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fficacy of various methods for
sulfate radical generation for antibiotics
degradation in synthetic wastewater: degradation
mechanism, kinetics study, and toxicity
assessment†

Ali Behnami,ab Ehsan Aghayani,c Khaled Zoroufchi Benis,d Mohammad Sattarie

and Mojtaba Pourakbar *a

In the present study the aim was to investigate and compare various activation processes for amoxicillin

degradation. UV radiation, ultrasound, heat, and hydrogen peroxide were selected as the persulfate

activation methods. The effects of various parameters such as pH, persulfate concentration, reaction

time, AMX concentration, radical scavengers, and anions were thoroughly investigated. The results

showed that AMX degradation was following the pseudo-first order kinetic model. The reaction rate of

0.114 min�1 was calculated for the UV/PS process, which was higher than that of the other investigated

processes. The AMX degradation mechanism and pathway investigations revealed that sulfate and

hydroxyl radicals were responsible for the degradation of AMX by two degradation pathways of

hydroxylation and the opening of the b-lactam ring. Competition kinetic analysis showed that the

second-order rate constant of AMX with sulfate radicals was 8.56 � 109 L mol�1 s�1 in the UV/PS

process. Cost analysis was conducted for the four investigated processes and it was found that 1.9 $m�3

per order is required in the UV/PS process for the complete destruction of AMX. Finally, cytotoxic

assessment of the treated effluent on human embryonic kidney cells showed a considerable reduction in

AMX-induced cell cytotoxicity, proving that the investigated process is sufficiently capable of completely

destroying AMX molecules to nontoxic compounds. Therefore, it can be concluded that UV radiation is

much more effective than other methods for persulfate activation and can be considered as a reliable

technique for antibiotic removal.
1. Introduction

During the late last century, industrialization and population
growth have caused the emergence of several organic micro-
pollutants in the environment, such as pharmaceutical drugs
and personal care products, some of which are classied as
persistent and non-biodegradable compounds.1 Antibiotics
have been gaining more attention among pharmaceuticals
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considering their widespread use in human and veterinary
medicine. Even at low concentrations, antibiotics can have
negative effects on aquatic environments in terms of their
toxicity, low biodegradability, and high chemical oxygen
demand.2 Moreover, the contribution of antibiotics in emerging
“Antibiotic Resistance” is also a matter of concern to modern
human and veterinary medicine.3 Amoxicillin (AMX), a b-lactam
antibiotic, is one of the top ten most prescribed antibiotics
worldwide, belonging to the semi-synthetic penicillin.4 AMX is
a widely used antibiotic in human and veterinary medicine to
treat a number of bacterial infections. Due to its poor absorp-
tion in both human and livestock body, a large quantity of
consumed AMX is excreted mainly through urine and feces into
the wastewater system.5 AMX is a potential threat to the envi-
ronment, human and animal lives, since it gives rise to antibi-
otic resistance genes and beta-lactam resistant bacteria.4,6 AMX
has been detected at mg L�1 concentrations in the inuent and
uent of wastewater treatment plants and also surface water,7,8

while its levels in pharmaceutical industry effluents may
reach mg L�1 concentrations.9 Hence, antibiotic containing
RSC Adv., 2022, 12, 14945–14956 | 14945
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streams should be effectively treated in order to mitigate their
abovementioned detrimental impacts on the environment and
living organisms.

Biological treatment systems cannot efficiently remove all
antibiotics, as most of the antibiotics are not easily biodegrad-
able, and these systems only target biodegradable antibiotics.10

On the other hand, although some disinfection technologies
such as ozonation,11 chlorination,12 and bromination13 have
been investigated for their inuence on antibiotics degradation
in polluted waters, the formation of secondary toxic pollutants
undermine their application.

Considering the drawbacks of conventional treatment tech-
nologies, advanced oxidation processes (AOPs) can be consid-
ered a promising alternative for efficiently removing antibiotics
from wastewater. AOPs could generate non-selective oxygen-
based oxidizers mainly hydroxyl or sulfate radicals (OHc and
SO4c

�) for degradation and mineralization of target
compounds.14 To date, various AOPs such as UV/H2O2,5,15 UV/
catalyst,16 O3/UV,17 UV/PS,18 vacuum ultraviolet (VUV)19 PS/
catalyst,3 Fenton reactions,6 photo-Fenton,20 electro-oxidation,4

and sonochemical degradation2 have been studied for degra-
dation of AMX in aqueous solutions.

AOPs can be classied as either SO4c
�-based AOPs or OHc-

based AOPs based on radical species. Recently, SO4c
�-based

AOPs attracted signicant attention in comparison to OHc-
based AOPs because of their higher selectivity, longer half-life of
30–40 ms, and higher redox potential of 2.5–3.1 V. Relatively
higher selectivity of sulfate radical than that of hydroxyl radical
is due to the strong oxidizing power of sulfate than hydroxyl
radical.21 Moreover, in case of antibiotics removal from
contaminated waters, it has been proved that sulfate radicals
show more efficient antibiotic activity removal against sulfur-
containing b-lactam antibiotics such as AMX and penicillin.22

Therefore, SO4c
�-based AOPs may be a promising alternative for

OHc-based AOPs in treating antibiotic-containing wastewaters.
Sulfate radicals can be generated by activating persulfate (PS)

or peroxymonosulfate (PMS) in the presence of metal or non-
metal catalysts, energy (such as ultrasound, microwave, visible
light, UV, and heat), alkali activation, and carbon.23,24 However,
limited studies have investigated the efficacy of PS activating
methods for the degradation of AMX, including PS/catalyst,3

UV/PS,5 heat/PS,23 and ultrasound (US)/PS.25 This is the rst
comprehensive report evaluating various methods of activating
PS for AMX degradation in aqueous solutions.

Accordingly, the present study aimed to evaluate the efficacy
of different methods for activating persulfate, including H2O2/
PS, UV/PS, heat/PS, US/PS, and Alkali/PS for the degradation
and mineralization of AMX in synthetic wastewater. The effects
of different process variables, including pH, PS concentration,
reaction time, the initial concentration of antibiotic, radical
scavengers, and anions, were investigated on the performance
of the abovementioned processes. In addition, the decomposi-
tion mechanism of the nal products resulting from AMX
degradation has been thoroughly investigated. The detoxica-
tion of AMX containing synthetic wastewater was also deter-
mined. The ndings of the present study could provide useful
14946 | RSC Adv., 2022, 12, 14945–14956
information to establish an appropriate strategy for the treat-
ment of AMX containing streams.
2. Materials and methods
2.1. Materials and reagents

The AMX solution was freshly prepared daily using AMX
(C16H19N3O5S) powder and distilled water. The pure AMX
powder (100%) was purchased from a local pharmaceutical
company. The AMX solution pH was adjusted by sodium
hydroxide and acid sulfuric normal solutions. All the consumed
chemicals in the present study were high quality of analytical
grade chemicals and were bought from Merck Co.
2.2. Experimental set-ups

In the present study, 4 different reactors with different cong-
urations were used. All the reactors had a working volume of
250 mL. The sonochemical reactions were taken place using an
ultrasound bath. For the investigation of the effect of heat/PS,
the hotplate coupled with a thermosensor was used to adjust
the solution temperature.

The UV photoreactor had a 9 W UVC lamp separated from
the solution by a quartz sleeve. The solution was injected from
the bottom of the photoreactor and the reaction took place in an
upow mode. The content of the UV photoreactor was circu-
lated using a peristaltic pump with a ow rate of 0.2 L min�1. In
addition, an outer layer was also used to control the process
temperature by water circulation. The photoreactor tempera-
ture was constantly controlled and maintained at 25 �C during
the reaction time.
2.3. Experimental procedure

Different oxidation mechanisms, either alone or combined,
were thoroughly studied. First, the effect of different chemicals
and operational conditions such as persulfate alone, hydrogen
peroxide alone, UV radiation, ultrasonication, and heat were
investigated for the AMX degradation to nd the contribution of
sole oxidation agents in AMX degradation. In the second stage
of the study, the AMX degradation was investigated by different
activation methods of PS. The effects of operating conditions
such as PS activator concentration, PS concentration, solution
pH, reaction time, and AMX concentration were thoroughly
investigated in H2O2/PS, UV/PS, heat/PS, and US/PS processes.

The effect of the water matrix was also investigated for AMX
degradation. The effect of the presence of anions HCO3

�,
CO3

2�, (Cl�, NO3
�, and SO4

2�), tap water, and wastewater
treatment plant effluent were investigated on AMX degradation.
tert-Butanol (TBA), and benzene were also used as the hydroxyl
and sulfate radical quenchers to nd the main radical species.
All the experiments were conducted in duplicate.
2.4. Analytical methods

Agilent HPLC coupled with C18 column (3.5 mm, 4.6 � 100 mm)
and a UV detector (wavelength of 190 nm) was used for AMX
detection. Acetonitrile and phosphate buffer (pH ¼ 4.8) with
© 2022 The Author(s). Published by the Royal Society of Chemistry
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a volumetric ration of 40/60 and ow rate of 0.5 mL min�1 was
applied for AMX separation in the solutions.

Liquid chromatography/mass spectrometry (LC/MS) of
Quartro Micro API micromass Waters 2695 was used to detect
by-products of AMX degradation. Chromatography column of
zorbax Sb-C18 (2.1 � 100 mm, 3.0 mm particle size) was used at
ambient temperature. 10 mL sample was injected in each run.
Isocratic mode at a ow rate of 0.2 mL min�1 was set to the
mobile phase of 96% water with 0.1% formic acid, and 4%
methanol. For the MS operation, the positive electrospray
ionization (ESI) with an m/z ranging from 50 amu to 2000 amu
was applied. Nitrogen gas at a ow rate of 300 L h�1 was used as
the nebulizer and desolvation gas. The Jet Stream conditions
were applied with capillary voltage of 4 kV, extractor of 3 V,
fragment voltage of 35 V, nebulizer pressure of 50 psi, and gas
temperature of 250 �C.
2.5. Toxicity assessment

Human embryonic kidney cells (HEK 293) were used for cyto-
toxicity assessment. The cells were obtained from National Cell
Bank of Iran (NCBI). They were cultured at 37 �C and 5% CO2 in
Dulbecco's Modied Eagle Medium (DMEM) supplemented
with 10% heat-inactivated fetal bovine serum. Then, cells were
harvested by trypsinization and seeded in complete medium in
96-well tissue culture plates at a density of 104 cells in 100 mL
media per well and incubated during the day at 37 �C, and 5%
CO2. Aer 24 h of incubation, the toxicity of the AMX inow and
outow solutions with different AMX concentrations were
investigated by replacing the new media with culture media.
Cells treated with medium only attended as a control group,
Fig. 1 Contribution of PS, H2O2 (a), UV (b), heat (c) and US (d) on AMX r
concentration ¼ 1 mM, H2O2 concentration ¼ 1 mM, US ¼ 30 kHz, pH ¼

© 2022 The Author(s). Published by the Royal Society of Chemistry
and cells were incubated for 24 and 48 h. Separately, MTT stock
(3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide)
was prepared by dissolving 5 mg of MTT per ml of PBS. Then, it
was ltered through a 0.22 mm lter before diluting with DMEM
at the concentration of 10% v/v. Succinate dehydrogenase is
able to convert MTT to an insoluble purple formazan in the
mitochondria of live cells. MTT (5 mg mL�1) solution was then
added to each well, and the cells were further incubated for 4 h.

Aerward, the discarded supernatant and 100 ml of DMSO
were added to each well and mixed for dissolution of the crys-
tals. Then, the color intensity was measured by BioTek ELx808
microplate reader at a wavelength of 540 nm. The number of
viable and metabolically active cells at this stage is directly
proportional to the amount of generated purple color.
3. Results and discussion
3.1. Contribution of sole oxidation processes

The inuence of various sole oxidation processes, including PS,
H2O2, UV, heat, and US was investigated for the degradation of
AMX. Fig. 1 illustrates the contribution of different oxidation
processes in AMX oxidation. As shown to Fig. 1, AMX was
slightly removed in direct UV, US, and PS systems, and AMX
removal efficiency in these systems was calculated about 8.4,
11.6, and 11%, respectively, at 60 min of reaction time.
However, H2O2 alone showed the highest AMX removal effi-
ciency among the different oxidation processes achieving
a 32.2% AMX removal efficiency at 60 min of reaction time.

H2O2 alone acts as a strong oxidant (redox potential of 1.76
V) capable of degrading a wide range of inorganic and organic
contaminants, especially in acidic conditions. However, in
emoval. Experimental conditions: AMX concentration ¼ 50 mg L�1, PS
7.

RSC Adv., 2022, 12, 14945–14956 | 14947
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Fig. 2 The effect of pH on PS activation in H2O2/PS ([H2O2] ¼ 1 mM,
time ¼ 30 min), UV/PS (time ¼ 15 min), heat/PS (T ¼ 60 �C, time ¼ 30
min), US/PS (US intensity ¼ 30 kHz, time ¼ 30 min).
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alkaline conditions, H2O2 production efficiency decreases as
a result of decreasing in hydro peroxide ions (HO2

�).26

PS also has high redox potential (2.01 V); however, PS alone
showed negligible contribution in AMX removal that can be
attributed to the lack of PS activating agents, which cause PS to
remain almost intact in the solution. This is consistent with the
reported results in previous investigations.21,27

In this study, the optimum time for degrading 50 mg L�1

AMX applying the US alone with 30 kHz power was obtained
around 60 min above which no signicant effect on AMX
degradation was observed.

The effect of US in AMX degradation can be explained by the
acoustic cavitation phenomena, in which US power increases
the number of cavities generated. Inside the cavitation bubbles,
thermal dissociation of water vapor and oxygen molecules
causes the generation of various highly reactive radicals,
including Hc, HO2c, and HOc, which contribute to AMX degra-
dation.28 However, maximum degradation rates of AMX by US
process can be achieved at optimal US intensity. Because at high
US intensities, fewer radicals would be generated due to a high
number of gas bubbles generation which scatter the sound
waves and prevent the energy from dissipating in the liquid.29

UV alone also contributed insignicantly in AMX degrada-
tion, reaching 9% removal efficiency aer 100 min reaction
time. Similar results were obtained for the degradation of ket-
amine and methamphetamine using UV alone.30 The main
mechanism of compound degradation, when exposed to UV, is
photolysis, in which photons break down a chemical substance.
However, in a study performed by Elmolla et al.,31 AMX absor-
bed light below 300 nm, and no signicant degradation rate was
observed at 365 nm UV irradiation. Therefore, hydrolysis reac-
tion was found the main mechanism for AMX removal through
UV irradiation that occurs via nucleophile H2O attack to the b-
lactam ring of antibiotic followed by ring opening.31

As expected, heat alone was not able for the degradation of
AMX, even at elevated temperatures (80 �C), therefore the effect
of heating alone on the AMX degradation can be neglected.
3.2. The effect of pH and persulfate activation mechanism

Solution pH as one of the important factors in chemical reac-
tions was investigated in all processes for radical generations.
Fig. 2 illustrates the effect of pH on the process performance. In
all the experiments conducted for the effect of pH, the AMX
concentration was 140 mM, and PS was 1 mM. As shown in the
gure, persulfate activation by hydrogen peroxide is not
dependent on solution pH, and almost the same removal effi-
ciencies are observed for AMX degradation. However, AMX
removal is obviously affected in UV/PS, US/PS, and heat/PS
processes.

In the H2O2/PS process, the radical generation mechanism
initially starts with the formation of hydroxyl radical as a result
of hydrogen peroxide decomposition, and in the next step,
persulfate activation by hydroxyl radical leads to the generation
of sulfate radicals.32 Furthermore, the solution temperature was
monitored during the reaction. An increase in the solution
temperature was observed, which could also be a further factor
14948 | RSC Adv., 2022, 12, 14945–14956
for persulfate activation in the H2O2/PS process. Higher
concentrations of hydrogen peroxide in the presence of per-
sulfate leads to the increase of solution temperature. The heat
resulted from the decomposition of hydrogen peroxide. Hilles
et al.32 also reported a temperature increase in the H2O2/PS
process. Therefore, higher solution temperature and the
hydrogen peroxide presence in the solution lead to higher
radical generation, which is observed by a slight increase in the
AMX removal efficiency in the H2O2/PS process.

On the other hand, AMX removal increased signicantly in
the acidic condition, revealing that lower pH values are favor-
able for AMX destruction. As shown Fig. 2, alkaline condition
reduces the sulfate radical production leading to less effective
degradation of AMX. Lower radical concentrations in persulfate
activation have also been reported in the literature. Zhang
et al.33 investigated the degradation of three pharmaceutical
compounds (sulfamethoxazole, trimethoprim and N4-acetyl-
sulfamethoxazole) using UV/PS process. They have also
conrmed that lower radical concentrations are present in
alkaline conditions. Jiang et al.34 investigated ciprooxacin
degradation using a thermally activated persulfate process.
They also found that acidic condition is favorable for cipro-
oxacin degradation. Following mechanisms can be proposed
for persulfate activation under acidic conditions:

I. The activation pathway of persulfate in alkaline condi-
tions, as given in eqn (1) shows that only one sulfate radical is
generated per two persulfate molecules.14,35 While the activation
mechanisms of persulfate using UV radiation, ultrasound, and
heat are quite different from that of base-activated persulfate.
As shown in eqn (2), two sulfate radicals are generated per
persulfate molecules using UV, ultrasound, and heat activation
methods.36,37 Therefore, alkaline conditions inevitably reduce
the sulfate radical concentrations, and lower organic contami-
nant degradation will occur.

2S2O8
2� + 4OH� / SO4c

� + 3SO4
2� + O2c

� + 2H2O (1)
© 2022 The Author(s). Published by the Royal Society of Chemistry
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S2O8
2� + UV or US or heat / 2SO4c

� (2)

II. The species of active radicals differ depending on pH
variation. Generally, at neutral and alkaline solutions, sulfate
radical can produce hydroxyl radical. Liang and Su38 reported
that sulfate radical is the predominant radical at pH values
lower than 7; at pH ¼ 9, both sulfate and hydroxyl radicals are
present in the solution and nally and at pH values above 9,
hydroxyl radical is the dominant radical species in the solution.
Accordingly, the degradation of the organic contaminants will
vary as a function of pH. It is reported that the rate constant of
AMX with sulfate radical is 2.79 � 109 M�1 S�1 which is higher
than that of hydroxyl radical with AMX (2.02 � 109 M�1 S�1).39

III. AMX has different ionization states due to different
functional groups, including carboxyl (pKa ¼ 2.67), amine (pKa

¼ 7.11), and phenol (pKa ¼ 9.55).40,41 Therefore, AMX molecules
can be cationic, anionic, or neutral at various pH values. Fig. 3
illustrates the ionized structure of AMX at various pH based on
pKa values. As shown in the gure, the density of positive
charges over AMX molecules increases at lower pH values by
accepting a proton and forming an ion with a positive charge.
While at alkaline conditions, AMX loses a proton, forming
a negatively charged ion. The positive charge of the AMX
increases the electrostatic attraction towards SO4c

�. On the
other hand, increasing the pH leads to deprotonation of AMX
and the formation of negative charges. Consequently, electro-
static repulsion between AMX and SO4c

� increases causing the
reduction of AMX degradation.

3.3. Optimization of parameters in the investigated
processes

The results of PS/H2O2 process are illustrated in Fig. 2. The AMX
removal efficiency in the PS/H2O2 process is not dependent on
the solution pH, and only a slight increase in the AMX removal
efficiency is observed which could be due to the fact that alka-
line activation of persulfate could also take place in this
process.32 However, due to the negligible increase of removal
Fig. 3 Ionized structure of AMX molecule at various pH and pKa of the

© 2022 The Author(s). Published by the Royal Society of Chemistry
efficiency (about 3%) the neutral pH was selected to investigate
the other parameters. Fig. S1† illustrates the effect of H2O2/PS
ratio on AMX degradation. The results show that the increase of
the H2O2/PS ratio leads to the increase of AMX degradation.
This ratio was adjusted by keeping the PS concentration at
a constant level of 1 mM. As it is shown, the increase of H2O2

concentration shows an increasing trend in removal efficiency.
The highest AMX removal was observed at H2O2/PS ratio of 1.4.
In this process, hydrogen peroxide reacts with persulfate to
form sulfate and hydroxyl radicals (eqn (3)).42 In addition, the
residual persulfate could also be activated by the present radical
species as given in eqn (4).43

S2O8
2� + H2O2 / 2SO4c

� + 2HOc (3)

HO
� þ S2O8

2�/HSO4
� þ SO4

�� þ 1

2
O2 (4)

Persulfate activation by hydrogen peroxide has been re-
ported in the literature. Hilles et al.32 investigated the perfor-
mance of the H2O2/PS process for the treatment of landll
leachate. They had tested different dosages of hydrogen
peroxide and persulfate to nd the best performance of the
process at H2O2/PS ratio of 1.47 : 1. In another study, H2O2/PS
process was selected for the mineralization of carbamazepine.
They have reported that about 20% of the carbamazepine was
mineralized aer a reaction time of 40 min in H2O2/PS ratio of
1.9.44 Therefore, the optimum H2O2/PS ratio of 1.4 in the
present study is similar to that of values reported in the
literature.

Fig. S2† illustrates the effect of persulfate concentration in
the UV/PS process. As it is shown in the gure, AMX degradation
is increasing by increasing the persulfate concentration. The
higher AMX removal is observed at a persulfate concentration of
0.6 mM, and further increase of the persulfate concentration
does not inuence the process performance. This is due to the
self-scavenging of the generated radicals with themselves and
compound.

RSC Adv., 2022, 12, 14945–14956 | 14949
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with the excess persulfate molecules present in the solution.14

Therefore, 0.6 mM of persulfate was selected as the optimum
concentration in the UV-activated persulfate process.

Investigation of the AMX degradation in the presence of
higher liquid temperatures and PS concentrations (heat/PS)
show that higher temperatures can activate the PS in the solu-
tion. As it is shown in Fig. S3,† the higher AMX degradation is
reached at PS concentrations of 1.2 mM. In addition, there are
higher removal efficiencies at higher temperatures, and the best
process performance is observed at 70 �C. These ndings are in
accordance with the ndings of similar studies using heat for PS
activation. Liu et al.45 investigated the present process for
degradation of sulfachloropyridazine. They have reported that
higher temperatures activate the PS molecules, and two sulfate
radicals are generated, which can initiate other chemical reac-
tions for various radical generations and contaminant
oxidation.

In the last investigated process, PS activation was monitored
by ultrasound. Fig. S4† illustrates the effect of various persulfate
concentrations in the US/PS process. The results clearly show
a synergistic effect in the combination of US and PS compared
to the application of PS and US alone. Ultrasound is able to
activate persulfate molecules by the breakage of O–O bond,
which is due to the cavitation, high temperatures, and pres-
sures.46 Our study results also show that the highest removal of
AMX is observed at a PS concentration of 0.8 g L�1.
Fig. 4 (a) PFO kinetic model reaction rate constant, and (b) required
time to degrade %100 of AMX for H2O2/PS, UV/PS, heat/PS, US/PS
processes.
3.4. The effect of reaction time and degradation kinetics

In order to directly compare the AMX removal efficiencies in the
H2O2/PS, UV/PS, heat/PS, and US/PS processes, the kinetics of
the AMX degradation were determined by the pseudo-rst-order
(PFO) kinetic model. The PFO kinetic model can be written as:

ln

�
Ct

C0

�
¼ �kobst (5)

where C0 and Ct are the AMX concentrations (mg L�1) at the
beginning and at time t (min) aer the reaction started,
respectively, and kobs is PFO kinetic model reaction rate
constant (min�1), which is obtained from tting the eqn (5) to
the experimental data.

The reaction rate constants of AMX degradation in the four
investigated processes with different initial concentrations were
summarized in Fig. 4a. The R2 values for all the models were
higher than 0.95, indicating that the PFO model well described
the experimental data. The low kobs of direct H2O2, PS, UV, US,
and heat indicated their insignicant capability to degrade
AMX. However, the addition of PS increased the kobs of H2O2,
UV, US, and heat processes signicantly from 6.742 � 10�3 to
0.039, 1.574 � 10�3 to 0.114, 1.504� 10�3 to 0.030, and 0.000 to
0.023 min�1, respectively. By comparing the reaction rate
constants of the four processes, it was observed that the AMX
oxidation reaction by UV/PS process was faster than the other
three processes (e.g., at AMX initial concentration of 25 mg L�1:
2.9, 3.6, and 4.9 times higher than H2O2/PS, US/PS, and heat/PS,
respectively). The effect of the initial AMX concentration was
also evaluated and compared (Fig. 4a), which showed that the
14950 | RSC Adv., 2022, 12, 14945–14956
rate of AMX degradation is directly proportional to its initial
concentration. Accordingly, increasing the initial concentration
of AMX prolonged the required time to degrade the whole
amount of the AMX (Fig. 4b) with the shortest reaction time for
UV/PS process (e.g., at AMX initial concentration of 100 mg L�1:
1.7, 2.2, and 2.7 times higher than H2O2/PS, US/PS, and heat/PS,
respectively). In addition to the initial concentration of the
contaminant, the radical precursor concentration could also
inuence the kobs values. As it was illustrated in Fig. S2,† the
increase of the persulfate concentration increases the AMX
removal efficiency, and therefore higher reaction rate constants
could be reached at higher persulfate concentrations.
3.5. AMX degradation mechanism and by-products

3.5.1. AMX degradation by-products. The degradation
products and intermediates of AMX (50 ppm) during the
degradation by UV/PS process were determined by LC-MS in the
positive mode [M + H]+. The obtained results at the time
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Degradation pathway of AMX in UV/PS process (AMX concentration: 50 ppm).
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intervals of 5, 10, 20, and 40 min are illustrated in Fig. 5 and
Table S1.† Based on the results, two potential degradation
pathways of (i) hydroxylation and (ii) the opening of the b-lac-
tam ring were proposed. Considering the point that many drugs
have aromatic rings in their chemical structures, hydroxylation
reactions are typically very common reactions for degradation.
These reasons has been approved by nding hydroxyl deriva-
tives in nature due to drug degradation.47 Based on LC-MS
result, hydroxyl groups are added to the AMX molecule at
positions more susceptible to an electrophilic attack, such as
nitrogen atoms with the lone pair of electrons and the benzoic
ring, on the basis of the Frontier Orbital Theory by reaction with
sulfate radicals (Li et al., 2019b). The hydroxylation leads to the
formation of intermediates A1 (m/z 364) and A3 (m/z 384.2).
Simultaneity creation of hydroxyl radicals with sulfate lead to
oxidation attacks at the regions susceptible to both electrophilic
and nucleophilic species, so that aer 5 min degradation and
release of NH4+ and H2O, in this situation the intermediates A4
(m/z 349.3) and A6 (m/z 307) were detected.48 The detection of
A10 (m/z 189.3), A9 (m/z 259.1), A8 (m/z 263), and A7 (m/z 285)
© 2022 The Author(s). Published by the Royal Society of Chemistry
aer 20 min degradation is also conrming the point that
sulfate and also hydroxyl radicals which are capable of attacking
ve-membered rings lead to the decarboxylation reactions.49

The second scenario for degradation route could be through
the destruction of the four-membered b-lactam ring, leading to
the formation of intermediate by detect respective hydrolysis by-
products corresponds to the penicilloic acid A2 (m/z 388.2), A3
(m/z 384.2), and A4 (m/z 349.3). The attack of sulfate radical to
the secondary amine and carbonyl group yields further rear-
rangement of the molecule. Sulfur atom on the thioether group
is susceptible to both hydroxyl and sulfate radical which nally
leads to the formation A11–A13.5 Presence of radical species in
the solution especially sulfate radical continuous the degrada-
tion reactions leading to the open-chain structures and oxidized
to inorganic ions, CO2, and water. Therefore, complete
destruction of AMX molecules to inorganic compounds could
be reached at degradation times of above 40 min.

3.5.2. Dominant radical species and the degradation
mechanism in the UV/PS process. It has been reported that
persulfate activation leads to the generation of sulfate radical as
RSC Adv., 2022, 12, 14945–14956 | 14951
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the main radical in the solution. In addition, hydroxyl radical is
also generated as the secondary radical in the reaction. In order
to nd the dominant radical species in the investigated process,
scavenging tests were conducted in the presence of benzene and
TBA. Benzene is considered as a scavenger for both hydroxyl
(kHOc ¼ 7.8 � 109 L mol�1 s�1)50 and sulfate radicals (kSO4c ¼ 2.4
� 109 L mol�1 s�1).51 Therefore, it can effectively quench both
hydroxyl and sulfate radicals in the solution. On the other hand,
TBA is a well-known hydroxyl radical scavenger, and the second
order rate constant of TBA with hydroxyl radical (kHOc ¼ 3.8 �
108 to 7.6 � 108 L mol�1 s�1) is higher than that of sulfate
radical (kSO4c ¼ 4 � 105 to 9.1 � 105 L mol�1 s�1).14,35 As it is
shown in Fig. 6a, only a slight reduction of 17% in AMX removal
rate was observed in the presence of 50 mM of TBA, while about
73% reduction was observed in the presence of benzene. The
higher reduction rate in removal efficiency clearly indicates that
sulfate radicals as the main radical species are quenched in the
reaction. Similar studies have also been conducted and proved
that sulfate radical is the main radical species in the UV/PS
process. Ding et al.52 investigated the performance of UV/PS
Fig. 6 (a) AMX degradation in the presence of 50 mM radical quencher
benzene concentrations, and (c) Stern–Volmer type plot.

14952 | RSC Adv., 2022, 12, 14945–14956
process for the degradation of Rhodamine B dye. They used
methanol and TBA as sulfate and hydroxyl radical quenchers,
respectively. The scavenging experiments have also proved that
a negligible amount of hydroxyl radical is generated in the UV/
PS process.

The rate constants of pollutant removal with and without
SO4c

� scavengers could be used for the calculation of relative
contribution of SO4c

� and HOc in the sulfate-based AOPs (eqn
(6) and (7)).53

HO
�
contribution ð%Þ ¼ kobs with HO

�
scavenger

kobs without scavenger
� 100 (6)

SO4c
� contribution (%) ¼ 100 � HOc contribution (%) (7)

Considering the negligible removal of AMX by UV radiation
and also lower reaction rate of the selected scavengers with the
secondary radical species (10�3 L mol�1 s�1)54 and the reaction
rate constants obtained in Fig. 4, it is found that almost 91.8%
of the AMX oxidation is due to the generation of SO4c

� and 8.2%
s, (b) AMX (50 mg L�1) degradation kinetics in the presence of various

© 2022 The Author(s). Published by the Royal Society of Chemistry
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is due to the HOc. Therefore, it can be deduced that both sulfate
and hydroxyl radicals are the main oxidizing agents in the UV/
PS system.
Fig. 7 The effect of water matrix on AMX degradation ([humic acid] ¼
10 mg L�1, [anions] ¼ 100 mg L�1).
3.6. Calculation of the second-order rate constant of sulfate
radical with AMX

Completion kinetic using benzene was applied to measure the
rate constant of sulfate radical with AMX. The reaction rate
constant of benzene with sulfate radical is reported to be 2.4 �
109 L mol�1 s�1.51 The presence of various concentrations of
benzene in the UV/PS process showed a signicant reduction in
AMX removal efficiency. Considering the point that there is
a competition between AMX and benzene in the solution to
react with sulfate radical and the known reaction rate of
benzene with sulfate radical, the reaction rate of AMX with
sulfate radical can be calculated. In the UV/PS process with
benzene as the scavenger, the following reactions are assumed
to take place:

AMX + SO4c
� / products r1 ¼ k1[AMX][SO4c

�] (8)

Benzene + SO4c
� / products r2 ¼ k2[benzene][SO4c

�] (9)

Accordingly, the overall reaction rate of sulfate radical (r) is
as follow:

r ¼ [SO4c
�] � (k1[AMX] + k2[benzene]) (10)

The AMX reaction rate in the absence of scavenger (r01) can
also be calculated based on the following equation:

AMX + SO4c
� / products r01 ¼ k1[AMX][SO4c

�] (11)

It is assumed that the sulfate radical concentration in both
reactions (eqn (8) and (9)) is the same in and the sulfate radical
is the main oxidizing agent. Accordingly, the following equation
could be developed:

r1 ¼ r
k1½AMX�

k1½AMX� þ k2½benzene� (12)

Fig. 6b illustrates the ln(AMX/AMX0) vs. time at various
benzene concentrations. The slope of the plots illustrates the
reaction constant rate of the AMX as a function of benzene
concentrations. Fig. 6c shows the (r01 � r1)/r1 as a function of
benzene concentration, which is a simple Stern–Volmer type
plot. Therefore, the slope of the plot (20.013 � 103 M�1) equals
to k2/k1[AMX]. Consequently, the second-order rate constant of
AMX with sulfate radical is calculated to be 8.56 � 109 L mol�1

s�1.3 Investigated the PS/Fe2+ process for AMX degradation and
used the same method for calculation of the reaction rate
constant of AMX with sulfate radical. They also found the
reaction rate constant of the same order of magnitude.�

r01 � r1
�

r1
¼ k2½benzene�

k1½AMX� (13)
© 2022 The Author(s). Published by the Royal Society of Chemistry
3.7. The effect of anions

Water matrix and the presence of various organic and anions in
the AOPs may deteriorate process performance. Accordingly,
AMX degradation was investigated in the presence of humic
acid (simulation of NOM) and inorganic anions. Environmen-
tally relevant concentrations of the water matrix were spiked
into the solution. Fig. 7 illustrates the results of the water matrix
effect on AMX degradation. As shown in the gure, humic acid
had the highest adverse effect on process performance, and
almost 26% reduction was observed in the presence of
10 mg L�1 of humic acid. This reduction could be attributed to
the scavenging capability of humic acid in AOPs. Although the
reaction rate constant of NOM with sulfate radical (kSO4c�,NOM ¼
6 � 106 M�1 s�1) is lower than that AMX with sulfate radical, it
can partially quench the sulfate radical.55 On the other hand,
considering the point that almost 8% of AMX degradation in
UV/PS was attributed to the hydroxyl radical (Section 3.6) and
the reaction rate of NOM with hydroxyl radical (kHOc,NOM ¼ 2.23
� 108 M�1 s�1),56 the AMX removal efficiency is consequently
expected to drop in the presence of humic acid. The results also
show that almost 16% reduction occurred in the presence of
nitrate. The inhibition effect of nitrate in the UV-based AOPs
could be due to the absorbance of the UV light by nitrate. Nitrate
suppresses both direct photolysis of AMX and mainly persulfate
activation leading to reduction of sulfate radical formation and
process efficiency.57 Carbonate also shows a relatively higher
reduction in removal efficiency. Carbonate is able to quench
radical species leading the reduction of the target reaction rate.
The interaction of carbonate withSO4c

�58 and HOc59 resulted in
the formation of carbonate radical as given in the following
equations:

CO3
2� + SO4c

� / CO3c
2� + SO4c

� (14)

CO3
2� + HOc / CO3c

2� + H2O (15)
RSC Adv., 2022, 12, 14945–14956 | 14953
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Table 1 Economic comparison of UV, UV/PS, H2O2/PS, US/PS, and heat/PS processesa

Electrical energy
cost ($m�3 per order)

Chemical cost
($m�3 per order)

Total cost ($m�3 per
order)

UV/PS 1.8 0.11 1.9
UV 96.6 0.00 96.6
H2O2/PS 323.4 0.13 323.5
Heat/PS 405.5 0.11 405.6
US/PS 205.5 0.11 205.6

a AMX initial concentration: 50 mg L�1. Costs: PS ($0.18 mol�1); H2O2 ($0.051 mol�1); electricity: (0.11 $ kW�1 h�1).63 Power: UV lamp (9 W); heater
(500 W); stirrer (500 W); ultrasound (300 W).
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Although organic compounds may be degraded by carbonate
radical (E0¼ 1.78 V at pH 7),60 it is not as strong oxidant as SO4c

�

and HOc. Therefore, reduction in the AMX removal efficiency is
observed in the presence of carbonate.

The AMX degradation in the presence of chloride is negli-
gible, and almost the same removal efficiency with distilled
water has been reached. Presence of chloride ions along with
sulfate radical leads to the generation of other chloride-based
radicals such as CLOHc�, Clc, and Cl2c. Although the chloride-
based radicals are less reactive than sulfate and hydroxyl radi-
cals, it has been reported that Cl2c is able to attack the sulfur
atom in the beta-lactam ring of the antibiotics.61 Therefore, the
scavenging effect of chloride in the UV/PS process for AMX
degradation is negligible.
3.8. Cost analysis

An economic indicator was calculated based on the electrical
energy and the oxidant costs to evaluate the cost-effectiveness of
UV/PS compared to UV, H2O2/PS, US/PS, and heat/PS methods.
Electric energy per order (EEO), as the economic indicator, was
calculated using the following equation:62

EEO

�
kW h m�3 per order

� ¼ Pt1000

V log

�
Ci

Cf

� ¼ 38:4P

Vk1

(16)
Fig. 8 Cytotoxicity assessment by MTT assay in HEK 293T cells following
for 24 h (a) and 48 (b).

14954 | RSC Adv., 2022, 12, 14945–14956
where P is the power output (kW) of the UV lamp, stirrer, or
heater; t is the irradiation, stirring, or heating time (h); V is the
reactor volume (L); k1 is the rst-order rate constant (min�1); Ci

and Cf are initial and nal concentrations of antibiotics,
respectively. The total cost per order (EtotalEO ) was calculated using
the following equation:

Etotal
EO ($m�3 per order) ¼ EEO � electricity cost ($ kW�1 h�1)

+ chemical cost (17)

Generally, the major portion of the total cost of all processes
is related to electrical energy cost (Table 1). Despite the lower
removal efficiency of the UV process (without PS), its EtotalEO value
is lower than H2O2/PS, US/PS, and heat/PS processes due to
lower energy consumption of UV lamp compared to heater or
stirrer. However, the cost of the UV process signicantly
decreased from 96.6 to 1.9 $m�3 per order by adding PS to the
solution, leading to a higher rate constant of UV/PS process
(0.084 min�1) compared to the UV process (0.002 min�1).
Overall, the addition of PS to the UV photolysis process can both
decrease the treatment cost and shorten the required time for
degrading AMX.
3.9. Toxicity assessment

The cytotoxic effects of AMX on the viability of the HEK 293 cell
lines are presented as percent cell viability in Fig. 8. The
the exposure of various concentrations of AMX inflow and AMX outflow

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Cytotoxicity results obtained from MTT assay showed that AMX
inhibited the viability of HEK 293T cells in comparison to the
control cell. As shown in the gure, a statistically signicant
decrease in percent cell viability (% control) was initiated
following treatment of cells by AMX in 24 h and 48 h. The
percentage of cell viability treated with AMX inow was signif-
icantly lower than AMX outow treated cells, and AMX inow is
more toxic in all concentrations. Therefore, it is concluded that
the UV/PS process can signicantly reduce the AMX-induced
cell cytotoxicity due to the conversion of AMX to less toxic by-
products. The results obtained in the identication of degra-
dation by-products are conrming this fact that aer treatment
of the AMX-laden wastewater with generated radical species, the
remaining products are not toxic. That's why, the HEK 293 cell
which very sensitive cells for toxic compounds survive aer
exposure with the process effluent. Trovó et al.64 investigated the
photo-Fenton process for degradation of AMX, they also con-
ducted the toxicity assessment by commercial bioassays,
BioxLumi-10, based on inhibition of the luminescence emitted
by the marine bacteria Vibrio scheri, and Daphnia magna
immobilization. It is reported that the no signicant change in
the toxicity of 50 mg L�1 of AMX was observed by Vibrio scheri.
The inhibition of mobility of the neonates aer 240 min of
reaction time has been reported to be 45%. Comparing the
results with our study also indicates that UV/PS process was
more reliable than the photo-fenton process for AMX detoxi-
cation. In the similar condition with AMX concentration of
50 mg L�1 cell viability of about 90% and 802% percent were
reached aer 24 h and 48 h, respectively.

4. Conclusion

The present study thoroughly investigates the persulfate acti-
vation by different methods for degradation of antibiotics and
comprehensive investigations are conducted to better under-
stand and develop the methods. The effects of various opera-
tional parameters along with kinetic studies were conducted to
better understand the degradation mechanisms for AMX
degradation. In addition, the effectiveness of the process for
AMX detoxication was also carried out by investigation of
viability of the HEK 293 cells. It was found that persulfate
activation by UV radiation is much more efficient than US, heat,
and H2O2, and the solution pH played an important role for
each process. The results show that acidic condition is favorable
for AMX degradation in the UV/PS, heat/PS, and US/PS, while
H2O2/PS process is not dependent on the solution pH. LC/MS
analysis revealed that two potential degradation pathways of
hydroxylation and the opening of the b-lactam ring could better
explain the degradation pathway of AMX. The radical quench-
ing tests with various scavengers were introduced into the
reaction and it was fund that sulfate radical was the main
oxidizing agent in the UV/PS process, while other radical species
such as hydroxyl radicals are also generated. Experiments were
also conducted to reach data for calculation of competition
kinetics, and calculation showed that the second-order rate
constant of AMX with sulfate radical is 8.56 � 109 L mol�1 s�1

which is close to the values reported in literature. The results of
© 2022 The Author(s). Published by the Royal Society of Chemistry
present study were also used for the cost analysis, it shows that
that a total cost of 1.9 $m�3 per order is required in the UV/PS
process which makes the proposed process an economic one.
To better prove the reliability of the process for detoxication of
the AMX, cytotoxicity of the process effluent was investigated
and the results show that toxicity of the AMX solution was
signicantly reduced aer degradation of AMX in the UV/PS
process. Finally, it can be deduced that UV/PS process is an
effective process for AMX degradation and detoxication.
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