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HIGHLIGHTS GRAPHICAL ABSTRACT

* The biosynthesis of  SnO,
nanoparticles using a grape extract
media is reported.

* SnO, nanoparticles were
characterized by XRD, FESEM,
TEM, BET, and DLS techniques.

—'—‘—» SnO, Nanoparticles

* SnO, nanoparticles were used as an
efficient adsorbent for the removal of
Pb** and Cd*" ions from wastewater.

e The effect of different parameters
including adsorbent dosage, Cd and
Pb concentration, temperature, and
on the adsorption was investigated.
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Article type: SnO, nanoparticles were first synthesized using a grape extract media, then characterized by

Research article XRD, FE-SEM, TEM, BET, and DLS techniques, and finally used as an efficient adsorbent for
the removal of Pb** and Cd** ions from wastewater. The prepared sample had a tetragonal phase

with an average crystallite size of 41 nm (XRD analysis), a specific surface area of 47.08 m2.g"!
(BET method)/46.25 m?.g"!' (BJH method), and a pore diameter of 6.49 nm (BJH method). The
best conditions for adsorbing were a 30 ppm concentration of metal ions, ambient temperature,
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1. Introduction

Due to their unique physical and chemical properties,
Tin(IV) oxide (SnO,) nanoparticles are used in industries,
laboratories, and environmental sciences. SnO, has high
chemical stability, high conductivity, and high catalytic
activity. SnO, also has suitable optical and electrical
properties due to its wide bandgap characteristics, which
make it a good candidate for gas sensors and transparent
conducting devices. It is known as an anode electrode in the
electrolytic production of aluminum and lithium rechargeable
batteries. Despite these good characteristics of SnO,, they
can be influenced, improved, or even changed depending on
their preparation method, particle size, and morphology. For
example, reducing SnO, crystalline size is very effective in
improving gas sensitivity [1-7].

To date, various methods have been used for the
preparation of SnO, nanostructures. Traditionally, SnO, is
synthesized from the hydrolysis of Sn(IV) or Sn(II) salts at
high temperatures [8]. The method and the raw materials
used for the preparation of SnO, nanostructures determine the
advantages of each method. Various methods, including co-
precipitation and sol-gel methods, hydrothermal technique,
microwave-assisted thermal decomposition, cracking,
physical and chemical vapor deposition, and spray pyrolysis,
have been used for the preparation of different structures
of SnO, particles. These procedures suffer from various
unwanted problems as they require high and complex
operation costs and heavy and costly equipment and give
uniform and too large particles. The chemical methods
cause many challenges due to the use of hazardous and
toxic chemicals and environmental damage [8-11]. Thus,
nowadays, biological synthesis has been widely considered
to improve the applicable characteristics of nanoparticles as
well as reduce the environmental damage caused by chemical
methods. While chemical methods lead to the survival of
some toxic reactants, plant extracts are environmentally
friendly and suitable for synthesizing nanoparticles due to
reduced costs and lack of toxic substances. The use of herbal
extracts as natural surfactants can be a good alternative to
expensive synthetic surfactants [8-15].

Heavy metals such as cadmium and lead are usually
defined as the most critical pollutants in the environment.
Lead is toxic, and exposure to large amounts of it can cause
mental retardation, behavioral disorders, and musculoskeletal
problems. It also accumulates in various organs, especially
in the brain, leading to toxicity and ultimately to human
death. Cadmium is a potentially toxic heavy metal that can
be integrated into the human body and remain in the human
body for more than ten years [16].

Many methods are being used to remove heavy metal

ions, including filtration, coagulation process, adsorption,
oxidation, reverse osmosis, ion exchange, precipitation,
etc. Among these methods, the adsorption process has
been widely used due to the abundance and availability of
adsorbents such as clay, activated carbon, zeolites, etc. [17].
In addition, the adsorption technique is widely used because
it is a simple operation with low power consumption,
easy maintenance, and greater efficiency for wastewater
treatment [18].

In recent years, the use of nanomaterial sorbents has been
increasing with remarkable results in pollution removal.
Nanomaterials have a high surface areca and more active sites
to adsorb heavy metals [19]. Metal oxide nano-sorbents have
been widely used for the treatment of heavy metals such as
cadmium and lead from wastewater. Metal oxide nanoparticles
have a large surface area and are thus recognized as suitable
adsorbents for water purification, especially heavy metal
removal [19]. A number of metal oxides have been used for
the removal of heavy metals, including ZnO [20], SnO, [21],
Al-Ti,O, [22], Fe,0,, Fe,0, and Al,O, [23-25], TiO, [26],
MgO [27], ZrO, [28], CeO, [29], and so on.

The extract of grape products is obtained from chelating
agents such as phenolic compounds and thus is a potent
media for the preparation of nanoparticles. The literature
review survey shows that the grape extract has been used for
diverse nanostructures, including NiO nanoparticles [30],
Ag nanoparticles [31-33], bimetallic Fe/Pd nanoparticles
[34], gold nanoparticles [35], ZnO nanoparticles [36],
graphene [37], and so on. In this study, we aim to use a green
media prepared using grape extract for the preparation of
SnO, nanoparticles. After synthesis, the as-prepared SnO,
nanoparticles will be characterized based on their XRD, FE-
SEM, TEM, BET, and DLS analyses. The final step of this
study is the evaluation of the nanoparticles on the removal of
Pb*" and Cd** from wastewater.

2. Experimental
2.1. Materials and methods

All reagents, including bulk SnO,, were purchased from
Merck and Aldrich Companies and used without further
purification. All yields refer to isolated products after
purification. The powder X-ray diffraction patterns were
measured with D8, Advance, Bruker, axs, and a diffractometer
using Cu-Ka irradiation. FE-SEM was taken using a Hitachi
S-4160 photograph to examine the shape of the sample. The
Dynamic light scattering (DLS) measurement was done using
a Malvern Zetasizer Nano ZS (ZEN 3600) instrument. The
grape extract was obtained from red grapes purchased from
Isfahan province in Iran that were boiled in distilled water.
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Nitrogen adsorption—desorption isotherms were collected at
77 K using Microtrac Belsorp (MINI II- Japan) equipment.

2.2. Preparation of SnO, nanoparticles in a grape extract
media (Sample A)

First, 500 g of mashed grape sample was mixed with 250
ml of deionized water in a 500 ml beaker, boiled for 10 min,
and filtered. Next, in a 250 ml beaker, SnCl, (20 mmol) was
dissolved in 100 ml of ethanol containing 30 ml of grape
extract (solution 1b). In a separate beaker, ammonia solution
(30 ml) was diluted with water (50 ml) and 10 mlof grape
extract (solution 2b). Solution 2b was slowly added dropwise
to solution 1b under vigorous magnetic stirring. The mixture
was continuously stirred for another 60 min. The resulting
precipitate was filtered, washed with water several times,
dried in an oven, and finally calcined at 500 °C for 3 h.

2.3. Preparation of SnO, nanoparticles (Sample B)

In a 250 ml beaker, SnCl, (20 mmol) was dissolved in 100
ml of ethanol (solution 1a). In a separate beaker, ammonia
solution (30 ml) was diluted with water (50 ml) (solution 2a).
Solution 2a was slowly added dropwise to solution la under
vigorous magnetic stirring. The mixture was continuously
stirred for another 60 min. The resulting precipitate was
filtered, washed with water several times, dried in an oven,
and finally calcined at 500 °C for 3h.

2.4. Adsorption experiment

Pb(NO;), and CdSO,.8H,0 were used as the source of lead
and cadmium ions. Each of the solutions was prepared by
dissolving the required amount of Pb(NO,),/CdSO,.8H,0 in
distilled water. An indirect batch equilibrium method was
used for estimating the adsorption parameters at ambient
conditions. Four different Cd** solutions with a concentration
of 10, 20, 30, 40, 50, 60, 70, and 80 mg.L' were prepared.
The pH values of the solutions were adjusted from 3.5 to
7.5 using dilute HC1 and NaOH. The samples were stirred
in contact with SnO, under ambient conditions for 160 min.
Each 20 min, the concentration of Cd?>" was determined
using the atomic absorption technique (Varian Spectra A
250 Plus).

All the experiments for optimizing adsorbent dosage were
done similarly to the above procedure. Different dosages of
Sn0O,, 0.01, 0.025, 0.05, 0.075, 0.1, and 0.2 g, while the Pb*
and Cd* solutions were constant.

The removal percentage (R), adsorption capacities at time
t (¢,), and adsorption capacities at equilibrium (g,) were
determined using Egs. (1) to (3), respectively.

Co-C
R =100 (1)
Cy- PV
€= o
m
-CEXV
go=Go= Y 3)
m

where C, (mg.L"') is the initial concentration of Cd*, C,
(mg.L") is the concentration at time ¢ (min), ¥ (L) is the
volume of solution, and m is the mass of adsorbent (g).

3. Results and discussion
3.1. SnO, Nanoparticles characterization

First, pure nanocrystals of SnO, nanoparticles were
prepared from the precipitation reaction of Sn?" solution in a
green media of grape extract (Sample A) and without grape
extract (Sample B). The XRD patterns of the calcined samples
at 550 °C are shown in Fig. 1(a). The pattern of sample A
consists of the tetragonal phase of SnO, (JCPDS Ref. Cod.:
01-077-0447, space group of P42/mnm) with characteristic
peaks of 26.6, 33.9, 38.0, 51.8, 54.8, 61.9, 64.8, and 66.0
[26°]. Compared to A, sample B (without the extract) also
shows tetragonal phase SnO, (JCPDS Ref. Cod.: 00-041-
1445) with the characteristic peaks of 26.6, 33.9, 37.9, 51.8,
54.7,61.9, 64.7, and 65.9 [26°].

The average crystallite size (D) was calculated from the
XRD pattern using Scherrer’s equation (Eq. (4)) as follows:

_ 0.139
b= SCosb

“)

where D is the crystal size (nm), @ is the Bragg angle, and S
(in radian) is the entire width of the XRD peaks at half height.

The average crystallite size was estimated using Scherrer’s
equation [38] and found to be 41 and 49 nm, respectively, for
Samples A and B.

The physical parameters of the two samples, including the
specific surface area and pore diameter, were measured using
BET and BJH methods, and the results are outlined in Fig.
1(c). The results indicate that the specific surface area and
pore volume of SnO, decreased when the grape extract was
missing.

The surface morphology of the SnO, nanoparticles prepared
with and without the use of grape extract was investigated
using FE-SEM (Fig. 1(b)) and TEM (Fig. 2) analyses. FE-
SEM images reveal that both samples contain amorphous
particles. However, the grape extract medium has a distinctive
effect on homogeneity, as sample A shows more homogeneity
and smaller particle size. TEM images confirmed the results
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Fig. 1. (a) XRD patterns, (b) FE-SEM images, and (c) the physical parameters of SnO, nanoparticles A (using grape extract) and B (without
the use of grape extract).

of the FE-SEM analysis and indicated that the particles have  particle size of the nanoparticles determined by this method
diameters less than 100 nm. The particle size distribution is approximately 45 nm (Sample A) and 78 nm (Sample
curve of nanocomposites performed by the DLS technique  B). The obtained results show that the particle size is more
is shown in Fig. 3. Before analysis, the sample was dispersed  homogeneous when the grape extract is used to prepare the
in ethanol (1 g in 25 ml) and sonicated for 30 min. The mean  nanoparticles.

Fig. 2. HR-TEM images of SnO, nanoparticles A (using grape extract), and B (without grape extract).
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Fig. 3. DLS analysis of SnO, nanoparticles A (using grape extract),
and B (without grape extract).

Grape extract is rich in cyanidin and delphinidin, two
classes of phenolic compounds found in grape varieties. These
compounds are able to form complex structures with tin ions.
These complexes decompose in the calcination process and
produce tin oxide at the nanoscale (Scheme 1) [39-41].

3.2. Removal of Pb*" and Cd** ions

The effect of pH on Pb and Cd adsorption efficiency is
shown in Fig. 4(A). As shown, the best adsorption efficiency
occurs in a weak acidic media, pH = 6. As the pH changed
from 3 to 7, the amount of Pb and Cd adsorption increased.
Similar results have been reported by Ekubatsion ef al. [42].
In general, in the adsorption process, the pH of an aqueous
solution is a crucial control parameter because it determines
the type of metal ion species and the charge level of the
adsorbent. This will affect the reaction between adsorbent
and adsorbate material. The effect of pH on the adsorption
capacity is related to the chemical state of heavy metal in a
solution at different amounts of pH, which can be a pure ionic

,Sn

\

OH
oH HO —_—
Lt R
HO 0L o OH

o)
Z > oH

OH
Cyanidin OH

O OH NH;
® _>O

HO. O O\ OH Sn2*
Z>0H

OH

Delphinidin

Scheme 1. Plausible interaction of cyanidin and delphinidin with
Sn**: preparation of SnO, nanostructure.

form (Pb?* and Cd*") in an acidic media or a hydroxyl-metal
(CdOH") form in weak basic condition [42-44].

Next, the effect of contact time on the adsorption capacity
was investigated. The results revealed that adsorption
increased rapidly for the initial 90 min due to the high
concentration of ions in the solution. After that, the filling of
active nanoparticle sites and low Pb and Cd concentrations
causes a slow adsorption process that follows a relatively
linear trend (Fig. 4(B)).

Figs. 4(C) and 4(D) show the effect of SnO, dosages and the
initial concentration of Pb and Cd on the adsorption values.
It is known that at high Pb and Cd concentrations (higher
than 30 ppm), the adsorption efficiency decreases because
of the filling of active sites. On the other hand, the Pb and
Cd removal increases up to 0.05 g of the SnO, dosage and
consequently the adsorption efficiency decreases due to the
agglomeration of SnO, species and reduction of active sites.

Temperature is another factor that affects heavy metal
adsorption by adsorbents. Fig. 4(E) shows the effect of
temperature on the adsorption of Pb and Cd ions. As can
be seen, the adsorption efficiency decreases with increasing
reaction temperature. The maximum adsorption was observed
at 300 K at 93% for Cd and 97% for Pb. As revealed, the
thermal energy of metal ions increased when temperature
increased; thus, the contact probability of metal ions with
vacant adsorbent sites increased. However, the mobility of
ions and molecules increases at temperatures higher than
300 K, which breaks the adsorbent-metal ion interactions.
This results in the metal ions being returned to the solution,
reducing the adsorption efficiency [43]. The optimized
conditions for adsorbing are a 30 ppm concentration of
metal ions, ambient temperature, pH of 6, and 0.025 g of an
adsorbent.

3.3. Kinetics investigation

The kinetic studies of Pb and Cd adsorption by SnO,
as adsorbent were done using a linear distributions plot
of pseudo-first-order (log(¢,-g) vs. t), pseudo-second-
order (#/q, vs. t), the Elovich model (g, vs. In#), and Intra-
particle diffusion (g, vs. ) kinetic models at three different
temperatures (283, 293, and 300 K) [45]. The equations and
kinetic parameters of the models are summarized in Tables

S1-S3 (Supplementary File). The correlation coefficient was
used to match the experimental and predicted data of kinetic
models. The corresponding parameters were calculated by
drawing the linear diagrams of the equations. These charts are
shown in Figs. S1-S4 (Supplementary File). A comparison

of the correlation coefficients of different models shows that
the Elovich model has the highest correlation coefficient,
indicating that the adsorption mechanism is chemical
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Fig. 4. Adsorption of Cd and Pb: effect of (A) pH (time: 160 min; SnO,: 0.025 g; Cd: 40 ppm; r.t.); (B) contact time (pH: 6; time: 160 min;
Sn0O,: 0.025 g; Cd: 40 ppm; r.t.); (C) adsorbent dosage (pH: 6; time: 160 min; Cd: 40 ppm; r.t.); (D) initial concentration (pH: 6; time: 160
min; SnO,: 0.025 g; r.t.); and (E) temperature (pH: 6; time: 160 min; SnO,: 0.025 g; Cd: 40 ppm).

adsorption. Studies also show that the calculated ¢, differs
from first-order quadratic and pseudo-second kinetic models.

3.4. Thermodynamic investigations

Data obtained from the thermodynamic study were used
to determine the Gibbs free energy, enthalpy, and entropy of
the system. The change in the Gibbs free energy for lead and
cadmium ions at four different temperatures (300-330 K) was
obtained through the relationships between AG, AH, AS, and
LnK, in Egs. (5) and (6), shown in Table 1. AH and AS are
obtained by drawing the LnK,_ diagram against 1/7 (Fig. 5).

qe

AG? =-8.314TInkK, K.= o (5)
_ AS_AH’ 6
InK= RT RT ©

where K, (L.mg™") is the equilibrium constant, and 7 is the
absolute temperature (K).

The thermodynamic parameters AG’, AH’, and AS’ are
shown in Table 1. The negative values of AG" represent the
spontaneous of the adsorption processes. Additionally, the

values of AG in the present study were relatively close
to zero, which indicates that the trend is close to the
equilibrium. The results of this study indicate that the
reaction occurs with the bonding of metal ions to the surface
of nanomaterials. The values of AH and AS are shown in
Table 1. Negative values of AH and AS reveal that the
adsorption reaction is exothermic [45].

Table 1. Thermodynamic parameters for the adsorptive removal of
Pb and Cd ions using SnO, nanoparticles.

AS’ (J.mol™) AH’ (kJ.mol")
Pb Cd Pb Cd
-188.8 -128.4 -63.0 42.95
AG’ (kJ.mol ")
T (K)
Pb Cd
300 -6.38 -4.16
310 -3.04 -2.54
320 -1.97 -1.59
330 -0.493 -0.211
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Fig. 5. Plots of InK_ vs. 1/T.

3.5. Activation energy investigations

The results of kinetic studies showed that the adsorption of
lead and cadmium ions depends on the time and temperature.
Generally, the adsorption increases with time and decreases
with temperature increase. Data from kinetic studies at
different temperatures are used to determine the activation
energy of the adsorption using the Arrhenius equation
(k= A etaR7) In this equation, £ is the rate constant, 4 is the
Arrhenius constant, £, is the activation energy, R is the gas
constant (8.314 J.mol"), and T is the reaction temperature
in Kelvin. The values for k are calculated by plotting zero
as well as first and second-order kinetics (Figs. S5, S6,
and S7 in the Supplementary File). The calculated values

of rate constants, correlation coefficient of zero, and first
and second-order kinetics are summarized in Table S4
(Supplementary File). According to the higher correlation

coefficient results of the first order, this model was chosen
as the rate equation of the adsorption reaction. Thus, the
parameters of the Arrhenius equation were determined from
the values of first-order kinetics (Fig. 6, Table 2). From the
drawing of the Ink vs. 1/T, we can calculate the parameters
of the Arrhenius equation (Fig. 6). In this case, the slope of
the line is equal to -£ /R [46]. The results are summarized in
Table 2.

Table 2. Parameters of the Arrhenius equation (Ink, vs. 1/7).

E, (kJ.mol™) A R
Pb cd Pb cd Pb cd
32.02 22.25 8208.09 123.08 0.9994  0.937

-3.8 ™

4.0

-4.2

Ink,

-4.4 4

-4.6 -

-4.8
0.0033

T T
0.0034 0.0035

T

Fig. 6. Plots of Ink, vs. 1/T.

Studies have shown that the activation energy required
to adsorb Pb ions is higher than those required for Cd
adsorption. The values of activation energy reflect the fact
that the adsorption of these elements is accomplished by
chemical adsorption

3.6. Reusability investigations

For the reusability of SnO, nanoparticles, the solution
was centrifuged and decanted to remove the adsorbent.
Subsequently, a solution of 1 M acetic acid was added, and
the suspension was stirred for 1 h to release the Cd and Pb
ions from the adsorbent surface. The results of four repetitions
of the recovery experiment are shown in Fig. 7. The result
showed that the adsorbent retained about 90% of its initial

efficiency even after four cycles.

100 —
—a—Pb
—+—Cd
c
=]
=
£
=]
$ %
3 4
T T T T 1
0 1 2 3 4 5
Run No.

Fig. 7. Reusability of SnO, nanoparticles.
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3.7. Comparison results

Comparatively, nanoparticles prepared without the use
of grape extract show lower adsorption capacity than
those prepared in a grape extract media. In addition, SnO,
nanoparticles have a higher adsorption capacity than SnO,
bulk materials. The grape extract performs a non-toxic and
environmentally friendly green preparation procedure for
the SnO, nanoparticle. Accordingly, this work is beneficial
to methods that use toxic solvents and reagents to prepare
nanoparticles. In addition, SnO, nanoparticles prepared
using grape extract have higher adsorption capacity, which
adsorbed heavy metals more effectively. Moreover, the
results we obtained agree well with those reported in the
literature and, in some cases, are much higher than other
adsorbents (Table 3).

4. Conclusion

The SnO, nanoparticles were synthesized using a simple
and inexpensive method and were analyzed by XRD,
FESEM, TEM, BET, and DLS analyses. The capability of
SnO, nanoparticles was evaluated in the adsorption of Pb**
and Cd*" ions. The effect of different factors on adsorption,
such as pH, adsorbent amount, adsorbate concentration,
and temperature, was investigated. The best conditions
for adsorbing were found to be a 30 ppm concentration of
metal ions, ambient temperature, pH of 6, and 0.025 g of
an adsorbent. Kinetic studies were carried out to determine
the adsorption mechanism. A comparison of the correlation

Table 3. Comparison results with the literature.

Adsorbent Heavy metals removal  Ref.
(%)
Bulk SnO Cd (81%), Pb (84%) This
2 ? work
SnO, nanoparticles (NPs) Thi
(prepared without the use of Cd (85%), Pb (89%) woii
grape extract)
SnO, NPs (prepared using grape Cd (93%). Pb (97%) This
extract) work
Sr.102 NPs Synthesized. using Co (94%) [47]
Vitex agnus-castus fruit extract
SnO, NPs Zn (83%) [48]
AgNPs-Doped SnO, Cd and Pb (over 96.9%) [49]
SnO, NPs Cd and Pb (below 70%)  [50]
SnO, Crosslinked-chitosan Cd (95.6%), Hg (94.2%) [51]
PMMA/SnO, Nanocomposites Cr (Over 90%) [52]

coefficients of different models shows that the Elovich
model has the highest correlation coefficient, indicating
that the adsorption mechanism is chemical adsorption. The
thermodynamic parameters AG, AH, and AS, as well as the
activation energy of the adsorption process, were calculated.
The negative values of AG represent the spontaneousness of
the adsorption process. The negative values of the parameters
AH and AS represent the exothermic nature of the adsorption.
The values associated with activation energy reflect the fact
that the adsorption of these elements is accomplished through
chemical adsorption. This method could be applied for the
preparation of different metal oxides in the nanoscale because
it has several advantages, such as using environmentally
friendly media and removing hazardous and toxic chemicals
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