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ABSTRACT

This study centers on the application of photocatalytic process using supported bismuth (I11) oxyiodide—multi-
walled carbon nanotube (BiOI-MWCNT) composites for the elimination of Metronidazole (MNZ) from its
solution. The characteristics of BiOl and synthesized BiOI-MWCNTs composites were analyzed via the
scanning electronic microscopy (SEM), X-ray diffraction (XRD), and transmission electron microscopy
(TEM). The photocatalytic study was performed to evaluate the effect of UV (8, 15, 30, and 125 W),
irradiation time (10-90 min), pH (5-9), initial MNZ concentration (10-100 mg/L) and BiOI-MWCNTSs dosage
(0.3-1.2 g/L) on MNZ removal at fixed neutral pH of 7. MNZ concentration was examined via the HPLC by
measuring at 348 nm. Higher MNZ degradation was achieved using both BiOI-MWCNTSs and UV light than
using each separately. Maximum MNZ degradation efficiency of 99.95 % was obtained at pH 7, BiOl-
MWCNTSs dosage of 0.6g/L, MNZ concentration of 10mg/L, and irradiation time of 90min. MNZ removal
was increased by increasing irradiation time and decreasing initial MNZ concentration. Pseudo-first-order rate
of reaction (K) based on the Langmuir-Hinshelwood (L-H) model and adsorption equilibrium constant of
1.629 mg/L.min and 0.044 L/mg, respectively were obtained. Also, the adsorption kinetic study fitted the
pseudo-first-order reaction. The electrical energy consumption per order of magnitude (E) for MNZ
degradation was lower for the UV/BiOI-MWCNTSs process than the BiOI-MWCNTSs- alone and UV- alone
processes. The photocatalytic degradation process using BiOI-MWCNTSs can be applied efficiently for the
removal of MNZ from aqueous solutions.

Keywords: Metronidazole, BiOI-MWCNTs, nanocomposites, photocatalytic oxidation, Langmuir-
Hinshelwood model.
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1. INTRODUCTION

Recently, different kinds of evolving pollutants in water are identified as new hazards that are
required to be removed through appropriate techniques [1, 2]. Since several pharmaceutical
compounds have been applied owing to the expansion of medical science and speedy growth in
the world’s population and, numerous pharmaceutical materials have been observed in
groundwater and surface water, and wastes from wastewater treatment plants [3, 4]. In developed
countries, most humans use anti-microbials and other pharmaceuticals that reach the aquatic
habitat, unchanged or altered, mainly through the release of effluents from municipal wastewater
treatment plants [5, 6]. Antibiotics concentration less than 1 mg/L in effluents was set by the
department of environmental standards, USA [7, 8]. Metronidazole (MNZ), a nitroimidazole anti-
infective prescription is very active for the management of intraabdominal and intestinal
infections. The toxic effects of MNZ in low concentrations against daphnids and algae have been
stated recently [9, 10]. The concentrations of metronidazole in surface waters and wastewater are
1~10 ng/L [11]. Since MNZ is highly soluble in water and non-biodegradable, it can accumulate
in the aquatic environs [12].

Many methods have been applied to eliminate antibiotics, such as Fenton and photo-Fenton
processes, electro-Fenton process, adsorption, biological methods, ozonation technology,
photolysis, and photocatalysis [8, 10-18]. Treatment processes such as sedimentation,
coagulation-flocculation, and filtration are the most widely used methods in conventional
wastewater treatment plants, but they have the disadvantage of not degrading contaminants that
concentrate in the solid phase which creates a new source of pollution [19-21]. Adsorption is the
most extensively applied procedure for the treatment of water and wastewater containing toxic
organic compounds [22-24]. Also, adsorption only transfers pollutants from water to a solid phase
without any degradation [25].

Due to the aforementioned setbacks, a valid alternative approach is to utilize advanced
oxidation processes (AOPs) [26, 27]. These processes are based on the generation of intermediate
radicals as hydroxyl radicals (-OH), which are less selective than other oxidants and highly
reactive because their standard oxidation potential is greater than the conventional oxidants [28-
30]. Sometimes, the creation of the metabolites is more hazardous than the parent compound [31,
32].

Recently, research for highly efficient photocatalysts with a narrow bandgap that functions in
the visible light region has drawn significant attention [33]. Favorable results have been attained
using BiOIl with the narrow bandgap in the application of the photocatalytic degradation for
organic compounds [34]. In recent times, carbon nanotubes (CNTSs)-coupled composites have
been established to be very effective in enhancing the charge transfer between the interfaces of
the nanostructure and display high catalytic action, owing to the outstanding charge transfer
features and hollow geometry of CNTs [35, 36]. Considering that the CNTs possess large specific
surface areas and outstanding charge transfer properties, thus, MWCNT-doped BiOl would be
expected as a high efficient system with the apparent synergetic effect of adsorption and
degradation for the organic contaminants owing to enhancement in charge separation via
photoinduced electron transfer by MWCNTSs [37].

Therefore, in the present work, MWCNT-doped BiOl was selected as the catalyst in the
photocatalytic removal of MNZ. The effects of working parameters including MWCNTs-doped
BiOl dosage and initial MNZ concentration on the photocatalytic degradation of MNZ were
investigated. The photocatalytic degradation kinetic parameters were evaluated via the Langmuir—
Hinshelwood (L—H) model. Finally, the electrical energy per order (E) was determined to estimate
the cost-efficiency of the processes used in this research.
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2. MATERIALS AND METHODS
2.1. Chemicals and Reagents

Metronidazole (CgHgN3O; 99% purity) of analytical grade was procured from Merck
(Darmesdat, Germany). Table 1 presents its physical and chemical characteristics. Bismuth (iii)
nitrate (Bi (NO3)3'5H,0, 98% purity), potassium iodide (KI, 99.9% purity), sodium hydroxide
(NaOH, 99% purity), and hydrogen chloride (HCI, 99% purity) of analytical grade were obtained
from Merck Co. (Germany). The multi-wall carbon nanotubes (MWCNTS, 98% purity) used in
this study were acquired from the Research Institute of Petroleum Industry (RIPI), Tehran, Iran.
Double-distilled water was used to prepare all solutions.

Table 1. Properties of metronidazole (MNZ).
Characteristic Metronidazole antibiotic (MNZ)

Molecular structure OH

O_\\\:-‘_ L
i /e

Molecular formula CgHgN3O
Molecular weight (g/mol) 171.2
Water solubility (g/L) 9.5
Melting point (°C) 59-163
pKa 2.55

2.2. Preparation of the BiOI-MWCNTs Composites

BiOIl was prepared using the ethylene glycol (EG)-assisted solvothermal method based on a
previous account [33]. Firstly, potassium iodide (KI) and bismuth (111) nitrate (Bi (NO3)s'5H,0)
of equal molar ratio (1:1) were added into an ethylene glycol solution. The mixture was agitated
for 30 min using a magnetic shaker. Then, the mixture was sonicated for 30 min to form a
homogeneous phase. The sonicated mixture was then autoclaved at 160 °C for 12 h until 80 % of
the volume was filled. Finally, the precipitate was centrifuged, filtered through a 0.22 um
membrane, and washed thrice with ethanol and double-distilled water. In order to prepare the
BiOI-MWCNTs composites, the MWCNTs were washed with a 0.1 M NaOH solution and
double-distilled water. The washed MWCNTSs sample was dried at 75 °C for 6 h. Then, 1.0% of
the purifitd MWCNTs were added into the previously mixed salts of potassium iodide and
bismuth (II1) nitrate.

2.3. Batch experimental procedure

All photocatalytic degradation experiments were done in batch mode in a photoreactor with a
working volume of 1 L. A UV lamp which is placed inside the photoreactor was operated as the
radiation source. The light intensity on the surface of the solution was UV-C, 11.2 W/m2 The
light intensity was determined by the CASSY Lab (Germany). The MNZ solution was prepared
by dissolving a known mass of MNZ in 1000 mL of double-distilled water. For the experiments, a
certain dose of BiOl- MWCNTSs (0.25-2 g/L) was put into 1000 mL of MNZ solution with a
definite concentration (25-100 mg/L) at fixed pH of 7. The pH of the MNZ solution was attuned
by adding 0.1 mol/L NaOH and HCI. The pH of the samples was measured with a pH meter
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(Metron, Switzerland). The MNZ solution with the catalyst in the photoreactor was stirred
constantly with a magnetic stirrer at 170 rpm at a constant temperature of 25 + 2°C for 90 min.
The mixture was then equilibrated in the shade for 30 min and the UV-lamp was turned on. 10
mL of the solution was collected at different times. Then, the samples were centrifuged at speed
of 4000 rpm for 10 min to get rid of the BiOI-MWCNTSs and then the residual MNZ concentration
was measured.

The residual MNZ concentration was determined as described by Farzadkia et al. [12]. The
MNZ degradation efficiency (%Rwnz) Was evaluated using Eq. (1) [38]:

%Rynz = CDC‘OC" x 100 1)

where Cq and C; are the initial and residual MNZ concentrations (mg/L), respectively.

3. RESULTS AND DISCUSSION
3.1. Characterization of the BiOl and BiOI-MWCNT composites

Scanning electron microscopy (SEM) was employed to reveal the morphology of BiOl and
BiOI-MWCNT composites. The SEM images of BiOl and BiOI-MWCNT composites are
displayed in Figure 1. Both BiOl and BiOI-MWCNTSs are microspheres with porous surfaces.
The BiOI-MWCNT composites’ surface (Figure 1b) was less porous than the BiOI surface
(Figure 1a), showing that the MWCNTSs played a great role in the development of crystals [34].

Figure 2 shows the TEM pictures of BiOI-MWCNTSs and BiOl. The BiOl comprised of well-
structured spheres (Figure 2b). Irregular nanoplates were also observed on the surface of BiOl
microspheres. The MWCNTs were well intertwined among the BiOl (Figure 2b); this can
accelerate the charge transfer from the exited BiOl to MWCNTSs which will result in increased
photocatalytic performance [33].

The XRD patterns of the BiOI-MWCNTSs (Figure 3) showed that all peaks of the BiOl
sample are without any characteristic peaks of other impurities, which indicated that well-
crystallized BiOIl can be prepared by the EG-assisted solvothermal method. The peak of
MWCNTSs at 27.2 is seen in accompany with XRD patterns of BiOl, showing that the BiOl-
MWCNTSs composites with the coexistence of BiOl and MWCNTS phase were synthesized.

Figure 1. SEM images of (a) BiOl and (b) BiOI-MWCNTSs
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(a)

Figure 2. TEM images of (a) BiOl and (b) BiOI-MWCNTSs
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Figure 3. XRD patterns of BiOI-MWCNT composites.
3.2. Effect of BIOI-MWCNTSs dosage

The effect of BiOI-MWCNTSs dosage (0.3-1.2 g/L) on the photocatalytic degradation of
MNZ was examined at a pH of 7 using MNZ concentration of 10 mg/L and UV of 125 W. As
shown in Figure 4, the degradation efficiency was increased as the dosage of BiOI-MWCNTSs
was increased from 0.3 to 0.6 g/L but decreased further when the dosage was increased from 0.6
to 1.2 g/L at all irradiation times. Also, the degradation of MNZ was improved from 56.93 to
99.95 % by increasing the irradiation time from 10 to 90 min at the optimum BiOI-MWCNTSs
dosage of 0.6 g/L. Higher degradation was noticed over the entire irradiation time at a low
dosage. This may be due to the increased blockage of the incident UV light with increasing BiOl—
MWCNTSs dosage [39]. Similar observations have been noted by other authors [40, 41].
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Figure 4. Effect of BIOI-MWCNTSs dosage on photocatalytic degradation of MNZ (C0 = 10
mg/L, pH=7, UV=125 W)

3.3. Effect of UV radiation and UV/BiOI-MWCNTs

The effect of UV radiation (8, 15, 30, and 125 W) alone on MNZ degradation was studied at a
pH of 7 using MNZ concentration (Co) of 10 mg/L. Their degradation efficiency was compared
with using BiOI-MWCNTs alone. Figure 5 shows the removal of MNZ using BiOI-MWCNTSs-
alone, UV 8 W-alone, UV 15 W-alone, UV 30 W-alone and UV 125 W alone. The removal of
MNZ using all was low throughout the adsorption process even at different times. The removal
efficiencies of MNZ by BiOI-MWCNTs-alone, UV 8 W-alone, UV 15 W-alone, UV 30 W-alone
and UV 125 W-alone were 61.59, 29.84, 38.61, 47.72, and 58.53 %, respectively. From these
values, it can also be seen that the degradation efficiency was increased as the UV intensity was
increased from 8 to 125 W. Therefore, 125 W is the optimal UV intensity. Also, using BiOl-
MWCNTs-alone gave the best performance than using UV-alone (Figure 5) since BiOIl-
MWCNTSs is a catalyst.

But 83.25, 90.14, 96.04 and 99.95% of MNZ were removed with the combinations, UV 8
W/BiOI-MWCNTs, UV 15 W/BIiOI-MWCNTs, UV 30 W/BiOI-MWCNTs and UV 125
W/BiOI-MWCNTSs, respectively at pH of 7 using MNZ concentration of 10 mg/L and BiOl-
MWCNTSs dosage of 0.6 g/L (Figure 6). This study established that both BiOI-MWCNTSs and UV
light are essential for the effective removal of MNZ. Similar reports have been made by other
researchers [42, 43].
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Figure 5. Effect of UV light on the photocatalytic reduction of MNZ (CO = 10 mg/L, pH=7)
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Figure 6. Effect of BIOI-MWCNTSs and UV light on photocatalytic reduction of MNZ (CO= 10
mg/L, pH=7, BiOI-MWCNTSs dosage = 0.6 g/L).

3.4. Effect of initial MNZ concentration

The influence of initial MNZ concentration on the degradation of MNZ by BiOI-MWCNTSs
was examined by changing the initial MNZ concentration from 10 to 100 mg/L at pH 7 using
BiOI-MWCNTSs dosage of 0.6 g/L and UV of 125 W. Figure 7 displays that the degradation
efficiency declined with increasing MNZ concentration from 10 to 100 mg/L at different times.
The presumed reason is that more surface of the BiOI-MWCNTs may be occupied by MNZ, as
the initial MNZ concentration increased [44, 45].

Also, more degradation intermediates can be collected on the surface of the BiOI-MWCNTSs
resulting in a negative effect on the hydroxyl radicals or positive holes in the valence band of the
BiOI-MWCNTSs [12, 46]. Moreover, as the concentration of the MNZ increases, there will be
more absorption of UV light by the molecules of MNZ, which is known as the inner filtration
effect, can occur [47]. This effect results in a decrease of photons getting to the BiOI-MWCNTSs
surface. Similar results have been stated by other researchers [48].
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Figure 7. Effect of MNZ concentration on the photocatalytic degradation of MNZ (pH=7, BiOI-
MWCNTSs dosage = 0.6 g/L and UV=125 W)

3.5. Kinetics of Photocatalytic Degradation of MNZ

The data of the photocatalytic degradation of MNZ using BiOI-MWCNTSs were fitted into the
pseudo-first-order rate equation at different initial MNZ concentrations. The pseudo-first-order
rate equation is given by Eq. (2) [49, 50]:

Ln [‘é—i] =Kt @)

Where K is the pseudo-first-order rate constant, C, and C; are the concentration at time t and t
=0, respectively.

The pseudo-first-order rate constants were obtained from the slopes of the linear plots of Ln
(Co/Cy) versus t (Figure 8). The values of the pseudo-first-order rate constants (K) at different
initial concentrations are presented in Table 2. The pseudo-first-order rate constants obtained for
the photocatalytic degradation of MNZ decreased as the initial MNZ concentration was increased.
This may be attributed to the reduction in the number of active sites on the photocatalyst surface
as a result of the blocking of the BiOI-MWCNTSs surface with MNZ molecules, which is directly
proportional to the initial MNZ concentration [51, 52]. The values of the regression coefficients
(R?) indicate that the photocatalytic removal of MNZ using BiOI-MWCNTs followed the
pseudo-first-order rate reaction (Table 2).
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Figure 8. First-order kinetic model plot for the photocatalytic degradation of MNZ (BiOIl-
MWCNTSs dosage = 0.6 g/L, pH=7).

Table 2. Pseudo-first-order kinetic rate constants at different initial concentrations.

Co (mg/L) K (1/min) R?
10 0.074 0.928
25 0.029 0.936
50 0.021 0.945
75 0.016 0.951
100 0.014 0.941

Many authors have successfully applied the modified Langmuir Hinshelwood (L-H) kinetic
equation to study the photocatalytic reaction [53]. The oxidation rate at the surface reaction is
directly proportional to the surface covered by MNZ on the BiOI-MWCNTSs while assuming that
the MNZ is strongly adsorbed on the BiOI-MWCNTSs surface than the intermediate products
[54]. The relationship between the rate of initial photocatalytic degradation (r) and the initial
concentration of organic substrate for a heterogeneous photocatalytic process can be described by
the Langmuir—Hinshelwood (L-H) model equation (Egs. (3)) [55, 56].

KcKmnz(C)

T 1+ Kunz (Co) ke ©)

Linearizing Eq. (3), Eq. (4) is obtained as:

e @)
K KcKunz K¢

Where Cy is the initial concentration of the MNZ in mg/L, Kynz the Langmuir-Hinshelwood
adsorption equilibrium constant and K. is the rate constant of surface reaction, respectively. The
Kunz and K. values were estimated as 0.044 L/mg and 1.629 mg/L/min, respectively from the
slope and intercept of the straight-line plots of 1/K versus C,, respectively using Eq. (4). The
value of the regression coefficient, R? (0.9523) indicates that the photocatalytic removal of MNZ
using BiOI-MWCNTs followed the Langmuir-Hinshelwood model (Figure 9).
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Figure 9. Langmuir-Hinshelwood plot for the photocatalytic degradation of MNZ (BiOl-
MWCNTSs dosage = 0.6 g/L, pH = 7).

3.6. Electrical energy determination

The electrical energy per order (E) is defined as the number of kWh of electrical energy
required to reduce the concentration of a pollutant by 1 order of magnitude (90%) in 1 m® of
contaminated water [12]. Electrical energy per order (E) was determined in this study since it is a
very significant factor for photocatalytic reactions. The E (KWh/m®) was evaluated using Eq. (5)
[57, 58]:

1000Pt
~ 60V Log (i—‘;) ®)

Where P is the lamp power (KW), t is the irradiation time (min), and V is the volume of the
wastewater in the reactor (L); Co and C; are the initial and final MNZ concentrations, respectively.
The E values using different intensities of UV-alone and different combinations of UV/BiOl-
MWCNTSs are reported in Table 3. As seen in Table 3, the E values for UV/BiOI-MWCNTSs
process was lower than the UV-alone process. This implies that less electrical energy is required
when BiOI-MWCNTSs catalyst is added to the degradation process.

Table 3. The electrical energy per order values for the degradation of MNZ (at Cy = 10 mg/L,
BiOI-MWCNTSs dosage = 0.6 g/L and pH = 7).

Process E (KWh/m®) Process E (KWh/m®)
UV 8 W-alone 77.96 UV 8 W/BIOI-MWCNTSs 15.46
UV 15 W-alone 106.1 UV 15 W/BiOI-MWCNTSs 22.36
UV 30 W-alone 159.7 UV 30 W/BiOI-MWCNTSs 32.09
UV 125 W-alone 490.4 UV 125 W/BiOI-MWCNTSs 56.8

3.7. Removal of MNZ using other photocatalysts

The removal of metronidazole (MNZ) using BiOI-MWCNT composite was compared with
other photocatalysts used by different authors (Table 2). From Table 4, it can be seen that the
BiOI-MWCNTSs were effective during the photodegradation of MNZ compared with the other
photocatalysts. It was also observed the UV/BiOI-MWCNTSs gave the best performance on MNZ
degradation with an efficiency of 99.95%. The results obtained by the authors (Table 4) and this
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study also proved that the photocatalytic degradation process of water treatment is a capable
technique for MNZ reduction.

Table 4. Comparison of BiOI-MWCNT composites with other photocatalysts for metronidazole

reduction.
Photocatalysts Mechanism Maximum K Conditions Reference
removal  (min™)
(%)

Titanium (IV)  UV/TiO;, 99.48 0.0233 pH=7, [12]
oxide Dosage of catalyst = 0.5 g/L;
nanoparticles Initial concentration=80 mg/L;
(TiOy) Lamp =15 W,

Time = 120 min;

Volume of MNZ solution, VV =100

mL;

Temperature = 25 + 1°C;

Speed = 170 rpm
Copper (I1) UVv/CuO 97.0 0.0198 pH=2; [59]
oxide Dosage of catalyst = 0.1 g/L;
nanoparticles Initial MNZ concentration = 25
CuO mg/L; Lamp =125 W;

Time = 120 min;

V =1000 mL
Zero valent- Nano/Persulfate 90.3 - pH=3; [60]
iron (nZV1/PS) Dosage of catalyst = 0.5 g/L;
nanoparticles Initial MNZ concentration = 1 mg/L;
(nzV1) Time = 30 min;

PS concentration = 1.85 mM
Bismuth (11I)  UV/BiOI- 99.95 0.0740 pH=T; This study
oxyiodide— MWCNTs Dosage of catalyst = 0.6 g/L;
multi-walled Initial MNZ concentration = 10
carbon mg/L; Lamp =30 W;
nanotube Time = 90 min;
(BiOIl- V =1000 mL;
MWCNT) Temperature = 25 + 2°C;
composites Speed = 170 rpm

4. CONCLUSIONS

Bismuth (111) oxyiodide—multi-walled carbon nanotube (BiOI-MWCNT) composites were
applied as a catalyst for the photocatalytic elimination of Metronidazole (MNZ) from its solution.
The results indicated that the extent of photocatalytic degradation of MNZ was evidently
influenced by illumination time, initial MNZ concentration, BiOI-MWCNTSs dosage, and UV
intensity. Higher MNZ degradation was achieved using both BiOI-MWCNTs and UV light than
using each separately. The photocatalytic reduction of MNZz fitted into the Langmuir-
Hinshelwood model. The electrical energy consumption per order of magnitude (E) for
photocatalytic degradation of MNZ was lower for the UV/ BiOI-MWCNTS process than the UV-
and BiOI-MWCNTSs- alone processes. The photocatalytic degradation process using BiOIl—
MWCNTSs can be applied efficiently for the removal of MNZ from aqueous solutions.
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