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Abstract

In the present work, SnO,-Fe;0,@MWCNT nanocatalyst was fabricated according to a sonochemical-hydrothermal pro-
cedure. The surface morphology and structure analyses of the synthesized SnO,-Fe;0,@MWCNT were investigated by
transmission electron microscope (TEM), X-ray diffraction (XRD), Raman spectroscopy, EDS, FTIR and BET analyses.
The degradation efficiency of SnO,-Fe;0,@MWCNT nanocatalyst in MB solution was tested by several experimental
conditions such as SnO,-Fe;0,@MWCNT dosage (8-20 mg/L), initial MB concentration (20-50 mg/L), initial solution
pH (5-9), and ultrasonic output power (37-60 kHz). SnO,-Fe;0,@MWCNT nanocatalyst retained its efficiency as 85% at
common experimental conditions of 16 mg/L of SnO,-Fe;0,@MWCNTs, 45 mg/L of MB, pH of 8, H,0, of 15 mM, and
60 kHz in 60 min under ultrasonic irradiation. In addition, the optimum experiment conditions for SnO,-Fe;0,@MWCNTs
in MB degradation were investigated. The experiment result showed that the degradation efficiency of MB was increased
by adding H,0, to the reaction medium due to forming more free radicals. Further, it was detected that OHe radicals were
determined to be the dominant oxidative species in MB degradation using SnO,-Fe;0,@MWCNT catalyst. The reuse tests
showed that SnO,-Fe;0,@MWCNT sonocatalyst preserved its very stable structure after using the same catalyst 5 times. The
intermediates and by-products after MB degradation using the catalyst were indicated by GC-MS analysis. Overall the results
showed that the SnO,-Fe;0,@MWCNT sonocatalyst has excellent potential for treating organic pollutants in wastewater.
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1 Introduction

Recently, dye pollutants originating from different indus-
trial activities such as textile, cosmetics, paper, and paint
constitute severe problems in the environment and natu-
ral life [1] The removal of polluting agents produced by
industries is very important for the continuation of healthy
living life. So far, many methods have been tried in the
removal of paint and organic water contaminants. Among
the methods, the sonocatalysis process has taken great
importance due to some advantages like cost-effective-
ness, sonolysis, complete elimination of organic pollut-
ants, and a synergistic factor of sonocatalysis [2—4]. Thus,
many studies have focused heavily on the sonocatalytic
degradation of organic pollutants of different natures [5,
6]. In the sonocatalysis process, ultrasonic irradiation can
lead to the generation of acoustic cavitation, causing the
formation, release, and explosive collapse of bubbles in
the aqueous reactant solution. Ahmadi et al. reported that
the chemicals’ synergic effect in the reaction during photo
Fenton process could improve degradation efficiency [7].
Due to the collapse of the bubbles, OHe and O,e radicals
are formed by the thermal decomposition of water mol-
ecules, which causes the formation of temporary hot spot
regions with high temperature and pressure. During the
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sonocatalytic process a light beam with broad wavelengths
in the range from 200 to 800 nm (sonoluminescence) is
simultaneously emitted [8—10]. Throughout the process,
the sonoluminescence effect is created using different
catalytic materials in the degradation of organic pollut-
ants. Producing both emitted light and holes in the valence
band by using a catalytic material, the electrons in the
valence band of semiconductor materials can excite the
conduction band [11]. In preparation of catalytical mate-
rials, semiconductor materials-based composite catalysts
with different structures are intensely preferred to improve
the sonocatalytic degradation efficiency of organic dye-
stuffs [12-17]. Tin (IV) oxide (SnO,) is a semiconductor
material that exhibits different properties like high opti-
cal, and excellent electrical. Because of these advantages,
SnO, has been used in some research for the catalytic
degradation of many organic dyes and compounds [18].
However, some properties of SnO, such as wide bandgap
(3.6 eV) and high electron—hole pair recombination rate
limit its effectiveness as a photocatalyst or sonocatalyst
[19]. Recent studies have shown that integrating a multi-
walled carbon nanotube (MWCNT) with SnO, results in a
significant reduction in the energy bandgap [20], which is
extremely important for its use in sonocatalytic activity.
Because MWCNT is a conductivity-enhancing material



Sonocatalytic Degradation of Methylene Blue by a Novel SnO,-Fe;0,@MWCNT Hybrid. ..

that reduces electron recombination resistance. In addi-
tion, in many studies, MWCNTs have been selected in
the preparation of catalytical materials due to their other
advantages such as high surface area and good electron
conductivity [21]. Hence, adding MWCNT to the compo-
sition of the synthesized materials will be a good option to
increase the catalytic properties in MB degradation [22].
Because of the advantages of MWCNT mentioned above,
in this study, MWCNTs were preferred as the supporting
material in catalyst synthesis for the degradation studies.
Also, in the catalyst synthesis, Fe;O, metal oxide was used
as an active phase that caused the degradation of organic
pollutants to increase in the sonocatalytical process. Dop-
ing of Fe;O, in the material structure causes magnetization
in the structure. There are successful studies in the litera-
ture on the doping of Fe;0, to the material structure and
the acquisition of magnetic properties [23, 24]. The incor-
poration of magnetic Fe;O, nanoparticles (in the presence
of an external magnetic field) provides the advantage of
easy and fast phase separation in the sonocatalytic reactant
environment. Further, the presence of Fe;0, nanoparti-
cles in the composition of the catalyst provides a syner-
gistic effect that causes the sonocatalytic degradation to
improve because of the formed additional binding sites
and a more stable structure [25]. In this study, for the first
time, SnO,-Fe;0,@MWCNT nanocatalyst was prepared
and its chemical and morphological properties were clari-
fied with advanced analytical techniques. The prepared
Sn0O,-Fe;0,@MWCNT was effectively used in the sono-
catalytic degradation of MB and the resulting reaction
processes were elucidated.

2 Material and Methods
2.1 Materials

Multiwalled carbon nanotube (MWCNT), ferric chloride
hexahydrate (FeCl,.6H,0, >99.0%), KMnO,, DMS, ferric
chloride tetrahydrate (FeCl;.4H,0,>99.0%) and tin chlo-
ride tetrahydrate (SnCl, 4H,0) materials were supplied from
Sigma Aldrich. The chemicals of ethanol, methanol, butanol,
and methylene blue were supplied by MERK. All of these
chemicals we used in our studies were in analytical purity
and used without any pretreatment. After washing all glass
and metal experiment instruments were rinsed with distilled
water and acetone and dried in an oven at 105 °C.

2.2 Instruments of Characterization
Sn0O,-Fe;0,@MWCNT materials were investigated using

TEM, XRD, Raman, FTIR, BET, EDS and GC-MS anal-
ysis devices to reveal their chemical and morphological

structure. In TEM analyses of SnO,-Fe;O,@MWCNT, a
Hitachi HT7800 brand device with high resolution and
contrast, which can reach 120 kV voltage, was used. A
PANalytical EMPYREAN device, which can operate in a
vacuum and inert gas environment that can reach 1200 °C,
was used in XRD analyses. Raman analyses were per-
formed with the Renishaw inVia Raman Microscope oper-
ating in a range of 532-735 nm. GC-MS analyses were
conducted using Agilent 7820A GC with a Restek Column
(100 mx0.25 mm ID X 0.20 pm). The ultrasonic experi-
ments were performed with a Bandaline brand device with
an adjustable ultrasonic wave, experimental temperature,
and power. Centrifugation studies were performed with a
Hettich Universal 320 device. UV—Vis measurements were
taken by Agilent Cary 60 instrument. FTIR analyses were
taken with Agilent Cary 60. MICROMERITICS Tristar 11
brand devise was used to perform EDS analyses and Zeiss
SmartEDX was used to carried out EDS analyses.

2.3 Preparation of Sn0,-Fe;0,@MWCNT
Nanoparticles

2.3.1 Preparation of Fe;0,@MWCNT

The distribution of Fe;0, metal oxide particles on the
MWCNT surface was done using various physicochemi-
cal processes and an alkaline solution. In summary, firstly,
a solution containing 1.18 g FeCl, 0.4H,0 and 2.35 g
FeCl;.6H,0 in 150 mL water was prepared. An MWCNT
mixture was prepared in another beaker (20 mL DMS) and
sonicated for 15 min. These two mixtures were mixed in
a beaker and the resulting mixture was kept under a nitro-
gen atmosphere at 80 °C for 30 min. After this time, 25%
NH,OH was added to the mixture to ensure the pH reached
9. The final mixture was mixed in a mechanical stirrer for
40 min at room conditions. The obtained Fe;O,@MWCNT
was removed from the beaker using an external magnet
and washed with abundant distilled water. The solid sam-
ple obtained was dried at 60 °C for 12 h [26].

2.3.2 Preparation of SnO,-Fe;0,@MWCNT

A certain amount of Fe;O0,@MWCNT and 0.77 g of
SnCl,.4H,0 were taken and mixed in 50 mL water and
sonicated for 10 min. 20 mL of 0.13 M KMnO, was added
dropwise to the mixture. Over time, the color of the mix-
ture turned into a dark brown color. The resulting mixture
was then kept at 80 °C for 30 min. The resulting suspen-
sion was filtered, washed with abundant water, and kept
at 60 °C for 12 h [27].
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2.4 Degradation Experiments

The sonocatalytic effect of SnO,-Fe;O0,@MWCNT nanocata-
lyst on MB degradation was investigated by several steps as
given below. The experimental setup was set up in an ultra-
sonic bath environment by fixing a 250 ml three-necked glass
flask with gripper material. Before the beginning of the MB
degradation experiment, a preliminary study was carried out
to determine the adsorption—desorption equilibrium time
between the nanocatalyst and MB. The adsorption—desorp-
tion equilibrium time was detected to be approximately 30 min
under a dark environment and with a stirred mixture. Thereaf-
ter MB dye degradation experiments were carried out under
standard experimental parameters. For this, initially, 5 mL of
the previously prepared stock solution was taken and trans-
ferred to a centrifuge tube at 8000 rpm for 10 min. The result-
ing solution was used to take absorbance measurements in a
664 nm wave spectrum by a UV-Vis device. The obtained
values from UV measurements were used to determine the
effectiveness of the nanocatalyst on dye degradation using the
equations given below [28]

Co-Ct).V
g =LY (1)

m

(Co —Ce).100

%A =
’ Co

@

In these equations, the dye concentration of the initial
time is expressed with C, and the dye concentration of any
time is expressed with C, (mg.L™"), respectively. m repre-
sents the total solution mass. The symbol C, represents the
amount of adsorption concentration at equilibrium. The
symbol V (L) refers to the solution volume used and the
amount of MB adsorbed and A represents the percentage
of MB degraded.

3 Results and Discussion

3.1 Structural Analysis Studies of SnO,-Fe;0,@
MWCNT Catalyst

Transmission electron microscopy (TEM), X-ray diffrac-
tion (XRD), and Raman analysis devices were used to test
the morphological surface properties of SnO,-Fe;O, dis-
tributions on multi-walled carbon nanotubes. The TEM
analysis of the SnO,-Fe;O,@MWCNT nanocatalyst was
performed to observe the distribution of metal particles on
the MWCNT support material as well as to test the average
particle size [29]. TEM analyses were used to calculate the
content information, morphological structure and particle

Mean Particle
size :22.65 nm

\\
A

15 20 25 30 35 40 45

Size (nm)

Fig.1 TEM analysis results with scales of 100 nm (a), 50 nm (b), and particle histogram (c)
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Fig.2 XRD analysis results of the SnO,-Fe;0,@MWCNT catalyst
material materials

size of the material. In the TEM analysis of the prepared
sample (Fig. 1), it is seen that SnO,-Fe;0, dispersed on
the MWCNT surface and formed sphere-like nanostruc-
tures. The average particle size of SnO,-Fe;O,@MWCNT
nanocatalyst material was calculated by TEM analysis and
a particle histogram plot showing the average particle size.
As seen in TEM analysis, the structure formed was mostly
composed of spherical particles and the mean particle size
of the as-synthesized catalyst was calculated to be 22.65 nm
on average.

XRD analyses of SnO,-Fe;0,@MWCNT and Fe,;0,@
MWCNT nanocatalysts were conducted to detect the crys-
talline structure and specific XRD peaks of SnO,-Fe;0,@
MWCNT. The XRD analyses of the materials are given in
Fig. 2. The peak values obtained for the catalyst materials
are tried to be defined by comparing them with similar mate-
rials found in the previous literature. The determined dif-
fraction planes of (511), (440), (220) and (400) correspond
to the Fe;O, compound [29]. The peaks of 26.83°, 30.43°
in XRD analyses of Fe;0,@MWCNT show the presence of
MWCNT. The peak values of 20 =30.43°, 35.67°, 43.46°,
53.83°, 57.32°, 62.79°, and 74.42° were determined to be
very close to the values found for the SnO,-Fe;0, catalyst
material in the literature. These results show that the peak
values were found slightly different from the values in the
literature, which can be attributed to the added components
[30].

Raman analyses are widely used to examine the changes
in carbon materials after functionalization [31]. To detect
the variations in MWCNT, Raman analyses of Fe;0,@
MWCNT and SnO,-Fe;O,@MWCNT nanoparticles
were performed as seen in Fig. 3. Raman analysis was
implemented by scanning in the wavelength range of
200-1900 cm™!. The 1291 and 1299 bands are indicative

Fe,0,-SnO,@MWCNT
Fe,O0,@MWCNT

1291

Raman Inten.(a.u.)

o 250 500 750 1000 1250 1500 1750 2000
Raman Shift (ecm™1)

Fig.3 Raman analyses of SnO,-Fe;0,@MWCNT and Fe;0,@
MWCNT catalyst materials

of the formation of bonds from non-covalent ferrous met-
als. The differences in peaks (581, 676 cm?) seen in Raman
analyses can be attributed to SnO, and the cationic interac-
tions between MWCNT and SnO,-Fe;0,.

EDS analysis results of SnO,-Fe;0,@MWCNT were
performed to detect the elemental amount as seen in
Fig. 4. EDS analyses confirm the presence of C, O, Fe,
and Sn elements with ratios of 2.20%, 41.03%, 26.89%,
and 29.87%, respectively.

FTIR analyses of SnO,-Fe;0,@MWCNT and Fe;0,@
MWCNT were conducted to see the chemical composition
and functional groups present in the synthesized materials
as seen in Fig. 5. Various vibration peaks at 3405, 2958,
2086, 1998, 1700, 1631, 1352, 1078 and 1063, 995 cm™!
have appeared. The functional groups of C=C, C-H, and
C-C present in MWNCT were found at 2086, 1631, and
1186 cm™!. Peaks at a range of 580—-638 cm™! show vibra-
tions of Fe—O bonds in Fe;0,. Peaks of 2986, 1703, 1199,
and 1063 cm™' seen in the FTIR of Fe;0,@ MWCNT show
the presence of C-H, C =0, C-O-C, and C—OH chemical
bonds [32]. After adding SnO, to Fe;0,@MWCNT, a lit-
tle bit few shifts have occurred in these vibrations as seen
in the FTIR analyses results of SnO,-Fe;0,@MWCNT.
These chemical bonds show some chemical reactions
between C and O elements has been taken place. Peaks
of 1525, 1199, and 1078 cm™" are very close to vibrations
of O-Si-O [33].

BET analyzes were performed to determine the sur-
face area and porosity of the synthesized SnO,-Fe,0,@
MWCNT material. The BET analyzes are shown in Fig. 6.
BET surface area of SnO,-Fe;0,@MWCNT material was
determined as 62.3628 m?/g. The pore volume of the mate-
rial was found to be 0.188833 cm®/g. Compared to the
MWCNT-based oxide materials (MnQO,) in the literature,
it is observed that the SnO,-Fe;O0,@MWCNT surface area
increases have been increased. This feature is a situation
found in oxide compounds with mesoporous structure [34].
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of SnO,-Fe;O,@MWCNT and Fe;0,@

3.2 Pre-Adsorption/Desorption Equilibrium Tests

The pre-adsorption/desorption equilibrium time of interval
between the SnO,-Fe;0,@MWCNT nanocatalyst and MB
was performed in the absence of H,0, and ultrasonic power
parameters in a dark environment. The experimental results
of pre-adsorption/desorption are given in Fig. 7a. The exper-
iments at different pre-adsorption/desorption were carried
out under common experiment conditions without H,O,.
The adsorption/desorption experiments were conducted
in 10—45 min. Also, the adsorption/desorption efficiency
between SnO,-Fe;0,@MWCNT and MB at different time
intervals of 10, 15, 20, 25, 30, and 45 min was detected
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as 50.3%, 56.8%, 59%, 65.2%, and 69%, respectively. The
data obtained from the pre-adsorption/desorption studies
revealed that the adsorption/desorption equilibrium time
intervals between SnO,-Fe;0,@MWCNT catalyst and MB
were observed to be 10-30 min. In light of these data, it can
be said that 30 min is a sufficient time to reach the adsorp-
tion—desorption equilibrium for the current experiments.

3.3 MB Degradation Experiments at Different
Ultrasonic Power and Temperature

In order to detect SnO,-Fe;0,@MWCNT nanocatalyst
effects at different ultrasonic powers and temperatures,
various experiments were conducted and their results were
given in Fig. 7b. As seen in Fig. 7b, SnO,-Fe;0,@MWCNT
nanocatalyst effects at different ultrasonic powers for the
sonocatalytic MB degradation were studied at four differ-
ent frequency ranges of 37-60 kHz in 60 min. The analy-
sis data showed that the highest ultrasonic frequency for
Sn0,-Fe;0,@MWCNT nanocatalyst in MB degradation was
found to be 60 kHz. These findings can be explained in two
different ways. First, high ultrasonic power led to a form of
diffusion and this diffusion causes an increase in mass trans-
fer, as a result, an increase in the MB degradation efficiency
occurred. Secondly, the degradation of MB occurring in
high frequencies causes high pressures—temperatures which
result in the form of a sufficient electron—hole pair [35].
The results of SnO,-Fe;0,@MWCNT nanocatalyst effects
on MB degradation at different temperatures in a range of
298-328 K are given in Fig. 7c. The highest MB degradation
efficiency (80%) using SnO,-Fe;0, @ MWCNT nanocatalyst
was obtained at 318 K. This result can be attributed to the
increased temperature causing an increase of activities of
radicals (Kinetic energies of molecules) and the number of
bubbles in the reaction medium [36]. The increased tem-
perature accelerates the interactions of the excess bubble on
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Fig.6 Adsorption/desorption (a), volume distribution (b) and BET surface area (c) analysis results of SnO,-Fe;0,@MWCNT

the catalyst surface and the dye, which causes to increase in
the number of active radicals that are effective in the deg-
radation process. As the dye structure deteriorated above
318 K the degradation efficiency of MB with SnO,-Fe;0,@
MWCNT nanocatalyst has been decreased [37].

3.4 Effects of Sn0,-Fe;0,@MWCNT Catalyst
Amount, and MB Concentration
on the Degradation Efficiency

The amount of catalyst is one of the most important param-
eter functions in MB degradation efficiency under specified
conditions [38]. Four different experiments were conducted
to detect SnO,-Fe;0,@MWCNT catalyst effects on MB
degradation and their results are given in Fig. 8a. As seen,
as the amount of catalyst increased in the ultrasonic reac-
tion medium, MB degradation efficiency increased. The
most suitable catalyst dose value for maximum MB deg-
radation efficiency was determined to be 16 mg L™!. As
can be expected that the increased SnO,-Fe;O,@MWCNT
catalyst amount increased the number of active sides

present on the catalyst surface which is very effective in
the degradation process. The degradation efficiency of MB
using Sn0O,-Fe;0,@MWCNT catalyst was observed to be
decreased at above 16 mg L~! catalyst concentration. This
can be attributed that the active sides of the catalyst being
covered with byproducts from MB degradation. In this case,
fewer OH® radical molecules are produced and released into
the environment. As expected, over 16 mg. L™!, decreasing
active site and active radical number caused a decrease in
MB degradation efficiency. Further, using more than 16 mg
of SnO,-Fe;0,@MWCNT catalyst amount in the reaction
solution may result in the prevention of ultrasonic wave pen-
etration into the reaction medium. However, SnO,-Fe;0,@
MWCNT nanoparticles tend to aggregate when used under
high-concentration conditions, and this can be attributed to
restricting the active molecules making them less present in
the reaction medium (Fig. 8a). In addition, nanocatalyst used
in large quantities supports the adsorption event. However,
the excessive use of catalysts in the process environment
causes fewer ultrasound waves and cavitations to the areas
close to the catalyst surface [39, 40]. In order to see the
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Table 1 Experimental findings

. Catalysts Dyes Time (min) Irradiation Degradation (%) References

of some catalysts used in MB tvoe

degradation P
AgCu@MWCNT MB 60 Us 90.2 [52]
CdSe/GQDs MB 90 Us 99 [53]
MGZ@Sio, MB 60 Us 95 [54]
SnO,/MWCNT MB 30 Us 98 [55]
AgFe,0,@MWCNT MB 75 Us 98.5 [3]
TiO,-CNT MB 120 Us 100 [56]
ZnO/GR/TiO, MB 120 Us 79 [57]
ZnO-bs MB 90 Us 77.8 [58]
AgBr MB 180 Us 48 [59]
Fe;0,/Mn;0,/CuO MB 150 Us 95.04 [60]
SnO,-Fe;0,@MWCNT Fe;0,@ MB 60 Us 85 This work

MWCNT Fe;0,@MWCNT

effectiveness of SnO,-Fe;0,@MWCNT catalyst particles on
MB degradation efficiency from a broader perspective, some
catalysts and their experimental results in literature studies
were compared in Table 1. In ultrasonic-degradation pro-
cesses, the effect of dye concentration is another important
function parameter in the evaluation of MB dye degradation
to detect the effectiveness of the catalyst used. The degrada-
tion of MB experiments in different MB concentrations in
a range of 20-50 mg.L~! was performed and their results
are given in Fig. 8b. Sonocatalytic degradation efficiency
of MB in different MB concentrations was performed under
common conditions of 12 mg.L™! Sn0,-Fe;0,@ MWCNT
dose, 10 mM H,0, concentration, pH 7 solution, and 60 kHz
ultrasonic frequency. The studies conducted at different MB
concentrations showed that the highest sonocatalytic deg-
radation efficiency of MB using SnO,-Fe;O0,@ MWCNT
was achieved at 45 mg.L~! MB dye concentration. The use
of more than 45 mg.L~! MB caused a slight decrease in
MB degradation activity. This situation can be explained by
two different reasons. Firstly, the presence of excess MB in
the medium causes the energy generated by the cavitations
formed in ultrasonic conditions to be absorbed and its inter-
action with the dye to decrease [41]. This can both limit the
production of OHe radicals and lead to a significant reduc-
tion in the amount of degradation of the MB dye. Secondly,
intermediate products are formed due to the interaction
between MB dye molecules and OHe radical oxides. These
intermediate products prevent active OHe radicals from the
degradation of MB in the reaction medium [42].

3.5 Effects of pH Change on MB Degradation
Efficiency

The organic matter degradation efficiency is affected by
pH change. The detecting pH effects on the degradation
of organic pollutants like MB have been studied by some

researchers [43]. To detect the effects of pH variations on
MB degradation using SnO,-Fe;0,@MWCNT catalyst 5
experiments with pH in a range of 5-9 were performed.
The experimental results using the SnO,-Fe;O,@MWCNT
catalyst are given in Fig. 9a. It was found that there was an
increase in MB degradation efficiency with increasing pH.
Maximum MB degradation efficiency was found at pH 8. As
it is known, pH affects the amount of charge on the catalyst
surface in the environment [44, 45]. In addition, pH affects
the oxidizing species formed between the dye and the cata-
lyst. In this way, it also provides a synergistic effect between
the substance in the catalyst structure and the substrate. [46].
As can be seen from the test results, the interaction of the
catalyst and MB dye is very low at pH 8 and below. As can
be seen, a decrease in MB degradation was observed at pH 8
and below. Similar results can be seen in the previous studies
[47]. However, as the pH value increased, an increased MB
degradation was observed. This increased MB degradation
can be explained by the synergistic effect on the nanocatalyst
activity as a result of the increased negatively charged mole-
cules in the reaction environment [48]. Studies conducted in
a sonocatalytic process environment showed a significantly
positive effect between the degradation concentration of MB
and the pH function H/OH ion balance [49]. In addition, the
pH state of the catalyst surface affects the dye degradation
efficiency. Because, depending on the environment and cata-
lyst surface pH, the attraction and interaction of the negative
or positive active molecular changes. The amount of catalyst
surface charge varies depending on the ambient pH. Addi-
tional to pH experiments, isoelectronic point experiments
of the SnO,-Fe;0,@MWCNT catalyst were performed. For
this, nine solutions containing 20 mg catalyst in 50 mL of
NaNO; with different pH (2-9) were prepared according to
the literature [48]. The final pH values of the mixtures were
measured at common conditions and room temperature.
As shown in Fig. 9b—c, the pHzpc values of SnO,-Fe;0,@

@ Springer



A.Yurtseven et al.

84 MWCNT (b)
. .-
.F-'
74
pHzpc: 5.41 y
o s i & ..:'
s T N .
© o e [ Y, - -
>
5 1 v
.'-’.-
44 3
3 A o
-40 -20 0 20 40 60 . T - . - o)
Time (min.) oHI
9.0 JFes04/SnO.@MWCNT (©) .
8.5 -
pHzpc: 7.86 "
r 8.04 \ F
Z S ——
7.5 =
.'.'
7.0 .
L
6.5 -
2 P 6 8 10 12
pHi

Fig.9 a pH change experiment results, b zero point of MWCNT, ¢ Zero-point of SnO,-Fe;0,@MWCNT, (Common parameters; Fre-
quency =60 kHz, [T]=303 K, [MB]=33 mg.L™!, [H,0,]=10 mM, T=303 K, and [Catal.] =12 mg.L.™!)

MWCNT nanocatalyst particle and MWCNT were obtained
as 7.86 and 5.41, respectively. The net surface charge amount
at this pH point of the SnO,-Fe;0,@MWCNT nanocatalyst
particle is zero. If the pH of the reaction medium is below
7.86, the surface charge of the nanocatalyst particle is posi-
tive, and over 7.86, the nanocatalyst surface charge will be
negatively charged [50, 51]. Considering these data of pH
experiments, the optimum pH value for MB degradation was
determined to be 8. This result can be expressed as a result
of the increase in the number of OH®, O,° oxidizing radical
species (about 80%) which are extremely effective on MB
degradation [39].

3.6 H,0, Concentration

In the mechanism of the ultrasonic process, the amount of
H,0, concentration is the parameter that directly affects
active radical formation on dye degradation [61, 62]. As
displayed in Fig. 10a, the optimal concentration of H,O, for
MB degradation under common experiment conditions was
detected to be 15 mM. At concentrations of H,0, above
15 mM, a slight decrease in the catalytic dye degradation
efficiency was observed. As investigated in Eqgs. 3 and 4,
in high concentrations of H,0,, H,0, acts as a scavenging
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for OHe radicals which are required in oxidation reactions
[63, 64]. On the other hand, under conditions of low H,0O,
concentration, a small amount of OHe radicals are formed,
and in this case, a decrease in the amount of degraded MB
takes place. According to this information in the literature,
it has been found that keeping the amount of H,0O, in the
reaction medium at a certain rate affects the organic matter
degradation rate. H,O, triggers the OHe formation reaction
as a result of its interaction with the catalyst surface. Here,
H,0, acts as an electron acceptor. As a result of the inter-
action of h™ and OH™ ions, OHe radical formation occurs
(Eq. 6). As seen in Egs. 7 and 8, H,0, turns into water and
O, molecules. O,e radicals are formed as a result of the
interaction of O, with the electrons present in the reaction
medium. As seen in Egs. 9 and 10, it can be said that OHe
radicals are more effective on MB degradation than O,e
radicals. Similar results have also been reported in some
studies [65]. Considering all these possible reactions, it
can be said that the use of H,O, molecules in MB degra-
dation under specified fixed conditions is extremely effec-
tive. Also, the effect on MB degradation via heterogene-
ous sono-Fenton-like processes was tested by adding some
scavengers like t-BuOH, EtOH, and MeOH to investigate
the scavenging working reactant process. Figure 10b shows
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the experiment results performed with different scavengers
catalyzed SnO,-Fe;0,@MWCNT nanparticle in MB degra-
dation. The addition of 5 mL of t-BuOH, MeOH, and EtOH
in reaction medium provided an effective reduction in MB
removal efficiency from 85 to 36%, 30%, and 19%, respec-
tively. To conclude that, we can say that these scavengers
turned out to have a dramatic effect on MB degradation.

H,0, + OH' - H,0 + HOO’ 3)
HO, + OH' - H,0 + O, 4)
H,0,+ ¢~ - H,0 + HO"+ OH™ 4)
h*+ OH™ —» OH’ (6)
H,0, - H,0 + 1/20; )
O,+¢e - O (©))
‘OH + MB — products ©)]
‘0O + MB — products (10)

3.7 Effects of the Reaction Medium on MB
Degradation Efficiency

Figure 11a shows the test results of MB degradation per-
formed at different experiment conditions with and without
some parameters. The effects of these variable factors on
MB degradation in the presence of the determined main
parameter were tested using the UV device (Fig. 11b). As
can be seen in Fig. 11a, there is little change in MB degrada-
tion efficiency in MB degradation experiments performed
only in the presence of Us. In the presence of Us+H,0,, a
slight increase in the post-catalytic effect on dye degradation
was observed compared to the first variation (Only Us). Sim-
ilarly, it can be seen from these results, it is seen that there is
an increase in MB degradation efficiency with the addition
of a catalyst to the reaction medium. By adding H,0,, it has
been observed an increased catalytical MB degradation effi-
ciency. Similar behaviors can be seen by incorporating other
agents like a catalyst, Uv light, etc. in the reaction medium.
In this case, it is easily seen that H,0, is the source of active
species such as OHe required for MB degradation. In the
presence of Fe;O,@MWCNT the sonocatalytic performance
on MB degradation was experimentally obtained as 40% at
the constant parameters as seen in Fig. 11b. However, in the
presence of Us/SnO,-Fe;0,@MWCNT/H,0, in the experi-
mental environment, extremely remarkable results of the MB
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degradation efficiency were obtained in the sonocatalytic
process study (With a degradation efficiency of about 85%
in 60 min). From these results, it can be said that ultrasonic
irradiation enables sonoluminescence and the production of
high amounts of visible light. Visible light has a relatively
wide wavelength range due to acoustic gaps. When exposed
to ultrasonic light, the MWCNT and SnO,-Fe;0, structures
in the synthesized catalyst produce gaps and excited struc-
tures in the valence bands. These excited electrons move
from the valence band to the conduction band. As a result,
electrons in the conduction band of SnO, and Fe;0, are
transferred to the conduction band of MWCNT with ultra-
sonic light. As can be seen from Scheme 1, the sonogized
gaps in the valence band (VB) of SnO,-Fe;0, allow the elec-
trons in MWCNT to move easily. In this way, sonogicholes
and electrons move bidirectionally, resulting in increased
recombination rate and charge efficiency. Thus, a synergy
of sonic matter and ultrasonic frequency is formed [66—68].
OHe radicals are formed as a result of the interaction of
electrons in the conduction band (CB) with H,O,. The OHe
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Runs

ments depending on different ambient conditions, and ¢ Reuse experi-
ment results (Common Parameters [MB]=33 mg.L_l, [T]=303 K,
[Catal.] =12 mg, and Frequency =60 kHz.)

radicals formed also take an active role in the decompo-
sition of MB. Based on all the predicted results above, a
sonogenization electron—hole separation mechanism using
Sn0O,-Fe;0,@MWCNT catalyst in the presence of sonocata-
lytic process was proposed and illustrated in Scheme 1.

As seen in Eq. (11), the interaction of SnO,-Fe;0,@
MWCNT nanocatalyst particle surface with H,O, mol-
ecules had a great synergistic effect on the increase of
OHe radicals. In this case, we can say that it makes a
positive contribution in terms of MB degradation [69]. In
our study, in the sonocatalytic process medium based on
Us+ Sn0,-Fe;0,@MWCNT +H,0, medium, the catalyst
in the solution medium was exposed to ultrasonic waves and
dispersed homogeneously. In this way, it was ensured that
the catalyst was dispersed in the entire reaction medium.
Homogeneous distribution is required for the active sites of
the catalyst to be fully ubiquitous. As can be seen in Egs. 11
and 12, OH® radical formation occurred with the sonocata-
lytic process [70]. Based on these data, we can state that a
highly effective metallic nanocatalyst in MB degradation
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Scheme 1 Possible mechanism of sonocatalytic degradation in the interaction of Methylene Blue dye with SnO,-Fe;0,@ MWCNT nanocatalyst

under the Us 4+ Sn0O,-Fe;0,@MWCNT + H,0, parameter
has been produced.

catalyst structure, affects its reuse. A stable SnO,-Fe;O,@
MWCNT catalyst is effective in minimizing ion leakage that

SnO, — Fe,0,@MWCNT (e —) + H,0, — SnO, — Fe;0,@MWCNT (¢—) + OHs+ +OH — . (12)

3.8 Reuse of Sn0,-Fe;0,@MWCNT Catalyst and MB
Degradation Products

Reuse tests are widely performed to detect the effectiveness
of catalytical materials [71]. Thus, in this study, the reuse of
the SnO,-Fe;0,@MWCNT catalyst was tested to evaluate its
effectiveness in MB degradation conducted 5 runs (Fig. 11c).
The reuse experiments of the SnO,-Fe;0,@MWCNT catalyst
we produced were carried out under common experimental
parameters at 30 °C temperature, 33 mg.L™"' dye amount,
60 kHz ultrasonic wave frequency, 12 mg.L™! catalyst amount,
and at 75 min. Briefly, the reuse experiments were carried
out as follows. At the end of the first experiment carried out
under standard conditions, the catalyst in the environment
was removed, washed, and dried. The second experiment was
started again by introducing the catalyst back into the reaction
medium. In this way, 5 reuse experiments were carried out
and their results are given in Fig. 11c. As can be seen from the
experimental results, it was determined that there was a 25.6%
decrease in the usage efficiency of the SnO,-Fe;0,@ MWCNT
catalyst after 5 experiments. It can be deduced that the stabil-
ity of the MWCNT-formed structure, which is added to the

occurs during 5 reuses. F;0, in the structure provides the for-
mation of the magnetic feature in the structure. However, SnO,
increases the conductivity in the structure. These findings are
in line with the previous studies [72]. In light of all the data, it
has been proven that the SnO,-Fe;0,@MWCNT nanoparti-
cle is quite effective in MB degradation under ultrasonic con-
ditions. In addition, GC-MS analyses of the products after
MB decomposition using SnO,-Fe;0,@MWCNT catalyst in
sonocatalytic medium were applied. The products formed as a
result of GC-MS analyses are given in Fig. 12. Generally, sub-
stances of Azure A, Azure B, Azure C, benzenesulfonic acid,
1,3 dimethyl benzene, 1,6 hexane diamine, Methyl ester octa-
decanoic acid, hexadecanoic acid, Naphthalene, 1-ethyl butyl,
and trichloromethane were identified from GC-MS analyses.

3.9 Kinetic Studies
In order to compare the sonocatalytic activity of the obtained
nanoparticles, kinetic studies are applied under optimum

conditions. For this, Eq. 13 Langmuir Hinshelwoo kinetic
model given below is used.
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Fig. 12 By-products formed
after MB degradation catalyzed
with SnO,-Fe;0,@MWCNT
nanoparticles detected using
GC-MS analyses
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G

ln<a> = Kypp-t (13)

In Eq. 13, C, and C, represent the primary and residual
concentrations of MB dye at 0 and any t times, respectively.
k,pp represents the apparent velocity coefficient. As can be
seen in Eq. 13, the apparent rate constant (k,,,) was cal-
culated on the linear graph drawn between In(C;/C,) and
t and shown in Fig. 13a. Considering that the correlation
coefficient (R?) is greater than 0.90 in the presence of all
reaction conditions, it was determined that the experimen-
tal results of MB sonodegradation by all the processes
examined were positively consistent with the LH pseudo-
first-order kinetic model, which is compatible the literature
[73, 74]. Figure 13b shows the changes in kapp value in
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the presence of different reaction conditions. Based on this
kinetic model, the calculated rate constants of Us alone,
Us+H,0,, SnO, + Fe;0,@MWCNT, Us + SnO, + Fe;0,@
MWCNT and Us+H,0, + SnO, + Fe;0,@MWCNT in the
presence of reaction conditions were found to be 0.66x 107>,
1.39x107,7.18x 1072, 8.51X 107>, and 31.6 X 10~ min™",
respectively. These results showed that the rate of sonode-
composition of MB in Us +H,0, + SnO, +Fe;0,@MWCNT
was 47.87, 22.7, 4.40, and 3.71 times more efficient com-
pared to Us alone, Us + H,0,, SnO, +Fe;0,@MWCNT,and
Us+Sn0, + Fe;0,@MWCNT, respectively. Also, the syn-
ergy factor was calculated as expressed in Eq. 14 and its
synergistic effect was verified by testing. To further evaluate
its efficacy in the presence of Us+ SnO, +Fe;0,@MWCNT
reaction conditions.
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kUs+H202+Sn02+Fe304@MWCNT

SynergyFactor =

4

kus + kysrr202 F ksno2+Fe304@MwONT T KUstSn02+Fe304@MWONT

where

KystHy0,4+5n0,+Fes0,@mwent + kus > Kuser,o, »

k$10,+Fe,0,@mwent A0 Ky 5,0, 4 Fey0, @mwent are the appar-
ent rate constants for Us +H,0, + SnO, +Fe;0,@MWCNT,

Us alone, Us+ H,0,, SnO, +Fe;0,@MWCNT,and
Us+Sn0O, +Fe;0,@MWCNT, respectively.

Synergy value data greater than 1 proves a highly effec-
tive integrated effect compared to individual effects, which
is referred to as the synergistic effect. Further information
related to synergistic effect can be seen in the literature [73,
75, 76]. Eq. (14), the synergy factor obtained in this study
was found to be 1.78.

As can be clearly seen in Fig. 11a, complete decontami-
nation of MB in the present study was achieved in a rela-
tively shorter time in the presence of reaction conditions
Us+H,0,+Sn0,+Fe;0,@MWCNT compared to the pres-
ence of other reaction conditions, which indicates the supe-
rior efficacy of MB in sonodegradation in the presence of
reaction conditions Us+H,0, +SnO, + Fe;0,@MWCNT.
Therefore, in the presence of Us+H,0, +Sn0O, + Fe;0,@
MWCNT reaction conditions, SnO,-Fe;O,@MWCNT nano-
particle is a highly effective catalyst that can be used for
sonodecomposition of MB contaminations.

4 Conclusions
The findings of our study are briefly summarized below.

The SnO,-Fe;0,@MWCNT catalyst was produced based
on physicochemical and hydrothermal methods. Some
advanced analytical methods such as XRD, TEM, Raman,
EDS, FTIR and BET were used to elucidate the morpho-
logical and chemical properties of the formed catalyst.
The most suitable experimental conditions were deter-
mined for the SnO,-Fe;O0,@MWCNT catalyst, with a
degradation efficiency of 85% MB dye. These conditions
are 318 K temperature, 8 pH, 45 mg.L~! dye concentra-
tion, 16 mg.L~! catalyst amount and 60 kHz ultrasonic
frequency.

It was found that the MB degradation rate increased with
increased H,O, concentration in the reaction medium.
H,0, caused an increase in the number of OHe radical
particles formed. Also, it was found that substances such
as methanol, ethanol, and butanol caused a decrease in
the number of OH radicals formed.

It has been found that the Fe;O,@MWCNT catalyst can
be reused 5 times with a 28% yield reduction after reuse
experiments.

GC-MC analyses showed that mother byproducts of
Azure A, Azure B, Azure C, benzenesulfonic acid, 1,3
dimethyl benzene, 1,6 hexane diamine, Methyl ester octa-
decanoic acid, hexadecanoic acid, Naphthalene, 1-ethyl
butyl, and trichloromethane are formed after MB degra-
dation using Fe;O,@MWCNT catalyst.

As aresult, it was found that the produced SnO,-Fe;0,@
MWCNT catalyst could be used as an alternative nano-
catalyst in MB degradation studies.
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