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The preparation of composite metal oxide to attain high efficiency in removing phenol from wastewater
has a great concern. In the present study, the focus would be on adopting antimony-tin oxide coating
onto graphite substrates instead of titanium; besides the effect of SbCl; concentration on the SnO,-Sb,0,
composite would be examined. The performance of this composite electrode as the working electrode in
the removal of phenol by sonoelectrochemical oxidation will be studied. The antimony-tin dioxide compos-
ite electrode was prepared by cathodic deposition with SnCl, . 2H,O solution in a mixture of HNO; and
NaNO,, with different concentrations of SbCl;. The SnO,-Sb,0; deposit layer’s structure and morphology
were examined and the 4 g/l SbCIl, gave the more crystallized with nanoscale electrodeposition. The high-
est removal of phenol was 100% at a temperature of 30 °C, with a current density (CD) of 25 mA/cm?.
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INTRODUCTION

Recent releases of wastewater from industries that con-
tain hazardous and non-degradable organic chemicals into
the aquatic environment have major concern '. Phenol is
one of the particularly dangerous organic contaminants
found in wastewater. Due to their significant toxicity to
humans, aquatic life, and the environment even at low
concentrations, phenols were categorized as a priority
contaminant®>,

For the removal of phenol, both conventional and mod-
ern methods have been used, including microbial degra-
dation®, extraction’, electro-coagulation®, electro-Fenton
technique’, photo-decomposition'’, ion exchange!!, ad-
sorption'?, and Advanced Oxidation Process (AOP)".

AQP processes, such as chemical oxidation, electro-
chemical oxidation, photocatalytic oxidation, and sono-
chemical oxidation, have received a lot of attention due to
the variety, quantity, and complexity of nonbiodegradable
pollutants. Each technique has distinct benefits, but in
some circumstances, it can be challenging for a single
oxidation method to provide the requirements for waste-
water treatment. However, combining several oxidation
processes has emerged as one of the potential options
and active research areas. In the last years, ultrasound
and an electrochemical reaction have been combined in
sonoelectrochemistry'.

Sonoelectrochemistry process can rapidly decompose
organic contaminants in wastewater producing water,
carbon dioxide, inorganic ions, and another significant
benefit of sonoelectrochemistry is that it can be per-
formed in accepting conditions with high micromixing
and cleaning the surface of the electrode by dissolving
the inhibitory layers, which increases the mass transfer
between the solid and liquid®.

The cavitation (bubbles formation and deflation) that
is generated by intense ultrasound enables the possibility
for decomposition of organic compounds in wastewater.
The formed bubble expands throughout the rarefaction
stage and collapses throughout the compression stage, and
as a result of quasi-adiabatic collapse, the temperature
inside the bubble becomes very high'®, As a result, oxygen
and water vapor, if available, have dissociated leading
to the formation of oxidants like OH", and H,0,'" 3.

Electrochemical Oxidation of toxic pollutants in waste-
water can be attained by two types of oxidations direct
and indirect. In the direct electrochemical oxidation
method, organic compounds oxidized by OH" radicals,
while in the indirect oxidation, the pollutants have been
destroyed by the action of active chlorine and hypochlo-
rite produced at the anode®. Equations (1-3) show the
important chemical reaction at the anode, cathode, and
bulk during the indirect electrochemical process*® 2!,
Anodic reactions: 2CI" — Cl, + 2e” (1)
Cathodic reactions: 2H,0 + 2¢” — 20H + H, (2)

Bulk reactions: Cl, + H,O0 — HOCI + H*+ CI (3)
< OClI + H'+ CI" (K, = 3.84 x 107° M2 1)

The performance and efficiency of electrochemical pro-
cesses are affected by several factors, including electrode
potential and electrode materials. The best degradation
of phenol can be obtained when the electrode material
has a high oxygen overpotential, excellent electrical
conductivity, and high stability'> 22,

Several kinds of electrode materials like RuO,?, IrO,*,
boron-doped diamond (BDD)*, PbO,%, and SnO,*” have
been investigated. Due to their scientific importance and
the possibility of applications, mixed oxides of metal on
metal substrates have the interest of many researchers?.

Several chemical elements, including Sb, B, Ar, F, B,
Cl, and P, have been utilized as dopants, but Sb is the
most successful in boosting the electrocatalytic activity
because of their high oxygen evolution overpotential
and ability to produce hydroxyl radicals quickly, Sb-
doped SnO, anodes are known to facilitate the indirect
oxidation of organic contaminants®. Sb,0; was added
to strengthen the active catalytic layer of SnO,. Besides,
Sb,0; enhanced the breakdown of phenol organics, im-
plying that it should contribute to SnO, catalysis®. In
comparison with various electrodes, SnO, —-Sb,0; elec-
trodes are well-known as having high oxygen-evolution
overpotential and highly effective for the generation of
OH, so it has high performance for the oxidation of
organic compounds**2,

According to some results, the effectiveness of anodes
is primarily connected to the structure and particle size
of the SnO, coating on base materials. As the crystal
size of the coating is reduced to a nanometer, nanoscale
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materials exhibit extraordinary physical and chemical
properties that differ from conventional materials because
of the quantum effect, tiny size effect, surface effect, and
tunneling effect®. As a result, SnO,-Sb,0; nanocoating
may have better electrocatalytic efficiency.

In this work, tin-antimony oxide film electrode was
prepared by using cathodic electrodeposition on graphite
substrate followed by thermal oxidation and studying
the effect of the concentrations of SnCl, - 2H,O and
SbCl, on the electrode’s structure and morphology. The
performance of the prepared electrode was then tested
in the sonoelectrochemical process for phenol removal;
these tests were carried out at various temperatures,
Current densities, and phenol concentrations.

EXPERIMENTAL WORK

Chemicals

All chemicals were employed in the reagent-grade,
no additional purification was necessary, SnCl, - 2H,O
(Thomas Baker), SbCl; (Merck, Darmstadt, Germany),
H,SO, (Alpha Chemika), NaNO; (Alpha Chemika),
phenol (LOBA Chemie), HNO; (Alpha Chemika), NaCl
(Central Drug House (P) Ltd -CDH), HNO; (Alpha
Chemika), and all aqueous solutions were produced
using deionized water.

Preparation of SnO,-Sb,0; anode

A tin oxide electrode was prepared by our previous
study®, but in the current study, the electrode was im-
proved by preparing a composite of SnO, with Sb,0,
to enhance its properties. There is no previous study
that used this composite in the sonoelectrochemical
oxidation process. The tin-antimony oxide composite
electrode was prepared by the cathodic electrodeposi-
tion method. Two graphite substrate plates of) 6.5 cm
X 8 cm (were firstly polished by 2000-grit paper and
using water as a lubricant, cleaned by ultrasonic for 10
min, washed with ethanol, and then boiled in deionized
water for 30 min. After that, electrochemically activated
in 1.44 M of H,SO, electrolyte by applying CD equal to
14 mA/cm? at 90 °C for 30 minutes, a magnetic stirrer
(Nahita Blue; model 692/1) was employed to heat this
electrolyte, and then the electrode was washed by using
deionized water. The cathodic deposition was carried out
in solutions of 50 and 75 mM SnCl, - 2H,0O, 100 mM
NaNO;* and 250 mM HNO,. The solutions were stirred
for 3 h at 85 °C to convert Sn*>" into Sn** ions, after this,
a specified amount of SbCl, (1, 2, or 4 g/l) were added
to the solution. The prepared graphite was immersed in
this electrolytic solution with a 2.5 cm gap between the
anode and cathode. The constant CD of 10 mA/cm? was
supplied by a power supply (Maisheng, MS-605D), and
a current multimeter was used to measure the applied
current. The electrodeposition process was accomplished
within 1 h and the temperature was maintained at 85 °C,
and the time 1 h, then the electrode was calcined at
600 °C for 2 h'.

Sonoelectrochemical Process

The performance of SnO,-Sb,0; electrode was ex-
amined by using it to remove chemical oxygen demand

(COD) from simulated wastewater with 150 mg/l of
phenol, with 3g/l of NaCl (as the supporting electro-
lyte), and a few drops of H,SO, (to make the pH of
wastewater equal to 3) the electrolytic solution was
mixed with 250 rpm. The electrochemical cell, a Glass
beaker with 500 ml volume, was placed in an ultrasonic
bath (Ultrasonic; model: 031S) at a frequency equal to
40 kHz" as shown in Figure 1. The prepared electrode
was used as an anode and a graphite plate as a cathode
and the distance between them was 2.5 cm. DC power
supply was employed to supply the adequate current.
The performance of the sonoelectrochemical oxidation
was evaluated by determining the chemical oxygen de-
mand (because phenol is transformed into other organic
molecules, it is preferable to estimate the COD) by us-
ing a COD reactor (Lovibond; RD125), after that the
sample was analyzed by spectro-photometer (Lovibond
Water Testing; MD 200 COD; Germany), COD removal

efficiency was determined as follows*® Y7,
CODo —CODf
COD removal % = ~cone < 100% 4)

Where: COD,_ and COD;are the initial and final values
of COD in mg/l.

Figure 1. Scheme diagram of the sonoelectrochemical process,
1. Digital ultrasonic bath, 2. Beaker, 3. SnO, anode,
4. Graphite cathode, 5. Multimeter, and 6. Power

supply

RESULTS AND DISCUSSION

The majority of the studies on tin oxide electrodes
have focused on the influence of doping concentration
on SnO, conductivity*®*, but no author has reported on
the effect of SbCl, concentration on SnO,-Sb,0j; electrode
organic degrading activity, the current study shows that
Sb,0; is an important factor in organic removal.

The X-ray diffraction (XRD) Results

The XRD was employed to detect the crystalline
structures of Sn and Sb oxides deposited on cathodes
in the range (5-80°) of 260, and the results are given in
Figure 2. The XRD peaks of SnO, electrode (Figure 2A)
were assigned at 20 values of 26.78° 34.01°, 38.09°
52.06°, and 54.23° which are related to the lattices of
(110), (101), (200), (211), and (220) respectively. These
peaks all accord quite well with the data for tetragonal
SnO, (JCPDS no. 41-1445). The XRD peaks of the
SnO,- Sb,0; electrode with 1 g/l of SbCl; (as shown
in Figure 2 B) at 26.61°, 34.13°, 38.13°, 52.32°, and
54.66° corresponded to the (110), (101), (200), (211),
and (220) planes of the tetragonal SnO,. However,
the peaks at 28.70°, 34.13°, and 54.66° corresponded to
the (121), (012), and (170) planes of the orthorhombic
valentinite phase of Sb,0O; (JCPDS File No. 11-0689).
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Figure 2. XRD of (A) SnO, electrode, (B-C) SnO,-Sb,0; electrodes, prepared by addition, B= 1, C= 2, and D= 4 g/l SbCl, con-

centration

For the SnO,-Sb,0; electrode with 2 g/l SbCl,, XRD
peaks (Figure 2C) at 26.35° 33.88°, 37.37°, and 51.027°
fit the tetragonal SnO, planes (110), (101), (200), and
(211). However, the peaks at 29.07°, 33.88°, 37.37°, and
50.58° corresponded to the (121), (012), (200), and (161)
planes of the orthorhombic valentinite phase of Sb,O;.
Figure 2D shows the XRD peaks of SnO,- Sb,0; elec-
trode with 4g/l of SbCl; at 26.59°, 34.16°, 37.78°, 51.60°,
and 54.4727° fit the (110), (101), (200), and (211), and
a (220) planes of the tetragonal SnO,. The peaks at
29.47°, 34.16°, 36.69°, 50.25°, and 54.47° referred to the
orthorhombic valentinite phase of Sb,0; planes (121),
(012), (200), and (161), and (170). This demonstrated
that the graphite surface was predominantly loaded with
Sn-Sb oxides*” #!

The Scherrer equation was used to compute the
crystal size®.

D=081/pCos 0 S
Table 1. Crystal sizes of prepared electrodes
crystal size, nm
Electrode type Sn0, Sb,05
SnO, 3.79 -

Sn0,-Sb,0; (1 g/l SbCly) 7.735 55

Sn0,-8b,0;, (2 g/l SbCly) 6.37 10.407

SNn0,-Sb,0;, (4 g/l SbCl,) 12.059 13.49

Where A = 0.15406 nm, f the full width at half
maximum intensity (FWHM), and 0 is the angle of
Bragg diffraction. As shown in Table 1 the crystal size
of the deposited materials increased with the increase
of the SbCl; concentration due to the increase in the
crystal lattice

The field-emission scanning electron microscopy (FE-
SEM) and energy-dispersive X-ray spectroscopy (EDX)
Results

Figure 3A depicts the SEM images of the SnO, elec-
trode. Irregular spherical grains can be detected on the
graphite substrate. As the nanocrystals coalesce, large
crystallites form, and a porous morphology is created
by organizing the crystals in a haphazard, non-uniform
manner, these results agree with?,

Figure 3(B-D) shows that the SEM images of the
SnO,-Sb,0; electrodes which are changed noticeably as
the SbCl, concentration changed. The films are formed
from a network of nanoparticles with spherical morpho-
logy. It is apparent that the surface of the electrode is
quite rough, with irregular pores, which has a greater
specific surface area than the graphite substrate, this
result agrees with®.

Figure 3D shows the morphology of the SnO,-Sb,0,
electrode with 4 g/l SbCl,. The surface presents a uniform
distribution of particles which is more granulated and
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Table 2. EDX of SnO, electrode, SnO,-Sb,0; electrodes, prepared by 1, 2, 4 g/l of SbCl,

SN0, electrode Sn0,-Sb,0; electrode
Element 2 1 g/l of SbCls 2 g/l of SbCls 4 g/l of SbCl;
A% Wt. % A% Wt. % A% Wt. % A% Wt. %

C 17.39 5.27 25.29 9.45 27.59 9.51 27.44 10.83

0o 61.95 27.14 58.24 29.04 53.67 24.63 57.85 30.36

Sn 20.66 67.14 9.75 35.88 9.97 33.94 2.97 11.67

Sb 0 0 6.72 25.63 8.77 31.92 11.74 47.14

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
spongy than that obtained for other electrodes and has Sb content was higher than anticipated, which might
a substantial quantity of graphite surface coverage®. The be because antimony made up the last layer, this result
element composition of the electrodes was determined agrees with¥ 44,

with EDX as shown in Table 2. In accordance with

the atomic (A%) and weight (wt. %) percentages, the Atomic force microscopy (AFM) Results

observed presence of Sn, Sb, and oxygen components Based on the results of XRD and SEM it could be
in the EDX data implies that SnO, and Sb,0O; were revealed that the best electrode of SnO,-Sb,0; composite
successfully deposited on the graphite surface, and the was attained with the 4 g/l of SbCl, concentration, where
results also showed that the components (Sn and Sb) it could be concluded that this electrode gave the best
are distributed uniformly on the electrode and a low crystallization and full coverage with Sn-Sb oxide, and
amount of carbon was detected, indicating that Sn-Sb its surface presents a uniform distribution of particles,
oxides covered the majority of the graphite surface. The which is more granulated than that obtained with other

Figure 3. SEM of (A) SnO, electrode, (B-D) SnO,-Sb,0; electrodes, prepared by add B=1, C=2, and D= 4 g/l SbCl; concentration
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Figure 4. (A) AFM image of SnO,-Sb,0; surface, (B) Granularity Distribution

conditions. Structural and morphological analysis for
this electrode was conducted with an Atomic Force
Microscope (AFM) as shown in Figure 4. The average
roughness of the film was 7.22720 nm. The statistical
summary of SnO,- Sb,0; nanocomposite film on graphite
illustrates that the mean particle diameter was 94.15 nm,
the minimum particle diameter was 86.79 nm and the
maximum particle diameter was 149.0 nm.

COD Removal with Sonoelectrochemical Process

Primary tests for COD removal were carried out by us-
ing graphite as the cathode and prepared SnO, electrode
or SnO,-Sb,0; electrode with different concentrations of
SbCl; as the anode in the sonoelectrochemical process
have been carried out at initial phenol concentration
of 150 mg/l, CD of 25 mA/cm? temperature of 30 °C,
pH of 3, NaCl concentration of 3 g/, and ultrasonic
frequency of 40 kHz, Figure 5 shows that COD removal
% was 69.33, 71.59, 75.79, and 100% for SnO, electrode,
SnO,-Sb,0; electrode with 1 g/l, SnO,-Sb,0; electrode
with 2 g/l, and SnO,-Sb,0; electrode with 4 g/l SbCl,
concentration, respectively. This means that the best COD
removal was obtained with SnO,-Sb,0; nanocomposite
electrode with 4 g/l of SbCl;, and the lower removal
was obtained with SnO, electrode. This revealed that
Sb,0; is an important factor in the electrocatalytic activity
of SnO,-Sb,0; electrodes because of its high activity in
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Figure 5. COD removal at different electrodes, (A) SnO,
electrode, (B-D) SnO,-Sb,0; electrodes, prepared by
addition of B=1, C=2, and D= 4 g/l of SbCl,;, CD=
25 mA/em2, temperature = 25 °C, NaCl conc.= 3 g/l,
pH = 3, and 40 kHz ultrasonic frequency

producing hydroxyl radicals. Hence the maximum removal
of COD was attained with SnO,-Sb,0; nanocomposite
electrode prepared with the addition of 4 g/l of SbCl;
this electrode would be the anode in further investigation.

Effect of different parameters on COD removal

Effect of phenol concentration

To investigate the treatment efficiency with differ-
ent initial concentrations of phenol, the experiments
of sonoelectrochemical oxidation of 100, 150, and 200
mg/l phenol have been carried out at a current density
of 25 mA/cm?, temperature of 30 °C, pH of 3, NaCl
concentration of 3 g/l, and ultrasonic frequency was 40
kHz. Figure 6 presents the experimental results where
it is illustrated that the COD removal was 100% in 3
hours, for initial concentrations of phenol of 100 mg/l,
98.78% of COD was removed in 4 hours for 150 mg/l
of phenol, and 93% of COD was removed in 4 hours,
with 200 mg/l of phenol. Therefore, lower initial con-
centrations of phenol were associated with higher COD
removal. In this case, the oxidants generated are adequate
to completely oxidize the phenol. Furthermore, since
the amount of oxidants created during the sonoelectro-
chemical oxidation process is constant under otherwise
identical conditions, it is evident that the formed oxidants
are insufficient to completely oxidize higher amounts
of phenol. As a result, longer times were required for
a higher initial concentration of phenol contaminants
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Figure 6. The effect of initial concentration of phenol on COD

Removal %, at CD= 25 mA/cm? Temp. = 30 °C,
pH = 3, NaCl conc. = 3 g/l, and Ultrasonic frequency
= 40 kHz
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to complete the oxidation process, and the electrolysis
time needed for the complete removal of phenol was
proportionate to its initial concentration*.

Effect of temperature

In ultrasonic irradiation, the temperature of the reaction
system is a more essential parameter because, during the
sonoelectrochemical process, the temperature in the ultra-
sonicator rises. As a result, cooling the reactor is required
to keep a constant temperature. Temperature’s influence on
the efficiency of sonoelectrochemical oxidation processes has
not been thoroughly investigated®. This study investigated
the effect of temperature on the process of COD removal
from simulated wastewater by sonoelectrochemical.

The effect of temperature on COD removal is shown
in Figure 7, The COD removal decreased from 100,
93.43, and 85.36 when the temperature increased from
30 to 40, and 50 °C, respectively. It can be noted that
the increase the temperature causes a decrease in the
amount of COD removed. The prevailing belief is that
rising temperatures will increase the reactivity rates of
contaminants with reactive oxidizing species, but the
temperature of a solution affects the physicochemi-
cal properties of the solution such as vapor pressure
and liquid viscosity, which has a direct impact on the
cavitation process”. Higher operating temperatures in-
creasing the solution’s vapor pressure while decreasing
its viscosity, allowing for the formation of additional
cavitation bubbles. But the bubble collapse for cavitation
is less strong, so less hydroxyl radical generation would
be resulted®. Furthermore, the existence of too many
bubbles may disturb the dispersion of ultrasonic power
throughout the solution. This could explain why there
were conflicting reports on the effect of temperature on
the sonoelectrochemical process.
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Figure 7. The effect of temperatures on COD removal, at CD=
25 mA/cm?, Temp. = 30 °C, pH = 3, NaCl conc.=
3 g/, initial concentrations of phenol = 150, and
Ultrasonic frequency = 40 kHz

These results are consistent with the results of*" %
where they concluded that the maximum activity oc-
curred at 35 °C.

Determining the complete effects caused by tempe-
rature on cavitation is very difficult, as this is mostly
complicated by the effect of other interdependent va-
riables such as the ultrasonic intensity, the number of
bubbles produced, and so on. In addition, temperature
is likely to affect the stability of the electrodes. High

temperatures, for example, could cause the dissolution
of metal oxide layers on the electrode™.

Effect of current density

Previous studies have demonstrated that CD plays
a significant role in the electrochemical process and that
a higher CD is favorable to the combined system*’. The
sonoelectrochemical process was investigated with differ-
ent CD (10, 20, and 25 mA/cm?) with a temperature of
30 °C, phenol concentration of 150 mg/l, pH of 3, NaCl
concentration of 3 g/l, and the ultrasonic frequency was
40 kHz. The findings of COD removal were recorded for
up to 4 hours as shown in Figure 8. The COD removal
was increased from 73.54 to 82.228 and 100% when the
CD increased from 10 to 20 and 25 mA/cm?, respectively.
The result indicates that phenol degradation increased by
rising CD, and this attained as a result of the electrolysis
producing more hydroxyl radical (OH"). These results
agree with previous research findings of™
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Figure 8. The Effect of CD on COD Removal, at Temp. = 30 °C,
pH = 3, NaCl conc.= 3 g/, initial concentrations of
phenol= 150 mg/l, and Ultrasonic frequency = 40 kHz

The Effect of the Current Density on the Current Ef-
ficiency

The most widely utilized energy measure for compa-
ring and evaluating electrochemical treatment methods
is current efficiency (CE), the CE is the percentage of
the total current that is passed for the goal reaction
in any electro-oxidation process, The CE aids in the
comprehension and interpretation of the shift in the
electrochemical treatment process’s oxidative capability.
From Equation 6, the CE% can be calculated as follows™.

F.V.ACOD
CEY%=—— (6)

Where F symbolizes the Faraday constant (96485.33
C/mol), V denotes the effluent volume in (L), ACOD
represents the difference in the COD values in (g/L), I
is the applied current in (A), 8 indicates a dimensional
factor for unit consistency which is equivalent to the
mass of oxygen (32 g of O, /4 mol of electrons) (g/mol),
and t is the time of electrolysis (s).

CE % was calculated for COD removal in Sonoelec-
trochemical oxidation that resulted at various current
densities, Temp. = 30 °C, pH = 3, NaCl conc. = 3 g/l,
initial concentrations of phenol = 150 mg/l, and Ultra-
sonic frequency = 40 kHz to evaluate its effectiveness
with SnO,-Sb,0; composite electrode.

Figure 9 shows that the lowest value of CD (10
mA/cm?) gave the highest value of CE% at 25.27 %.
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Figure 9. The effect of the current density on the CE for COD
Removal, at Temp. = 30 °C, pH = 3, NaCl conc.=
3 g/, initial concentrations of phenol = 150 mg/l, and
Ultrasonic frequency = 40 kHz

As CD increases the CE % decreases and the cause is
the formation of intermediates. Our results concur with
previous researches®® ¥,

CONCLUSIONS

A SnO, and SnO,-Sb,0; nanocomposite electrode were
successfully prepared by using cathodic electrodeposition
method; the result showed that Sb,O; concentration is an
important factor in the electrocatalytic activity of SnO,-
Sb,0; nanocomposite electrodes. The highest removal
of COD was obtained with SnO,- Sb,0O; nanocomposite
electrode with 4 g/l SbCl, concentration. The sonoelec-
trochemical indirect oxidation by using the SnO,- Sb,0O;
nanocomposite electrode is a promising technique for
eliminating of organic pollutants from wastewater. The
performance of the sonoelectrochemical removal of
organic compounds is most affected by CD, phenol
concentration, and temperature. As the initial phenol
concentration increased from 100 to 200 mg/l, the COD
removal % decreased from 100% at 3 hours to 93% at
4 hours, respectively. Increasing temperature had caused
a decrease in the COD removal %. As the CD increased
from 10 to 25 mA/cm?, COD removal % increased from
73.54 to 100 % within 4 hours of electrolysis. The highest
value of CE% 25.27% was obtained at the lowest value
of current density (10 mA/cm?). The maximum removal
effectiveness of phenol and any other organic byproducts
with SnO,-Sb,0; electrode revealed that the presence of
Sb,0; with SnO, enhanced the decomposition of organics.
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