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ABSTRACT

The present work investigated the efficiency of nickel oxide nanoparticle (NiO) activated hydrogen
peroxide (H,O,) in the presence of ultraviolet (UV) irradiation degrading cephalexin (CLX)
from aqueous solutions. The effect of pH of the solution (3-9), NiO dosage (1.5-2 mg/L), hydro-
gen peroxide concentration (5-20 ml/L), contact time (10-60 min) and CLX initial concentration
(20-80 mg/L) was studied and optimized using Taguchi design. The percentage contribution of each
operational parameter on CLX degradation determined using the analysis of variance. The results
showed that in the optimum conditions, an initial concentration of 20 mg/L at pH = 3, 1.5 mg/L of
NiO, 10 ml/L hydrogen peroxide with UV irradiation limit after 60 min contact time, degrading of
CLX was 99.3%, and the least effective parameter was CLX initial concentration (73.3%). Results for
10 ml/L H,O, in deionized water included a reduction to below the chemical oxygen demand (COD)
detection after 60 min with the addition of 20 g/L Na,CO, concentrated solution. Under optimum
operational conditions, the rates of CLX mineralization for COD and total organic carbon removal
were 83% and 68% within 60 min contact time, respectively. In addition, the removal process of
CLX could be described by the pseudo-first-order kinetic model. The liquid chromatography/mass
spectrometry was used to selectively detect degradation products of CLX degradation. Also, a
tentative pathway for degradation of CLX using the UV/H,0,/NiO process was proposed.

Keywords: Photocatalytic degradation; Cephalexin; Hydrogen peroxide; NiO nanoparticle; Taguchi
design

1. Introduction

Drugs are natural or synthetic compounds with sig-
nificant benefits for individuals and the environment.
Antibiotics, as a famous pharmaceutical group, are widely
used in human medicine. As veterinary drugs, they are used
as growth promoters in animal husbandry in livestock and
aquaculture operations [1-3]. Based on the antimicrobial
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activity, cephalosporins as the most widely used class
of antibiotics, are divided into four major groups [1].
Cephalexin (CLX) as the first-generation cephalospo-
rin, is used for the treatment and/or prevention of micro-
bial infections such as respiratory tract, middle ear, skin,
bone, and infections, caused by streptococcus bacteria
[1,2]. Due to the increased use of antibiotics, these organic
compounds are continuously released into the environment
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in the range from 0.3 to 200 ug/L and above through var-
ious waste streams including urban wastewater treatment
plants, households, hospitals, and pharmaceutical com-
panies [1,4]. The increase in antibiotics resistance in dif-
ferent bacteria and genes reduces the therapeutic efficacy
of antibiotics against pathogens. This could be the main
concern for the release of antibiotics into the environment
with a potential risk for aquatic and terrestrial organisms
[5]. Therefore, the elimination of antibiotic residues from
effluents is important and has generated increasing inter-
est among researchers. Chemical, physical and biological
methods such as chemical oxidation [6], biological treat-
ment [7], and membrane techniques [8] have been applied
for the removal of antibiotics. Depending on the pollutant
concentration in the effluent and the cost of the process, dif-
ferent methods can be adoped. However, due to the low
effectiveness of these methods and the inadequacy in their
application, it is necessary to develop innovative methods
for the effective removal of contaminants from aqueous
solutions [9]. Advanced oxidation processes (AOPs) have
been successfully applied for treating most of the contam-
inants in aquatic systems [10]. The reason for the use of
AOPs is due to the inability of conventional processes to
treat highly contaminated toxic water. In these processes,
hydroxyl radicals (HO*) which are involved in mineral-
ization and oxidation of organic compounds to water and
carbon dioxide are produced [11]. Free radicals are con-
sidered as the strong oxidizing agents which can quickly
attack the organic molecules and can separate a hydrogen
atom from the organic material structure. In recent years,
different AOPs processes such as Fenton and photo-Fen-
ton [12], ozone oxidation [13,14], sonolysis [15], and pho-
tocatalytic oxidation [16] have been used for treating a
majority of antibiotics compounds in contaminated water.
Among AOPs processes, photo-based AOP is an oxida-
tion technology that introduces ultraviolet (UV) irradia-
tion to assist the production and use of hydroxyl radicals
as a strong and non-selective oxidant [11]. The use of UV
irradiation along with oxidants including hydrogen per-
oxide [6], ozone [15], and persulfate [6] can be effective in
enhancing the function of oxidation processes and increas-
ing the degradation efficiency of organic pollutants. These
AOPs have been extensively examined for degradation of
different recalcitrant organic compounds through hydrox-
ylation by adding hydroxyl groups to non-saturated bonds)
or dehydrogenation. AOPs based hydroxyl radical is a
very reactive, non-selective, and powerful oxidizing agent
with strong oxidative potential (E, = 2.80 V). Compared
with hydrogen peroxide (E; = 1.76 V), has been extensively
studied for the destruction of a wide range of recalcitrant
organics through hydroxylation and/or dehydrogenation.
However, the influence of wastewater quality on treatment
efficiency is one of the main limitations of this process [17].
The photodegradation of contaminants has been studied
by direct absorption of UV irradiation and combined UV/
hydrogen peroxide [18-20]. According to the literature,
because the use of nanoparticle technology may be a prom-
ising approach for degrading organic pollutants, a great
deal of attention is focused on the potential of many types
of nanomaterials for treating wastewater containing anti-
biotics. Zerovalent iron nanoparticles have been used for

the removal of antibiotics by applying the Fenton process
or other oxidants from aqua solution [21,22]. As effective
compounds, copper oxide nanoparticles [23] and zinc oxide
[24] have been used for antibiotics removal from polluted
water via either adsorption or photodegradation. In this
regard, Elmolla and Chaudhuri [25] reported the efficacy
of UV/hydrogen peroxide/TiO, photocatalysis for the
degradation of amoxicillin, ampicillin, and cloxacillin in
aqueous solution [25]. Recently, nickel oxide (NiO) nanopar-
ticle, has been studied as a new transition metal activator for
removing dyes [26] and antibiotics [27] from wastewater.

NiO nanoparticle [28] are excited to generate positive
holes in the valence band (hv?,) with an oxidative potential,
as well as negative electrons at the conduction band (e,)
with a reductive potential, as Eq. (1) [29]:

NiO—"—>e_ +hv], (1)
These holes and electrons can produce hydroxyl radicals

due to the reactions of OH, H,0, and O, at the surface of
NiO according to Egs. (2)—(4):

OH(surface) L‘tb) HO. (2)
hvy, . +
HZO(absorbed) —V>HO +H (3)

Oz(absorbed) - O; (4)

To the best of our knowledge, the removal of CLX
using the integrated approach of UV irradiation, hydrogen
peroxide, and NiO has not been investigated so far. The
present study investigates the degradation of CLX using
a combined approach of UV, hydrogen peroxide, and NiO
nanoparticles and surveys the effect of operational param-
eters including CLX initial concentration, time, pH of the
solution, hydrogen peroxide, and NiO concentration and
optimization of CLX removal rate using Taguchi orthogonal
array (OA) design. One factor at a time method is commonly
applied to optimize treatment processes. However, in this
technique, it is presumed that operational parameters do not
interact with each other and the variable of response is only
a function of a single parameter [30]. Recently, optimization
methods, such as Taguchi design [31] and response surface
methodology [32] have been extensively used in chemis-
try, different industries, and engineering to obtain the best
response. In the Taguchi method, systematic OA is used in
the design experiments. In these experiments, the columns
corresponding to independent variables are orthogonal to
one another. To examine the result of experiments, analysis
of variance (ANOVA) and signal-to-noise (S/N) ratio was
done, which can identify the involved parameters [31]. In
these cases, NiO nanoparticles are easily activated by hydro-
gen peroxide. The use of UV irradiation with a suitable
photocatalyst can reduce apparent activation energy and
increase the process efficiency. Evidently, no study has yet
performed to investigate the performance of the novel NiO/
hydrogen peroxide/UV process using the Taguchi method
for determining the required sample size and study on the
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degradation mechanism and pathway of CLX in aqueous
solution. In the present study, to determine the optimal con-
ditions and evaluate the effects of different parameters on
the removal efficiency of CLX, Taguchi design was applied,
S/N ratios were measured, and the results were analyzed
by ANOVA.

2. Materials and methods
2.1. Materials

Hydrogen peroxide (30% w/w), acetonitrile, ammonium
acetate, and CLX (98%) (C,,H,,N,O,S), were purchased from
Sigma-Aldrich (St. Louis, MO, USA). NaOH and H,SO, were
also obtained from Merck Chemical Company, Germany.
The NiO nanoparticle (>99% purity, the particle size of
10-20 nm and surface area of 50-100 m?/g) used in this study
was purchased from US Research Nanomaterial’s Ltd., Co.,
USA. All chemicals used were of analytical grade and used
without further purification. All solutions were prepared
in deionized water that was produced by a Milli-Q Biocel
Water System (Germany).

2.2. Photo reactor

This experimental study was done on a laboratory scale
in a 1,000 mL pyrex-made reactor, equipped with a turbu-
lent reservoir, a pH meter, and an ultrasonic wave genera-
tor. Photo-reactions were carried out in a lab-scale reactor.
The schematic diagram of the experimental set-up used in
the study is shown in Fig. 1. The reactor was cylindrical with
2.5 L volume and was made from stainless steel. A UV lamp
(55 W low-pressure mercury-vapor lamp; radiation flux
for degradation 253.7 nm, 156 uW/cm? at 1 m of intensity,
Philips Co., Netherlands), immersed in the glass tube, was
used for irradiation. The reaction chamber was filled with
the reaction mixture, which was placed between the UV
lamp and reactor walls.

2.3. Experimental procedure

In this experimental study, CLX removal was achieved
in the batch mode by adding hydrogen peroxide as an

oxidant and NiO nanoparticle as a catalyst in the synthetic
solution. To prepare a standard solution, 1 g of CLX by
double distilled water in the volume of 1,000 cc was pre-
pared. Afterward to provide a 20 mg/L of CLX solution, 1 cc
of 1 g/L standard solution with distilled water was prepared
in the volume of 1,000 cc. To prepare a 20-80 mg/L solution,
the standard solution in 100 volumes was prepared. Briefly,
the pH of the CLX sample (1,500 mL) was adjusted to the
desired level using NaOH and H,SO, solutions (0.1 mol/L).
Afterwards, hydrogen peroxide (5-20 ml/L), NiO nanopar-
ticle (0.5-2 mg/L) and CLX (20-80 mg/L) were added to
the stirred solution. The solutions were fed into the photo-
reactor in the photocatalytic process. Samples were collected
from the reaction vessel at fixed intervals using a 30 mL
syringe and pipetted into glass vials. At the end of each
experiment, Na,Co, (20 g/L) was added to remove the resi-
due of H,O, to prevent it from interfering, then the sample
was shielded to reduce evaporation losses and heated in
a water bath at 90°C for a predetermined period of time.
Residual H,O, were analyzed at the end of each run by
(DR 5000, Hatch, New Zealand) spectrophotometer [33].

2.4. Taguchi OA experimental design

In this study, a L,; OA experimental design was used to
identify the optimum conditions for the maximum removal
of the CLX in a photocatalytic system. This method involves
data transformation to a S/N ratio which can indicate the
desired value. In other words, the S/N ratio represents the
deviation of the mean value and standard deviation for a
dataset (“signal” indicates the desirable effect, and “noise”
indicates the undesirable effect) [34]. The S/N ratios lower-
the-better, nominal-the-best, and higher-the-better ratios and
were measured with regard to the higher-the-better charac-
teristic as presented in Eq. (5) [35].

s 1.(1Y)
> —1010g10[n2[yx} } 5)

where n represents the number of experiments, and (Y)
denotes response in each experiment.

1) Inlet

2) Thenmometer

3) UV lamp

4) Quartz Jacket

3) Stainless steel Jackel
6) Photocell

7) Transformator

+

8) Outlet

9) Recorder
10) Wireless transmission device

Fig. 1. Schematic diagram of photocatalyst reactor.
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In order to determine the optimal condition for the CLX
removal using the Taguchi method, different factors such as
pH of the solution, hydrogen peroxide concentration, NiO
dosage, contact time and initial CLX concentration were
selected as the main parameters in four levels to design the
experiment. Table 1 presents the OA, levels, and obtained
results in Taguchi design. The calculations were performed
in Minitab 17 and Design Expert 7 software packages.

2.5. Analysis

After conducting the related experiments, the samples
were collected at predetermined time intervals and fil-
tered through a membrane filter (0.45 um). The CLX con-
centration was measured in the aqueous phase using
high-performance liquid chromatography (HPLC) (Agilent
Technologies Co., Ltd., USA), which was equipped with a
ultraviolet C (UV-C) detector at 262 nm [36]. A reversed-
phase C18 column (100 mm x 4.6 mm) was also used as the
HPLC column at a temperature of 25°C. The mobile phase
contained acetonitrile and deionized water: 1:10 (V/V),
along with ammonium acetate (1 molar) as a buffer at a flow
rate of 1 ml/min. At each interval time, 20 pl of the solution
was injected into the column and then measured at a fixed
wavelength of 262 nm. The removal efficiency (%) of CLX
was calculated via Eq. (6):

Table 1
Factors and levels in L, orthogonal array and obtained results

Removal(%) = @ x100 (6)

0

where C; and C, are the initial concentration of CLX at the
time (0) and concentration of CLX at the time (), respectively.

Chemical oxygen demand (COD) was determined
according to the standard methods for the examination of
water and wastewater [37]. In addition, the total organic
carbon (TOC) contents of CLX antibiotic was analyzed
in a TOC analyzer (Elementar, Germany).

Liquid chromatography/mass spectrometry (LC/MS)
(LC/MS-2010 A, Shimadzu, Japan) was applied to determine
the degradation products of CLX. Scanning electron micros-
copy (SEM;FEINovaNanoSEM45, USA)wasperformed todeter-
mine the particle size distribution of the catalyst. Additionally,
energy-dispersive X-ray microanalysis (EDX; Bruker XFlash
6110, Germany) was performed to identify the constituents
of the catalyst. Finally, X-ray diffraction (XRD) was carried
out using a PANalytical diffractometer (USA) (Ultima IV).

3. Results and discussion

3.1. Morphological of catalyst

Fig. 2a indicates the SEM photograph of NiO nanoparti-
cle and showing the morphology of the surface NiO, where

Factors Levels
pH - 3 5 7 9
CLX Concentration (mg/L) 20 40 60 80
Hydrogen peroxide Concentration (ml/L) 5 10 15 20
NiO Dose (mg/L) 0.5 1 1.5 2
Time Min. 15 30 45 60
No. Factors

pH Hydrogen NiO CLX Time CRE1” CRE2 S/N

peroxide (ml/L) (mg/L) (mg/L) (min)

1 3 5 0.5 20 15 87 86.3 38.75
2 3 10 1 40 30 95.4 96 39.62
3 3 15 1.5 60 45 99.27 99.3 39.93
4 3 20 2 80 60 86.2 86.5 38.73
5 5 10 0.5 80 45 84 84.2 38.5
6 5 5 1 60 60 83.5 83.5 38.43
7 5 20 1.5 40 15 90.5 90 39.11
8 5 15 2 20 30 86.2 86.2 38.71
9 7 15 0.5 40 60 80 81.2 38.13
10 7 20 1 20 45 825 82 38.3
11 7 5 1.5 80 30 78.5 78.6 37.9
12 7 10 2 60 15 82.3 83 38.3
13 9 20 0.5 60 30 75.4 76 37.6
14 9 15 1 80 15 73.1 73.3 37.3
15 9 10 1.5 20 60 80 79.3 39.05
16 9 5 2 40 45 74 74.2 37.4

* Constant-rate-of-extension
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Fig. 2. (a) SEM image, (b) EDX image, and (c) XRD pattern of the NiO nanoparticles.
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the smooth and uniform structures can be seen over the sur-
face. Based on Fig. 2a, the NiO nanoparticle has an aver-
age diameter of 24.8-202 nm and was a tubular shape with
heterogeneous pores. The attendance of well-distributed
nonporous along the entire NiO can mostly raise the elec-
trode/electrolyte contact area and is anticipated to be
conducive to the ion transport. Fig. 2b presents the EDX
photograph of NiO, which confirms that the achieved NiO
certainly consists of Ni and O with a percentage of atom and
weight as shown in the. Fig. 2b indicates the sharp peak,
corresponding to Ni and O elements in the EDX analysis.
The peaks revealed high purity of NiO nanoparticles, con-
sisting of 81.5% nickel and 18% oxygen. According to the
XRD pattern of NiO in Fig. 2c, different peaks located as
111, 200, 220, 311, and 222 crystal planes were obviously
consisted of with NiO. No impurities were detected which
proposes the high purity of monophasic NiO nanoparticles.

3.2. Effects of different parameters on CLX degradation
3.2.1. Effect of pH

The initial pH of the solution had a considerable
effect on the degradation of pollutants using AOPs pro-
cesses [25,28]. In chemical oxidation reactions, the pH of
the solution influences the oxidation efficiency by affect-
ing the generation of hydroxyl radicals [29]. To study the
effects of initial pH on CLX degradation via the UV/hydro-
gen peroxide/NiO process, the experiments were carried
out at different initial pH values from 3 to 9. The obtained
CLX degradation rate in these pH ranges based on S/N
ratio and mean values, which is presented in Fig. 3. It was
found that the rate of CLX degradation was strongly pH-
dependent. The degradation rates in acidic solutions are
higher and decreased when the initial pH increased from 3
to 9. Therefore, the optimal CLX removal rate was obtained
in acidic pH. It could be relevant to the role of hydroxyl
radical, which is generated more abundantly under the
acidic conditions to react with CLX through an electron-
transferring mechanism. In addition, most of the CLX is sep-
arated into an ionic form (pKa = 6.88) in acidic conditions,
which has the greatest reactivity compared to unseparated
CLX [38]. According to the results, when the initial pH was
increased, the CLX degrading rate gradually decreased as

LY
[
e

Mean of S/N ratio
[#%]
oo
.l

pH

well. On the other hand, changes in the solution pH may
result in changes in the hydrophobic property of CLX, in
which less hydrophobic property occurred in acidic solu-
tion. Moreover, in the basic solution, the solubility and
hydrophilicity of CLX were intensified, and therefore, the
degradation rate was decreased. Furthermore, the pHzpc of
CLX was 2.29. These results are in agreement with the study
by Azarpira et al. [39] regarding the removal of triclosan via
UV/iodide/ZnO process. However, Massoudinejad et al. [40]
reported enhanced degradation of arsenic under the UV/
H,O, in the presence of ZnO nanoparticles. Also, Ebrahimi
et al. [41] reported similar results for dye removal.

3.2.2. Effect of hydrogen peroxide concentration

Fig. 4 represents the effect of different initial hydrogen
peroxide concentration (5-20 ml/L) on CLX degradation,
based on S/N ratio and mean values. According to Fig. 4.
CLX removal rate first improved by increasing the concen-
tration of hydrogen peroxide from 5 to 10 ml/L. These results
show that hydrogen peroxide plays a necessary role in CLX
degradation. The improvement of CLX degradation by add-
ing hydrogen peroxide is associated with hydroxyl radical
(E, = 2.8 V in acidic pH) as an oxidizing agent according to
Eq. (7) [6,42,43].

H,0, +e —OH"+OH" @)

However, an increase in hydrogen peroxide concen-
tration up to 10 ml/L led to a major adverse effect on CLX
degradation. On the other hand, by increasing the initial
hydrogen peroxide concentration, the scavenging activity
increased to capture active radicals according to Eq. (8) [44].

H,0, + HO" - HO; +H,0 ®)

Compared to hydroxyl radicals, the produced radicals
(HO;) show much lower oxidation potential. In addition,
hydrogen peroxide is decomposed to form water and oxy-
gen if a large amount of hydrogen peroxide is used according
to Eq. (9) [6].

HO; +HO" - H,0+0, )

®

w91
E 88
=)
w— 85
5 82
S 7

76

0 3 ) 9

pH

Fig. 3. Effect of pH on CLX degradation based on (a) S/N and (b) mean.
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In this regard, Elmolla and Chaudhuri [25] studied the
degradation of amoxicillin, cloxacillin, and ampicillin by
hydrogen peroxide in the presence of UV-C irradiation and
reported that higher degradation is highly dependent on the
oxidant concentration.

3.2.3. Effect of CLX initial concentration

For evaluating the effect of initial CLX concentration on
CLX degradation rate, experiments were designed using
four levels of CLX ranging from 20 to 80 mg/L. The results
are presented in Fig. 5. Based on the S/N ratio and mean
values, CLX removal efficiencies decreased with increasing
the CLX initial concentration from 20 to 80 mg/L). As shown,
a lower CLX removal efficiency was obtained by increasing
the initial CLX concentration at 80 mg/L. At low concentra-
tions of CLX, hydroxyl radicals can comfortably eliminate
a great percentage of CLX in the reaction reactor. However,
by increasing the concentration of CLX, the number of
hydroxyl radicals produced is not adequate for the complete
degrading of CLX [45].

3.2.4. Effect of NiO dosages

The effect of the initial NiO dosage as catalyst rang-
ing from 0.5 to 2 mg/L on the CLX degradation rate was

—
[=h]
S’

40
39.5

39
38.5

Mean of S/N ratio

38

0 5 10 15 20

Hydrogen peroxide (ml/L)
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studied. The S/N ratio and mean values are illustrated in
Fig. 6. Based on results, by increasing the catalyst concen-
tration from 0.5 to 1.5 mg/L, the efficiency of CLX removal
improved. This is due to the fact that the production of free
hydroxyl radicals enhances by increasing the NiO dosage,
which improved the CLX removal rate. However, add-
ing an excessive dosage of NiO higher than the optimum
level may reduce the removal efficiency of CLX. This may
be related to the generation of Ni*, which scavenges the
hydroxyl radicals, leading to a reduction in the CLX removal
rate. Therefore, the NiO concentration of 1.5 mg/L was cho-
sen for further experiments. Furthermore, several studies
have reported that the photoabsorption of catalysts and
the number of active sites strongly affect the degradation
of pollutants. A suitable dosage of catalyst can improve the
formation of electron/hole pairs, and lead to the generation
of hydroxyl radicals for enhancing photocatalytic process
[3,46]. On the other hand, the rise in the degradation effi-
ciency may be related to the fact that the increase in the
NiO nanoparticle concentration may lead to an improve-
ment in the adsorbent surface of CLX. This is reliable for
a particular value of nanoparticle concentration and, after
this value, the degradation efficiency is decreased by
increasing the nanoparticle concentration; it can be due to
a decrease in the effective surface area which is consistent
to the results of the study conducted by Panyji et al. [47].

(b)

93
= 90
L
= 87
° 84
5 s
=
78
0 5 10 15 20

Hydrogen peroxide (ml/L)

Fig. 4. Effect of hydrogen peroxide on CLX degradation based on (a) S/N and (b) mean.
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Fig. 5. Effect of initial CLX concentration based on (a) S/N and (b) mean.
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3.2.5. Effect of contact time

To determine the effect of contact time on CLX removal
efficiency, the experiments were conducted at different
contact times in the range from 15 to 60 min. The results
were based on S/N ratios and mean values, are indicated
in Fig. 7. As shown, by increasing the reaction time, the
removal efficiency is promoted and reaches a constant
level at equilibrium state. The obtained results showed that
increasing the reaction time also had direct effects on the
removal efficiency, which is consistent with the results of
studies conducted by Mizukoshi [15] and Zarei et al. [48].

3.3. CLX degrading by different systems

Fig. 8 compares CLX degrading in a different system,
including NiO, hydrogen peroxide, UV, NiO/UV, hydro-
gen peroxide/UV, NiO/hydrogen peroxide, and NiO/
hydrogen peroxide/UV. The experimental conditions were
the following: UV irradiation, CLX = 20 mg/L, pH 3 and
60 min contact time. The result evidently illustrated that
1.5 mg/L NiO could achieve a 5% CLX removal rate, which
is attributed to the limited oxidizing ability of NiO. As
can be seen, the efficiency of CLX removal by the NiO/UV
and hydrogen peroxide/UV systems are higher than single
NiO, hydrogen peroxide, and UV systems. After 60 min,
the removal of CLX was about 65% and 84% for the com-
bined NiO/UV and hydrogen peroxide/UV respectively.

(a)
© 39.5
=
Z 39
73]
[
© 385
=
g
< 38

0 0.5 1 1.5 2
NiO dose (mg/L)

Fig. 6. Effect of initial NiO dosage based on (a) S/N and (b) mean.
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9 39
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B 384
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Fig. 7. Effect of contact time based on (a) S/N and (b) mean.
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Also based on Fig. 8 the NiO/hydrogen peroxide had a cat-
alytic efficiency 2.7 times that of hydrogen peroxide alone.
This, in turn, shows that hydrogen peroxide has a lower
oxidation rate [49]. The related results showed that CLX
removal was refractory to the NiO induced oxygen activa-
tion, and the formation of hydroxyl radicals induced by the
activation of NiO by UV irradiation which was not enough to
continue the removal of CLX. According, the result showed
that UV irradiation could be activated NiO via Eq. (10).

NiO +hv — Ni?+0O° (10)

Due to the ability to generate OH* in the solution, UV
irradiaton could improve the photocatalytic AOPs effi-
ciency [38]. As a result, following the addition of hydro-
gen peroxide as catalyst support to the solution with NiO
and in the presence of the UV irradiation the CLX removal
rate was enhanced and reached up to 95%. This phenom-
enon indicated that, in the presence of UV, a specific and
synergistic effect exists between NiO and hydrogen perox-
ide. The synergistic effect may be defined by UV initiating
which increased the mass transfer rate of the system.

3.4. Mineralization

Besides the degradation of recalcitrant pollutants,
adequate mineralization in pollutants will lead to their
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conversion into the water, carbon dioxide, or other mineral
ions. This process can be an applicable alternative for the
treatment of contaminated wastewater with organic pollut-
ants [50]. It has been suggested that the amount of organic
pollutants is higher than the extent of mineralization [51].
For evaluating CLX mineralization, COD and TOC were
measured during the CLX degradation process at an initial
CLX concentration of 20 mg/L. The experimental conditions
were conducted based on the obtained optimal parameters,
including pH of solution 3, NiO dosage of 1.5 mg/L, and
hydrogen peroxide concentration of 10 ml/L at different
contact times. The results are shown in Fig. 9. As shown
the rates of CLX mineralization for COD and TOC removal
were 83% and 68% within 60 min contact time, respec-
tively. Under the same operational conditions, the results
indicated that the CLX degradation rate was 98%, which
is much higher than the removal rates of COD and TOC.
This could be due to the fact that CLX was transformed into
intermediate metabolites. This finding is in accordance with
a report by Rizzo et al. on the degradation of diclofenac
using photocatalyst oxidation [52]. They reported that the
COD removal rate was 85%, whereas its degradation rate
was 94%.

NiO/H202/UV
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3.5. Optimization of experimental and ANOVA analysis

In the present study, five controllable factors, that is,
pH of solution, NiO dosage, hydrogen peroxide concen-
tration, initial CLX concentration, and contact time, were
selected as input variables. These factors were removed
at four levels based on the L,, OA method, as shown in
Table 1. The CLX removal percentage was evaluated as
four responses in the binary mixture, using the Taguchi L,,
array method. Also, the experimental data were converted
to the S/N ratio according to Eq. 9 [53]. Table 1 presents
the response tables for S/N ratios. S/N ratio represents the
optimal database with respect to the minimum deviation
[54] and helps determine the optimum values for each fac-
tor [55]. The optimum experimental conditions include the
pH (Level 1 (3)), NiO (Level 3 (1.5 mg/L)), hydrogen perox-
ide (Level 2 (10 ml/L)), CLX initial concentration (Level 1
(20 mg/L)). The results indicated that the optimum exper-
imental conditions, the mean effect and S/N ratio mea-
surements were similar for optimal conditions. Moreover,
to determine the most effective parameter for degrada-
tion of CLX with the UV/hydrogen peroxide/NiO process,
ANOVA was performed. The ANOVA results regarding CLX
removal are presented in Table 2. The degree of freedom

NiO/H202
H202/UV
g NiO/UV
S
A~ Uuv
H202
NiO
0 10 20 30 40 50 60 70 80 90 100
% Removal
Fig. 8. Effect of different systems on CLX degradation.
100 4
80 A
£ 60 1
s
>
=1 l
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20 A
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Time (min)

Fig. 9. COD and TOC Removal rate in optimum conditions.
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Table 2
ANOVA results for CLX degradation

Factor DOF- st Ve Fd P
pH 3 442.540 147.513 49.54 56.2
NiO 3 148.388 49.436 16.61 18.84
Hydrogen peroxide 3 110.183 36.728 12.33 13.99
CLX initial concentration 3 77.344 25.781 8.66 9.82
Residual error 3 8.933 9.978 - 1.13
Total 15 787.388 - - 100

“Degrees of freedom
'Sum of squares
“Variance

“F-ratio

‘Percentage contribution

(DOF) was three for each factor, and the total DOF was 15.
This indicates the influence participation of each factor on
degradation. The results of ANOVA revealed that the most
significant factor for CLX degradation was pH (56.2 %), and
the lowest factor was time contact (1.13%). Furthermore,
optimal conditions for degradation of CLX, including pH,
NiO dosage, hydrogen peroxide concentration and initial
CLX concentration, were determined based on S/N ratios at
Level 1, Level 3, Level 2, and Level 1, respectively (Table 3).
The optimal conditions were as follows: pH, 3; NiO dosage,
1.5 mg/L; hydrogen peroxide concentration 10 ml/L; CLX
initial concentration, 20 mg/L; and contact time, 60 min.

3.6. CLX degradation pathway

According to the literature, oxygen and hydroxyl radi-
cals are dominated in the AOPs processes based on hydro-
gen peroxide degrading organic material [56,57]. To study
the degradation pathway of CLX with the UV/hydrogen
peroxide/NiO process, the LC/MS technique was used to
detect the intermediates. Intermediates detection was con-
ducted by comparing molecular structure spectra with CLX
degradation intermediates found in other AOPs [58], which
are represented in Table 3. According to the referred mech-
anism and the molecular structures of identified intermedi-
ates, the transformation pathway and mechanism for deg-
radation of CLX could be proposed as shown in scheme 1.
Other studies clearly indicated that the oxygen radical reacts
with antibiotics via three mechanisms including, hydroxyl-
ation, oxidation, and electron transfer [59]. The pathway (A)
(Fig. 10), is related to attacking hydroxyl and oxygen rad-
icals to the CLX molecules to generate 4-(hydroxymethyl)
phenyl]sulfonyl-dimethyl-phenylazanium and 4-(4-ethyl-
3,5-dimethyl-1,3-thiazol-3-ium-2-yl)-N,N-dimethylaniline
which could be further degraded to 1-(3,5-dimethylada-
mantan-1-yl)-2-(1,3-thiazol-5-yl)ethan-1-amine, pheneth-
ylammonium and butylcarbamoyl through hydroxylation
mechanism. In addition, these intermediate compounds can
induce hydroxylation to generate diethylpropylamine and
isohexylamine leading to the formation of CO,, H,O, and
inorganic ions. The pathway (B), involves attacking oxygen
radicals to CLX antibiotic and generate butyl 5-(1,4lambda2-
diazinan-1-yl) pentanoate via oxidation mechanism. Also,
oxygen radicals can selectively react with this organic

compound and generate diethylpropylamine and isohexyl-
amine via the same mechanism. In pathway (C), an electron
transfer mechanism was suggested in which CLX molecules
could be changed to 2-tert-butyl-1-(2,5-diethoxyphenyl)
guanidine and then 1-[3-(1-aminoethyl) phenyl]-3-penty-
lurea. This aromatic hydrocarbon would be degraded to
generate 1-oxido-3-pyrimidine which would be further
degraded to CO, and H,0.

3.7. Kinetic analysis

Chemical kinetics is appropriate to evaluate the rate of
chemical compounds reactions. The rate of a reaction could
be described by decreasing the concentration of a reactant
in reaction time or raised the concentration of their inter-
mediate product per reaction time [45]. In this study, the
pseudo-first-order, and the pseudo-second-order models
were applied for CLX degrading and were calculated using
Egs. (11) and (12). In this study, the kinetics of the CLX anti-
biotic degrading was investigated in optimum conditions
using first, and second-order kinetics models. The results
were presented in Fig. 11 and Table 4. According to the
results, the regression coefficients (R?) of the kinetic model
for the first-order and the second-order were estimated as
0.97 and 0.85, respectively. Based on the results, the pseudo-
first-order model was obtained with a considerable coef-
ficient of correlation (R?), which was the preferable model
to fit the data of CLX removal compared to other kinetics
models. The experimental result showed that the hydro-
gen peroxide/NiO composite was an efficient degraded
composite for the CLX degradation from aqueous solution.
The rate constant (k) obtained for CLX antibiotic degrada-
tion using the NiO/hydrogen peroxide/UV hybrid process
was 0.0255 min™. These results are according to the results
of the studies conducted by Seid-Mohammadi et al. [45],
Rocha et al. [60], and Samarghandi et al. [61].

C
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Table 3
Intermediate compounds of CLX degradation using UV/hydrogen peroxide/NiO

No. Molecular structure Formula International Union of Pure and Applied Chemistry name Molar mass
NH:
nge H s
1 ;_l—i/;g\ CH,N,O,S Cephalexin 347.1
%90
0" on
NH:
) NH 5 CHNOS 4-(hydroxymefhyl)phenyl]sulfonyl—dimeth— 306
yl-phenylazanium
0,7 NF
OH
g 4-(4-ethyl-3,5-dimethyl-1,3-thiazol-3-ium-2-yl
3 . _( C H.NS —(-et.y-,-m.n.ety-,-t iazol-3-ium-2-yl)- %1
NH. B N,N-dimethylaniline
NH S
4 "/;F\H’/ﬂ\T’.Mr\] CH,NS 1-(3,§—dimethyladamantan-1-yl)-2-(1,3—thiazol-5-yl)ethan— 290
P el -amine
NH
5 “~ C,H/N,O  1-oxido-3-(4-pyrrolidin-1-ylbut-2-ynyl) pyrimidine 207
o
NH:
6 CH,_ N Phenethylammonium 122
N
7 C,H,NO Butylcarbamoyl 98
o
8 C,H,.N,O,S Butyl 5-(1,4lambda2-diazinan-1-yl) pentanoate 273
9 C,HNO,S 1llambda2-Azinan-4-yl pentanoate 216
10 CH,N.,O, 2-tert-butyl-1-(2,5-diethoxyphenyl)guanidine 279
11 C,H,N.O  1-[3-(1-aminoethyl)phenyl]-3-pentylurea 249
12 CH,.N Isohexylamine 101
NH
13 \ CH_ N Diethylpropylamine 87
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Fig. 10. Proposed degradation pathway of CLX degradation using the UV/hydrogen peroxide/NiO process.
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Fig. 11. The pseudo-first-order plot for removing CLX utilizes the UV/NiO/hydrogen peroxide system.

where C; and C, are the initial and final concentrations of
CLX antibiotics, respectively, and K is a constant of removal
value; K value is equal to the slope of the plot of In(C/C,)
vs. time t. Also, Table 5 shows a comparison between other
photocatalyst studies with the current study.

4. Conclusion

In the present study, Taguchi’s OA experimental design
was used to determine the optimal operational parameters

including pH of solution, NiO dosage, hydrogen peroxide
concentration, contact time, and CLX initial concentration
degrading CLX from aqueous solution using UV/hydro-
gen peroxide/NiO system. The effect of each parameter was
evaluated using ANOVA. According to ANOVA results, the
pH of the solution and CLX initial concentration had the
highest and lowest effect on CLX degradation, respectively.
The CLX removal rate decreased with an increase in pH
value from 3 to 11. Increased NiO nanoparticle and hydro-
gen peroxide resulted in an enhanced CLX degradation
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Table 4
Kinetic parameters of CLX removal by the NiO/hydrogen peroxide/UV AOPs
Pseudo-first-order Second-order
C, (mg/L) K (min™) R? K (L/mg min) R?
C,=20 mg/L 0.03 0.87 0.006 0.75
C,=40 mg/L 0.02 0.90 0.002 0.74
C,=60 mg/L 0.03 0.93 0.002 0.78
C,=80mg/L 0.03 0.98 0.001 0.92
Table 5
Comparison of antibiotic removal results of the present study by the photocatalytic process with other studies
Reference Year Antibiotic Process Reaction Efficiency
kinetic removal (%)
Michael et al. [62] 2020 Ciprofloxacin, sulfamethoxazole UV-C/H,O, and sunlight/H,O, First-order 99
Liu et al. [63] 2020 Ofloxacin, levofloxacin UV/HZO2 and UV/persulfate First-order 96
Pan et al. [64] 2019 Oxytetracycline, tetracycline, UV/pre-magnetized Fe?/H,O,  First-order 97.2
sulfadiazine
Godini et al. [65] 2019 Impanel/cilastatin UV-C/Fe*/H,0, First-order 100
Jiang et al. [66] 2019 Cefotaxime UV + ferrihydrite/TiO, + HO, First-order 99.3
Seid-Mohammadi et al. [36] 2019 Cephalexin MgO/granular activated First-order 98
carbon/UV
Zhang et al. [67] 2016 Sulfonamide UV/H,0, First-order 99
This study 2020 CLX NiO/HZOZ/UV First-order 99.2

rate. The optimum condition for degradation of CLX were
pH =3, NiO = 1.5 mg/L, hydrogen peroxide = 10 ml/L, CLX
initial concentration = 20 mg/L, and contact time = 60 min.
In the case of mineralization, COD and TOC removal rates
were 83% and 68% achieved in optimum conditions after
60 min irradiation time, respectively. Based on identified
intermediates, various products were recognized during
the CLX degradation process and based on LC/MS analysis
and literature three degradation pathways were proposed.
This study indicates the activation of hydrogen peroxide
by NiO in the presence of UV irradiation as an effective
method for treating wastewater containing CLX.
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