
and cost-effective nanofiller in the bionanocomposite, not
only improves its mechanical strength but also provides a
high specific surface area and abundance of active sites for
pollutant remediation [12].

The functional properties of bionanocomposites can be
improved by incorporating metal oxide nanoparticles [13].
Owing to their high surface-volume ratio and highly reac-
tive sites, metal oxide nanoparticles have attracted signifi-
cant attention in widespread practical applications such as
wastewater treatment, food packaging, drug delivery, and
biosensors [14—17]. For instance, ZnO and SnO, nanoparti-
cles have been extensively used due to their environmental
friendliness, low cost, high activity, simplicity of prepara-
tion, and long-term stability [6, 18]. The unique properties
of these nanoparticles make them promising candidates for
use in commercial products and industrial processes, includ-
ing water remediation. The simultaneous use of these two
nanoparticles is an effective strategy to enhance the perfor-
mance of nanocomposite. SnO,—ZnO nanocomposite, with
its eco-friendly nature and outstanding optical and mechani-
cal properties, has demonstrated high efficiency in wastewa-
ter treatment [19, 20].

In recent years, the photosynthesis of metal oxide nan-
oparticles by plants as one of the synthesis pathways has
attracted considerable attention [21]. Active ingredients such
as Tannins, polyphenols, flavonoids, amino acids, inorganic
ions, sugars, alkaloids, and organic acids present in the plant
extracts support the formation of nanomaterials. These pri-
mary and secondary metabolites can play a natural reduc-
ing and stabilizing role in the production of nanoparticles.
Various plants, including Arachis hypogaea, Phlomis can-
cellata Bunge, Bridelia retusa, Tinospora cordifolia, Cocoa,
Muntingia calabura, and Tabebuia aurea have been utilized
to synthesize nanoparticles [22-29]. Green synthesis of
nanoparticles using plant extracts is facile, rapid, economi-
cal, and requires no elevated reaction conditions, and toxic
chemicals. Furthermore, the fabricated nanomaterials are
non-toxic, stable, and biologically compatible.

Salvia officinalis is a medicinal plant belonging to the
Labiate family. This plant grows mainly in the Mediterra-
nean and Middle East regions, but it is today found world-
wide. Salvia officinalis is a valuable source of phenolic
acids and flavonoids, which may be responsible for the
formation of metal nanoparticles [30].

In the current work, for the first time, we developed a
facile and green approach for the preparation of Nanochi-
tosan/Bentonite/SnO,-Zn0O (NCS/Bt/SnO,-Zn0O) biona-
nocomposite using low-cost and environmentally friendly
materials. For this purpose, SnO,-ZnO nanocomposite
was prepared in the presence of Salvia officinalis aqueous
extract as the reducing agent under mild conditions. Then,
bionanocomposites based on NCS incorporated with these
eco-friendly SnO,-ZnO nanocomposites and Bt were syn-
thesized, and their properties were investigated. Modifying
NCS with SnO,~ZnO nanocomposites and Bt provided
better thermal stability, high specific surface area, and
abundant reactive sites. NCS/Bt/SnO,—Zn0O bionanocom-
posite was applied for the adsorptive removal of heavy
metal ions of Fe(III) and Pb(II) and photodegradation of
methylene blue (MB) dye from water.

Experimental
Materials
Chitosan, Sodium tripolyphosphate (TPP), Zn

(50,)0.7H,0, and SnCl,.2H,0 were obtained from Sigma
Aldrich. Bt was purchased from Zarin Khak Ghayen
company, Iran. Standard solutions of Fe(III) or Pb(II)
(1000 mg L™!) were of analytical grade and purchased
from Chem-Lab nv. MB dye MW =374.2, A, =665 nm)
was provided by Merck and employed without further
purification.

Nanochitosan Preparation

NCS was prepared from the chitosan by ionotropic gela-
tion method with tripolyphosphate (TPP) ions [31]. Ini-
tially, to obtain the transparent homogeneous solution
of chitosan, 1.0 g of chitosan was added into 100 mL of
acetic acid solution (2% v/v) and stirred for 30 min. Sub-
sequently, 0.8 g of TPP dissolved in deionized water was
added dropwise under continuous stirring for 2 h. The
resulting milky emulsion was centrifuged for 20 min at
16,000 rpm, and the NCS formed was rinsed with double
distilled water three times. Finally, the nanoparticles were
air-dried at ambient temperature for 48 h.
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Scheme 1 Schematic diagram for the synthesis of the NCS/Bt/SnO,/ZnO bionanocomposite

Salvia Officinalis Extract Preparation

Salvia officinalis leaves were washed with deionized water
to remove dirt and kept to dry at ambient temperature. To
prepare plant extract, 10 g of powders was added to 100 mL
deionized water and stirred for 2 h at 70 °C. Then, the sus-
pension was cooled at room temperature, and filtered by
Whatman No 1 filter paper. The obtained solution was stored
in a refrigerator to synthesize SnO,/ZnO nanocomposite.

Biosynthesis of the Sn0,/Zn0 Nanocomposite

To synthesize SnO,/ZnO nanocomposite, 25 mL of 0.1 M
Zn(S0,)0.7H,0 was mixed with 25 mL of 0.05 M SnCl,
2H,0 and stirred at ambient temperature for 30 min. 200 ml
of the Salvia officinalis aqueous extract was then added
dropwise to this stirring solution during 30 min, and sub-
jected for 7 h stirring at 60 °C. The resulting suspension was
centrifuged, filtered, washed with distilled water, and dried
in the oven for 2 h at 50 °C. Finally, the obtained Zn0O/Sn0O,
nanocomposites were calcined at 600 °C for 2 h.

@ Springer

Preparation of Nanochitosan/Bentonite/Sn0,-Zn0O
Biocomposite

Initially, a suspension of Bt was obtained by dispersing 1 g
of Btin 100 mL of distilled water with stirring for 12 h. Sub-
sequently, 0.3 g of SnO,/Zn0O aqueous suspension was added
dropwise to the Bt suspension under stirring for 1 h at 50 °C.
The resulting mixture was slowly added to the solution of
NCS (1% w/v) in acetic acid (1% v/v) and stirred for 24 h at
50 °C. The as-prepared NCS/Bt/SnO,—ZnO bionanocompos-
ite was subsequently filtered, washed, and dried at ambient
temperature for three days. A schematic representation for
the synthesis of NCS/Bt/SnO,—ZnO bionanocomposite is
shown in Scheme 1.

Characterization Techniques

The surface morphologies of the synthesized materials
were characterized by employing a TESCAN, MIRA3
field emission scanning electron microscopy (FESEM)
coupled with an energy dispersive analyzer (EDX). X-ray
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diffraction (XRD) study was performed to determine the
crystalline phases of the samples on a Philips X-ray dif-
fractometer, Siemens D-5000 (Germany). The FTIR spec-
tra of the materials were taken using AVATAR 370 FTIR
spectrometer (USA) at the range of 400-4000 cm™'. The
thermal properties of the synthesized samples were ana-
lyzed by thermogravimetric analysis (TGA) on an SDT
Q600 V20.9 Build 20 apparatus under an air atmosphere
in the temperature range of 25-900 °C. The differential
scanning calorimetry (DSC) studies were performed with
a DSC Q600 instrument (USA) under an air atmosphere.
The UV-vis diffuse reflectance spectra (DRS) were moni-
tored on Scinco, S-4100 spectrophotometer (South Korea).
The Brunauer—-Emmett-Teller (BET) surface area and pore
size measurements of the materials were performed using
BELSORP mini-II (Japan) via the low-temperature N,
adsorption method.

Adsorption Studies

The adsorption experiments were carried out by batch meth-
ods in glass flasks containing the as-prepared materials and
10 mL (50 mg L") of Fe(III) and Pb(II) aqueous solutions at
room temperature. Initial pH values were adjusted by adding
1 mol-L~! solutions of NaOH or HCI. Then, the mixtures
were shaken with a constant stirring speed of 160 rpm under
a dark environment. After a specific time interval, the adsor-
bents were collected, and the amount of remaining concen-
trations of target ions was determined by atomic absorption
technique. Effects of adsorption time, initial heavy metal
concentration, adsorbent dose, and initial pH, on the extent
of removal were studied.

The adsorption kinetics of Fe(II) and Pb(II) on the as-
synthesized nanocomposites were assessed using pseudo-
first-order [Eq. (1)], and pseudo-second-order [Eq. (2)]
models [32].

log (q. — q,) = logq, — k;t/2.303 0

t/q, = 1/kq + t/q, )

Here, q, and q, are the amount of metal ion adsorbed (mg
g~ 1) at equilibrium time and at time t (min), respectively.
The k, (min~") is the first-order rate constant, and k, (g
mg~! min~!) is the second-order rate constant.

To evaluate the adsorption mechanism of Fe(Ill), and
Pb(II) ions by the NCS/Bt/SnO,-ZnO bionanocomposite,
Langmuir [Eq. (3)], and Freundlich [Eq. (4)], isotherms were
applied [32]. The adsorption process was performed at vari-
ous metal ion concentrations, using a fixed amount of bio-
nanocomposite. The range of Fe(IIl) and Pb(II) initial con-
centrations were 30200 and 30—120 mg L™, respectively.

C. 1 C.

9e Im KL 9m ( )

lnqe=anF+<%>lnCe 4)

Here, C, (mg L") and q,, (mg g~") are the equilibrium
concentration of metal ions in the solution and the mon-
olayer coverage capacity of adsorbent, respectively; K; (L
mg~!) is the Langmuir constant; K [(mg g~!) (L g7H)"] is
the Freundlich constant and n is the Freundlich exponent
related to heterogeneity factor.

Photocatalytic Degradation Studies

The photocatalytic capability of the synthesized materials
was analyzed by MB under visible light irradiation. The pho-
tocatalytic mixture was prepared by exploiting 0. 5 gr L™
as-prepared catalysts with 10 mL of aqueous MB solution
at 20 mg L~! concentration. After mechanically stirring in
the dark for 30 min, the mixture achieved equilibrium. The
suspension was then exposed to visible light under vigorous
stirring. The irradiated sample was collected at various time
intervals, and centrifuged at 4500 rpm for 10 min to get the
supernatant. Then, dye concentration was measured by a
UV-visible absorption spectrophotometer at 665 nm.

Results and Discussion
SEM and EDX Analysis

Figure la-h presents the SEM photographs of NCS, Bt,
Sn0,-Zn0, and NCS/Bt/SnO,-Zn0O samples, respectively.
As revealed in Fig. 1a and b, the NCS is quasi-spherical in
morphology, and the surface area is rough. Figure 1c and
d show the particles of the Bt in a sheet structure with a
porous nature. The SEM image of the SnO,—ZnO biosyn-
thesized nanocomposite is demonstrated in Fig. le and f.
The nanoparticles are aggregated most likely due to the cal-
cination process. From the micrograph, Fig. 1g and h, it can
be seen that the surface of the NCS/Bt/SnO,-ZnO biona-
nocomposite is rough, with numerous protruding agglom-
erates, which is indicative of a large specific surface area
and active sites. Also, a non-homogenous structure, with
a very different morphology from those of initial materials
(NCS, Bt, SnO,~Zn0), is shown by the NCS/Bt/SnO,—ZnO
bionanocomposite. These results confirm that the NCS/Bt/
SnO,—ZnO is synthesized successfully, and it is a suitable
candidate for the removal of contaminants.

Figure 2a—d shows the EDX spectra of samples to identify
the elemental composition of materials. As can be seen in
Fig. 2a, the EDX spectrum of the NCS demonstrates the
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Fig. 1 FESEM micrographs of a, b NCS, ¢, d Bt, e, f SnO,/Zn0O, and g, h NCS/Bt/Sn0O,/ZnO
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Fig.2 EDX spectrum of a NCS, b Bt, ¢ SnO,/ZnO, and d NCS/Bt/SnO,/ZnO

elements O, C, and N with wt% of 57.74, 27.04, and 15.22,
respectively. Figure 2b reveals the composition of 63.47%
0, 25.16% Si, 7.46% Al, 2.41% Na, 1.28% Mg, and 0.22%
Ca in the Bt sample. The EDX analysis of the SnO,—ZnO
in Fig. 2¢ confirms that the nanocomposite contains the ele-
ments O, Sn, and Zn with wt% of 39.00, 39.97, and 21.04,
respectively. In contrast, the NCS/Bt/SnO,-ZnO bionano-
composite in Fig. 2d indicates the elements O, C, N, Na,
Mg, Al, Si, Ca, Zn, and Sn with wt% of 44.51, 19.79, 9.64,
8.93,0.69, 1.11,2.86,0.79, 6.13, and 5.55, respectively. The
EDX analysis shows the successful formation of the NCS/
Bt/SnO,—ZnO bionanocomposite.

XRD Analysis

The XRD patterns of NCS, Bt, SnO,-ZnO, and NCS/Bt/
SnO,—Zn0 samples are exhibited in Fig. 3. The XRD spec-
trum of NCS Fig. 3a shows a broad peak at around 20 =27°
which indicates that the crystallinity of NCS is low and

the polymer has the amorphous nature [9]. This demon-
strates that NCS includes many reaction sites to enhance
the removal performance of the final catalyst [33]. In the Bt
spectrum Fig. 3b, the main diffraction peaks at 20 values of
19.8°, 21.8°, 36.0°, and 62.5° can correspond to the (100),
(105), (210), and (300) reflecting planes respectively. For
Sn0O,—ZnO0 Fig. 3c, the peaks at 20 of 26.6, 33.8, 37.8, 51.7,
and 65.4 can be indexed to the diffraction of the tetragonal
phase of SnO, nanoparticles. In contrast, the characteris-
tic peak at 20 of 29.6 corresponds to the diffraction of the
orthorhombic phase of the nanoparticles. The diffraction
peaks at 20 values of 31.5, 47.6, 56.2, 62.4, 67.3, and 69.1
are attributed to the diffraction of the hexagonal phase of
ZnO nanoparticles. These results exhibit that SnO,—ZnO
nanocomposite is successfully synthesized using the eco-
friendly technique reported in this study. In the NCS/Bt/
Sn0O,—ZnO spectrum Fig. 3d, the broad peak of NCS at
26° vanished, and the intensity of diffraction peaks of Bt
at 19.8°, 21.8° decreased, which indicates the existence of
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Fig. 3 XRD patterns of (a) NCS, (b) Bt, (c) SnO,/ZnO, and (d) NCS/
Bt/SnO,/ZnO

strong interactions between NCS and Bt. Also, the related
peaks to SnO, and ZnO nanoparticles appeared, which
shows uniform dispersion of SnO,—ZnO in the NCS/Bt
network.

FTIR Analysis

Figure 4 shows (a) NCS, (b) Bt, (¢) SnO,~ZnO, and (d)
NCS/Bt/SnO,-ZnO FTIR spectra. In the spectrum of the
NCS, the broad stretch band at 3424 cm™' is associated
with the vibration of NH, and OH groups, while the peak at
2939 cm~! is due to the -C-H symmetric stretching mode.
The bands observed at 1645 and 1547 cm™! corresponding
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to the CONH, and NH, groups, respectively, indicate the
interaction between NH;" ions of chitosan and phosphate
ions of TPP associated with the synthesis of NCS [9]. The
band stated at 1387 cm™! is attributed to -CH, wagging,
whereas the peaks at 1269 and 1088 cm™! are ascribed to
P=0 and P-O stretching modes of phosphate groups [33].
In the spectrum of Bt, the peak at 3636 cm™! corresponds
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to AI-OH and Si—OH stretching vibrations, whereas the
band 3438 cm™! is ascribed to O-H and H-O—H stretching
vibrations. The bands located at 1638, 914, and 522 cm™!
can be attributed to OH bending vibration in H-O-H, OH
bending vibration in Al-Al-OH, and Si—O bending vibra-
tion in Si—O-Al, respectively. The peaks observed at 1041
and 795 cm™! are due to Si—O-Si stretching vibration, and
the band at 470 cm™! is ascribed to the vibration mode of
Si—O-Al [34]. The adsorption peak in the FTIR spectrum
of Sn0,~ZnO at 3440 cm™" is associated with the stretch-
ing mode of O-H of phenolic compounds, while the band
at 1631 cm™! is related to ~OH bending vibration of water
molecules existing in the nanocomposite. The intense peaks
within the range of 900-1400 cm™! are ascribed to the
C-O0 vibration of Salvia officinalis extract [35]. The peaks
observed at 552, and 661 cm™ are ascribed to the Zn-O and
Sn—O stretching vibration modes, respectively [36]. These
results confirm that SnO,—ZnO was synthesized using Sal-
via officinalis extract as a natural capping agent. The FTIR
spectrum of NCS/Bt/SnO,~ZnO bionanocomposite exhibits
the main characteristic bands recognized in NCS, Bt, and
Sn0O,—ZnO, which confirms the nanocomposite formation.
The peak at 552 cm™!, belonging to the Zn—O vibration
mode in ZnO nanoparticles, shifts slightly to 531 cm™!,
while the band observed at 661 cm™', attributing to the Sn—O
vibration mode in SnO, nanoparticles, shifts to 642 cm™ !,
This shift in the peaks is due to the interaction between the
NCS/Bt matrix and the SnO,~ZnO nanocomposite [9, 34].
Also, the bonds at 3619 and 3434 cm™! indicate that the
surface functionalities of NCS/Bt/SnO,~ZnO bionanocom-
posite, such as OH and NH, might play a significant role in
the adsorption—photodegradation process [31].

TGA Analysis

To investigate the thermal stability of samples, TGA was
carried out under an air atmosphere. The TGA curves of
NCS, Bt, SnO,~ZnO, and NCS/Bt/SnO,~ZnO are repre-
sented in Fig. Sa—d. The TG curve of NCS Fig. 5a exhibits
6.89% weight loss in the range of 50-100 “C, mainly from
the removal of structural water. The decomposition of the
polymer matrix is initiated at 200 ‘C, and a weight loss of
33.10% occurs from 180 to 330 C. Also, 23.90% weight
loss with the temperature increasing from 700 to 900 C is
observed. It corresponds to the disintegration of the chi-
tosan backbone and conversion to volatile compounds
with low molecular weight. At the end of the experiment,
NCS exhibits weight loss of approximately 63.89%. In the
TG curve of Bt Fig. 5b, the first weight loss of 3.83% at a
temperature range of 40-100 “C occurs due to the evapora-
tion of water molecules adsorbed on the sample surfaces.
The second stage, with a weight loss of 11.92% of the
initial weight, is within the range of 400-900 °C, related
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to the dehydroxylation of the aluminosilicate lattice. The
Sn0,—Zn0O nanocomposites Fig. Sc show a 4.92% weight
loss between 800 and 900 “C, which is assigned to the for-
mation of stable SnO, and ZnO nanoparticles and thermal
decomposition of residual carbon components. As shown in
Fig. 5d, the NCS/Bt/SnO,-ZnO demonstrates a weight loss
of 2.91% at a temperature range of 50-100 °C due to dehy-
dration. The weight loss at 220-450 ‘C might be a result of
depolymerization and deacetylation of the NCS in NCS/Bt/
Sn0O,~Zn0 bionanocomposite, since SnO,—ZnO nanoparti-
cles and Bt are stable in this temperature range. According to
the results in Fig. 5a and d, the TG analyses curves of NCS
and NCS/Bt/SnO,—ZnO, over the temperature ranging from
200 to 400 °C, are different, which indicates a difference in
their degradation mechanism. Also, the TG analyses curve
of NCS/Bt/SnO,—ZnO appears late compared to that of NCS,
confirming an improvement in its thermal stability. At about
300 °C, the weight loss for NCS and NCS/Bt/SnO,—ZnO are
37.39%, and 22.54%, respectively. This trend indicates the
existence of effective interactions between the functional
groups of NCS and the SnO,—ZnO nanoparticles and the
silicate layer of Bt [34]. The third mass loss in the range of
680-900 °C corresponds to the thermal decomposition of
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NCS and elimination of volatile products, as well as to the
dehydroxylation of the Bt lattice. Based on the results, the
NCS/Bt/SnO,—ZnO bionanocomposite, is thermally stable in
the region of working temperature for the removal of heavy
metal ions or degradation of dye.

DSC Analysis

To understand the thermal behavior of samples, the DSC
analysis was performed. The DSC curves of NCS, Bt,
Sn0,~Zn0, and NCS/Bt/Sn0O,-ZnO are given in Fig. 6a—d.
As shown in Fig. 6a, the endothermic peak at 75.38 °C can
be ascribed to the dehydration of chitosan, while the exo-
thermic peak at 203.23 °C corresponds to its degradation
reaction. The DSC curve of Bt in Fig. 6b demonstrates an
endothermic peak at 412.71 °C, which is assigned to the
dehydroxylation of the mineral. Based on the DSC curve of
NCS/Bt/SnO,—ZnO in Fig. 6d, the endothermic and exother-
mic peaks were recorded at 82.20 “C and 443.15 °C, respec-
tively. Based on the results, the glass transition temperature
of NCS and NCS/Bt/SnO,—ZnO were found to be 191.73 and
320.81 C, respectively, which indicated the higher thermal
stability of the prepared bionanocomposite.

UV-vis-DRS Analysis

The optical characteristics of SnO,-ZnO and NCS/Bt/
SnO,-ZnO were analyzed by DRS. As seen in Fig. 7a,
SnO,—Zn0O nanoparticles show good absorption in the UV
region with a band gap of 3.15 eV. After the modification,
the absorbance intensity of NCS/Bt/SnO,~ZnO nanocom-
posite increases. Also, the nanocomposite exhibits a redshift
in the absorption band, with a reduced band gap of 2.60 eV.
It seems that the modification process has a significant
influence on the band gap energy and the absorption band
intensity of SnO,—ZnO. As a result, the NCS/Bt/SnO,—Zn0O
nanocomposite has high photocatalytic performance under
the irradiation of visible light. This may be attributed to the
interaction between NCS, Bt, and SnO,—ZnO nanocompos-
ites [34, 37].

BET Analysis

The specific surface area, pore size distribution, and pore
volume of the prepared NCS/Bt/SnO,/ZnO were determined
by BET analysis. The results indicated that the bionano-
composite had a surface area of 32.54 m? g~!, an average
pore size of 17.98 nm, and a pore volume of 0.11 cm® g~
These values suggest that the NCS/Bt/SnO,/ZnO is typical
of the mesoporous structure [38]. The large surface area and
mesoscopic nature of the NCS/Bt/SnO,/ZnO provide more
surface reaction sites, which can be helpful for applications
involving adsorption and photocatalytic degradation.
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Heavy Metals Adsorption Behavior

The adsorption properties of NCS, Bt, SnO,/Zn0O, and
NCS/Bt/Sn0O,-Zn0O on the removal of metal ions (Fe(III)
and Pb(II)) were evaluated, and the results are depicted in
Fig. 8a, b. Experiments were performed by adding 0.3 g
L~! of adsorbent dosage into 10 mL of Fe(III) or Pb(II)
solution, in which the ion concentration was 50 mg L~".
The solutions pH of Fe(III) and Pb(II) was adjusted to 4.0,
and 5.0, respectively. As depicted in Fig. 8a, approximately
64.4%, 75.3%, 83.1%, and 99.5% of Fe(III) was removed
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Fig.7 UV-Vis DRS and Tauc’s plot (inset) of a SnO,/Zn0O, and b NCS/Bt/SnO,/ZnO

in 30 min by Bt, NCS, SnO,-Zn0O, and NCS/Bt/Sn0O,-Zn0O
respectively. In fact, 99% of Fe(III) was removed in 5 min
by NCS/Bt/Sn0O,-ZnO bionanocomposite. This shows
that the NCS/Bt/SnO,-Zn0O bionanocomposite effectively

removes Fe(IIl) with an excellent elimination rate. As
shown in Fig. 8b, the Pb(Il) removal efficiencies within
60 min were computed as 49.4%, 78.1%, 79.3%, and
91.5% for Bt, NCS, SnO,-Zn0O, and NCS/Bt/SnO,~ZnO
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Fig.8 Removal of a Fe(II) 120
and b Pb(II) over the different

samples as a function of contact a
time 100 -
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respectively. From the results, it can be considered that
the removal of metal ions is significantly improved in the
presence of NCS/Bt/SnO,-ZnO biocomposite compared
to NCS, Bt, SnO,-Zn0O. High removal efficiency and fast
adsorption rates result from the large specific surface
areas, active adsorption sites, and the porous nature of
the NCS/Bt/SnO,-ZnO. Therefore, the prepared bionano-
composite is a promising adsorbent of Fe(III) and Pb(II)
for water treatment.
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The Effect of pH

The pH influence on Fe(Ill) or Pb(II) removal efficiencies
was investigated in the range of 1.0 to 7.0 while holding the
NCS/Bt/SnO,—ZnO dosage and initial metal ion concentra-
tion at fixed values of 0.2 g L™ and 50 mg L™, respectively.
As depicted in Fig. 9a, b, the maximum efficiencies for the
removal of Fe(Ill) and Pb(I) were observed at pH of 4.0 for
Fe(I1I), and 5.0 for Pb(II), with values of 95.7% and 89.0%,
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respectively. At strongly acidic solutions, the functional
groups in the NCS/Bt/SnO,—ZnO bionanocomposite were
protonated and presented in the positively charged form,
which will prevent Fe(III) and Pb(II) ions from approach-
ing the surface of the bionanocomposite via electrostatic
repulsion. When the pH is increased, the hydrogen ions con-
centration decreases, and more of the heavy metal ions could
reach the surface of the composite and adsorb on it. Beyond
pH of 4.0 (for Fe(III)) and pH 5.0 (for Pb(Il)), precipitation
of the heavy metal ions as the hydroxides might affect the
decrease of metal adsorptions of NCS/Bt/SnO,—ZnO biona-
nocomposite [39]. Thus, the optimal pH of 4.0 for Fe(IIl),
and 5.0 for Pb(IT) was selected to ensure the highest adsorp-
tion values and avoid precipitation of heavy metal ions.

The Effect of Adsorbent Dosage

The effect of NCS/Bt/Sn0O,-ZnO dosage on the removal
efficiency of Fe(III) and Pb(II) was investigated by adding
various amounts of bionanocomposite from 0.1 to 0.5 g
L~!into 10 mL of 50 mg L=! Fe(IIl) (pH 4.0) and Pb(II)
(pH 5.0) solutions, respectively. As depicted in Fig. 9c, the
Fe(III) adsorption efficiency increased from 80.0% to 99.0%
with the increase of adsorbent amount from 0.1 to 0.3 g L.
This increment in removal efficiency could be related to
the increase in the availability of reaction sites to remove
Fe(III). After this optimum value, the removal efficiency
remained constant due to the effect of NCS/Bt/SnO,-ZnO
adsorbent agglomeration, which diminished the surface
active sites [31]. Thus, the optimum adsorbent dosage for
removing Fe(IIT) was found to be 0.3 g L™!. As observed
in Fig. 9d, the removal efficiency of Pb(II) was increased
from 86.0% to 90.0%, when the dosage of bionanocomposite
was increased over the range of 0.1 g L™ t0 0.2 g L™!. For
the dosage of NCS/Bt/SnO,—ZnO bionanocomposite higher
than 0.2z g L™!, the Pb(II) adsorption efficiency remained
constant. Therefore, the 0.2 g L™ of sorbent was used as the
optimum dose of NCS/Bt/SnO,—ZnO for Pb(II) adsorption
on the bionanocomposite.

The Effect of Contact Time

Fe(II) and Pb(II) removal efficiency by NCS/Bt/SnO,—ZnO
was investigated as a function of adsorption time. As pre-
sented in Fig. 9e, the removal rate of Fe(IIl) was high, and
the adsorption process reached equilibrium within 5 min.
It was seen that the removal efficiency was over 99.5% at
5 min, which was superior to other reported adsorbents
[40-42]. The fast Fe(III) removal could be ascribed to the
abundance of adsorption vacant sites for interaction with
metal ions, which resulted in the increment of the concen-
tration gradient between Fe(III) ions and on the surface of
the bionanocomposite. The influence of adsorption time on
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the uptake of Pb(II) by bionanocomposite was illustrated in
Fig. 9f. As shown, the Pb(Il) adsorption efficiency increased
sharply within 20 min, after that decreased gradually; finally,
it reached maximum equilibrium in 40 min. The sharp rise in
the initial adsorption period is attributed to the availability of
adsorption sites for NCS/Bt/SnO,—ZnO. With the increase of
time, finding binding sites becomes difficult for Pb(I) ions,
and the removal efficiency attains equilibrium eventually.

The Effect of Initial Concentration of Metal lon

The impact of initial Fe(III) and Pb(II) concentration on the
adsorption capacity was tested by altering the ions concen-
tration in the range of 10-200 mg L~', and the results were
shown in Fig. 9g, h. As presented in Fig. 9g, when the ini-
tial Fe(III) concentration was increased from 10 to 150 mg
L~!, the adsorption capacity of NCS/Bt/Sn0,~ZnO was
increased from 50.0 mg g~ to 495.8 mg g~!. This was due
to the increasing driving force to transfer Fe(III) from the
bulk solution onto the adsorbent. Higher amounts of initial
Fe(III) concentration caused no significant increase in the
adsorption capacity because of the saturation of adsorption
sites of the bionanocomposite. According to Fig. 9h, the
adsorption capacity of NCS/Bt/SnO,-ZnO increased from
85.2 to 228.1 mg g~! with the initial Pb(II) concentration
from 10 to 70 mgL~". The results indicated that the NCS/Bt/
SnO,—ZnO0 is effective in the removal of Fe(III) and Pb(II))
with an excellent adsorption capacity.

Adsorption Kinetics

To understand the mechanism of Fe(IIT) and Pb(II) adsorp-
tion on NCS/Bt/Sn0O,-ZnO, the pseudo-first-order and
pseudo-second-order adsorption models were studied. The
results are exhibited in Fig. 10a—d, and the kinetic param-
eters are tabulated in Table 1. As shown, the removal pro-
cess followed the pseudo-second-order kinetics (Fe(III):
R*=0.9973, Pb(Il): R*=0.9937). Moreover, the theoreti-
cal ge values obtained from pseudo-second-order kinetics
agreed well with the experimental data. This fitting result
suggested that the reaction rate was mainly determined by
the chemisorption process on the heterogeneous adsorbent.
According to the results, the adsorption rates of Fe(III)
and Pb(II) at the beginning are fast, indicating the good
affinity between adsorbent and adsorbates. Abundant func-
tional groups, as well as the high surface area of the pre-
pared NCS/Bt/SnO,-Zn0O bionanocomposite, cooperate to
increase the removal efficiency. The possible mechanism
of Fe(Ill) and Pb(II) adsorptions includes the transfer,
sharing, or exchange of electrons between the metal ions
and the surface functionalities of the bionanocomposite.
For NCS/Bt/SnO,-ZnO, the hydroxyl groups (-OH) or
amine groups (-NH,) in NCS and hydroxyl groups (e.g.,
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content: Fe(III) 3.0 g L™!, Pb(I) 2.0 g L™'; initial metal ion concen-
tration: Fe(IIT) 150 mg L=!, Pb(II) 50 mg L")

Table 1 Kinetic parameters of

. Contaminant  Experimental data Pseudo-first order model Pseudo-second order
Fe(III) and Pb(II) removal using model
NCS/Bt/SnO,~ZnO
Qeep Mg g™ q.(mgg™) k (min™") R g (mgg™) k(x10¥g R’
mg~! min~")
Fe(III) 540.012 228.454 0.967 0914 526316 3.008 0.997
Pb(I) 237.112 446.683 0.154 0.950  250.001 0.661 0.994

AlOH and SiOH) of Bt will ion-exchange with the heavy
metal ions by replacing H* by the electrostatic interaction
[43, 44]. Furthermore, the functional groups of -NH, in
NCS have coordinative chelation with Fe(IIT) and Pb(II)
[43]. In addition, SnO, and ZnO nanoparticles, which are
coated on the surface of the biocomposite by covalent and
hydrogen bonds, play the main role in removing metal ions
[45]. According to the results, the removal process can be
generally divided into electrostatic attraction and surface
complexation or ion exchange between Fe(III) and Pb(II)
ions and the adsorbent.

Adsorption Isotherms

Adsorption isotherms describe the equilibrium relation-
ship between the metal ions adsorbed on the surface of
the adsorbent and unbound ions remaining in the bulk
solution. They can also estimate the maximum adsorption
capacity of the adsorbent. Therefore, adsorption isotherms
are essential in the design of adsorption treatment systems.
To study the adsorption behavior of NCS/Bt/SnO,-ZnO,
Langmuir and Freundlich isotherms were used. Figure 11
depicts the adsorption isotherms obtained for Fe(III) and
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adsorption of Fe(IlI), and Pb(II) on NCS/Bt/SnO,/ZnO bionanocom-
posite (pH: Fe(IIl) 4.0, Pb(Il) 5.0; adsorbent content: Fe(IIl) 3.0 g

Pb(II) ions by NCS/Bt/SnO,~ZnO and calculated isotherm
data are given in Table 2. By comparing the coefficients
of determination (R?), the conclusion that could be drawn
is that the adsorption data fit the Langmuir model better
than the Freundlich model for the removal processes of
both Fe(IIT) and Pb(II), suggesting that the adsorption of
heavy metal ions onto NCS/Bt/SnO,~ZnO is a monolayer
process and the adsorbed ions do not interact [46]. For the
confirmation of the favorability of the adsorption process,
a separation factor constant [R;, Eq. (5)] was calculated.

LY Pb(l) 2.0 g L~!; initial metal ion concentration: Fe(1I) 150 mg
L%, Pb(Il) 50 mg L")

1

RL=——
1+CK,

&)

where K| and C; are the Langmuir equilibrium constant and
initial concentration of metal ions, respectively. The values
of R; were found in the range of 0.017-0.102 for Fe(IlI), and
0.044-0.011 for Pb(II), showing that the adsorption of heavy
metal ions on NCS/Bt/SnO,-ZnO was desirable, which was
further supported by the 1/n values less than 1 in the Fre-
undlich isotherm. Moreover, the Langmuir values of the
highest monolayer adsorption capacity (q,,) of Fe(IlI) and
Pb(II) were 555.55 and 243.90 mg g -1 respectively, which

Table 2 Adsorption isotherm parameters of Fe(III) and Pb(II) removal using NCS/Bt/SnO,-ZnO

Contaminant Langmuir Freundlich

G (g g7 Ky (Lmg™) R? Kp (mg g™ nLgh R’
Fe(III) 555.555 0.295 0.991 155.664 2.682 0.970
Pb(II) 243.902 0.719 0.999 132.357 5.734 0.952
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was close to the experimental data. Table 3 compares the
Fe(III) and Pb(Il) adsorption capacity with other reported
adsorbents [40—-42, 47-51]. It is revealed that the adsorp-
tion capacity of NCS/Bt/SnO,—ZnO was higher than most
of the previously reported adsorbents. Also, the adsorbent
used in this work was prepared by a green, cost-efficient, and
simple method without using expensive or toxic reagents or
solvents. These results suggest that NCS/Bt/SnO,—ZnO is a
practical and economically feasible biosorbent for industrial
wastewater treatment.

The Photocatalytic Degradation of MB Dye

In the present study, the removal efficiency of the NCS/Bt/
Sn0,—Zn0O bionanocomposite was compared with the NCS,

Bt, SnO,/Zn0O for photodegradation of MB under the visible
light and the results were presented in Fig. 12. From the
dark results (the first 30 min), it could be concluded that the
photocatalytic efficiency of MB was significantly improved
in the presence of NCS/Bt/SnO,~ZnO by comparison with
NCS, Bt, SnO,/ZnO. The removal efficiency of MB for the
NCS/Bt/Sn0,-ZnO approached 62%, while NCS, Bt, and
Sn0,/ZnO revealed 12%, 15%, and 47% of removal effi-
ciency, respectively. The significant improvement of MB
adsorption by NCS/Bt/SnO,-ZnO could be attributed to
the strong interactions between the hydroxyl (-OH), amine
(-NH,) or carbonyl (C=0) groups in NCS and the alumino-
silicate structure of Bt (AI’* and Si**), as well as between
the -NH,, and —OH groups of NCS and SnO, and ZnO nano-
particles. Under visible light irradiation, NCS/Bt/SnO,—ZnO

Table 3 Comparison of

. . Adsorbent Surface pH Contact time Adsorption capac- References

adsorption capacity of . area (m> (min) ity (mg g™)

Fe(III) and Pb(II) on various g—l)

adsorbents

Fe(Ill) Pb(l) Fe(l) Pb(II) Fe(l) Pb(l)

CTPP - 3 - 60 - 13.72 - [40]
PYCS - 2.5 - 720 - 6620 - [41]
montmorillonite 19.8 4 - 300 - 28.9 - [42]
TR/PAA - 2.5 5 60 2 94.88 253.16  [47]
KB/Zn-Fe 31.30 - 55 - 720 - 161.29 [48]
Bentonite 31.36 - - 120 - 27.23 [49]
Guar gum/bentonite  5.533 - 5.1 - 240 - 72.5 [50]
HDTMA-bentonite 19.82 - - 120 - 25.8 [51]
NCS/Bt/SnO,-ZnO  32.54 4 5 5 40 555.55 243.90 [This work]

Fig. 12 Photocatalytic degra- 120

dation a and kinetic plots of . . ..

photocatalytic degradation b of Dark nght irradiation

SnO,/ZnO and NCS/Bt/SnO,/ 100 4
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showed 99% photodegradation after 30 min, while NCS,
Bt, and SnO,/ZnO exhibited 18%, 21%, and 88% of photo-
catalytic efficiency, respectively. It was clear that NCS/Bt/
SnO,—ZnO revealed the improvement of MB photocatalytic
degradation compared to that of SnO,—ZnO. According to
the DRS results, the high photocatalytic activity of the NCS/
Bt/SnO,—ZnO could be attributed to the decrease of the band
gap (2.73 eV) compared with SnO,—ZnO (3.12 eV). Based
on the experimental data, NCS/Bt/SnO,—ZnO shows excel-
lent performance efficiency due to the synergistic effects
of adsorption and photocatalysis activity. Due to the large
specific surface areas, active adsorption sites, and the porous
nature of the NCS/Bt/SnO,-Zn0O, the MB molecules are
efficiently adsorbed on the surface of the nanocomposite
to establish the adsorption/desorption equilibrium. Under
visible light irradiation, electron-hole pairs (e~ +h™) are
generated in the SnO,—ZnO nanocomposites [30, 31]. The
holes react with OH™ of H,O and produce a ¢OH radical or
directly oxidize MB dye molecule to degradation products.

SnO, —ZnO + ho — SnO, — ZnO (™ + h*) ©6)
h*+ OH™ (H,0) — +OH (7
MB + «OH — degradation products 8)
MB + h* — oxidized products 9)

However, the photogenerated electrons react with oxy-
gen molecules present on the surface of the catalyst, creat-
ing superoxide and hydroxyl radicals. These radicals can
degrade MB dye.

SnO, —ZnO (7)) + O, = SnO, —ZnO + O,e” (10)

0, + H' - HO,» an
2HO,» - H,0, + O, (12)
H,0, + O,s~ - «OH + O, + OH™ (13)

H,0, + Sn0O, —ZnO (¢7) = SnO, — ZnO + «OH + OH"

(14)
H,0, + ho — 2HOe (15)
MB + ho — MB (16)
MB * + ¢« OH — degradation products (17)
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MB #* + O, — degradation products (18)

MB * + HO,+ — degradation products (19)

Regeneration and Recycling of NCS/Bt/Sn0,/ZnO

To assess the stability and reusability of the NCS/Bt/SnO,/
ZnO, cycling tests were performed. The used bionanocom-
posite was separated from the reaction solution by cen-
trifugation and then was washed thoroughly with deion-
ized water to reuse. As can be seen in Fig. 13, the removal
performance of this bionanocomposite was preserved after
four continuous cycles without any substantial reduction in
removal activity (93.4% removal efficiency of Fe(IlI), 85.6%
removal efficiency of Pb(II) and 92.2% removal efficiency
of MB dye). Thus, the NCS/Bt/SnO,/Zn0O, with excellent
renewability and reusability, is an economical and efficient
material in practical wastewater treatment.

Conclusion

This work demonstrated the successful synthesis of NCS/
Bt/SnO,—ZnO bionanocomposite by a simple and cost-effi-
cient green method for heavy metal ions and dye removal
from aqueous media. Bionanocomposite comprised Nano-
chitosan (NCS), Bentonite (Bt), and SnO,-ZnO nano-
composite prepared using Salvia officinalis extract as a
reducing/stabilizing agent. The surface morphology of the
as-prepared NCS/Bt/SnO,—ZnO bionanocomposite showed
a rough surface with porous nature, which was determined
by FESEM. EDX, XRD, and FTIR results confirmed the
formation of the NCS/Bt/SnO,—ZnO nanocomposite. TGA
data revealed an increase in the thermal stability of the NCS/
Bt/SnO,~Zn0O compared to NCS. DRS results indicated that
the band gap of SnO,-Zn0O was reduced by adding NCS
and Bt. The surface area of NCS/Bt/SnO,~ZnO was found
to be 32.54 m? g~! with a 17.98 nm pore size. Due to the
porous nature and abundant active adsorption sites, the NCS/
Bt/SnO,—ZnO bionanocomposite showed excellent perfor-
mance in the removal of Fe(IIl) and Pb(IT) from water. Under
optimal conditions, the highest removal of Fe(IIl) (99.5%)
and Pb(II) (91.5%) was achieved after 5 min and 40 min,
respectively. By pseudo-second-order kinetic model, the
values of the adsorption kinetic data were determined. The
adsorption data fitted the Langmuir isotherm and indicated
the removal capacity of 555.55 and 243.90 mg g~! for Fe(III)
and Pb(II), respectively. NCS/Bt/SnO,—ZnO was also used
as an efficient photocatalyst for the degradation of MB in
aqueous solutions. The results showed a dye degradation
efficiency of 99% within 30 min. Moreover, the NCS/Bt/
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Fig. 13 The removal efficiency 120
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Sn0,—ZnO could be utilized as a stable and reusable mate-
rial for the removal of Fe(IIl), Pb(Il), and MB from water.
With simple operation and synthesized by inexpensive and
environmentally friendly materials and a green synthesis
route, as well as the excellent removal ability, the NCS/Bt/
Sn0,—Zn0O bionanocomposite might be practically useful as
a proficient adsorbent/photocatalyst in pollutants removal
from the wastewater. Furthermore, this report is expected to
expand the scope of biological synthesis of other nanocom-
posites for practical uses.
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