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H I G H L I G H T S

• UV254/PS system fully degraded
Theophylline (TP) in an aqueous
medium.

• Neutral pH was optimum for TP de-
gradation.

• Chlorides and bicarbonates had low
impact on TP degradation.

• UV254/PS system totally degraded TP
in a concentrated pharmaceutical ef-
fluent.

• Pharmaceutical excipients showed
slight effect on TP degradation pro-
cess.
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A B S T R A C T

Oxidative degradation of emerging waterborne contaminants, particularly pharmaceuticals, is currently an ex-
tensively studied field of research. In this study, a UV-254 nm activated persulfate (PS) system (UV254/PS) was
used to eliminate Theophylline (TP) from simulated and real industrial effluents. Results showed that TP is
strongly resistant to degradation through direct photolysis under UV-254 nm irradiation. UV254/PS system
showed efficient degradation, in which [PS]0= 0.25mM achieved total degradation of [TP]0=10mg L−1 in a
period of 20min and followed a pseudo-first order reaction kinetics (kobs= 0.173 (±0.004) min−1). Effect of
several matrix parameters were tested to study the robustness of TP degradation in real-life cases such as pH,
chlorides, bicarbonates, and dissolved oxygen, in which neutral pH gave the highest degradation rate
(kobs= 0.40 (±0.03) min−1), chlorides and bicarbonates showed minimal impact, and anoxic conditions in-
hibited TP degradation with a significant decrease in kobs e.g. 0.817 (±0.41)× 10−1min−1. Additionally, TP
was spiked into natural spring, sea and wastewater, where the three tested matrices showed a decrease in the
degradation rate, with the latter being the most significant (kobs= 6.9 (±0.9)× 10−3min−1). Radical
scavenging experiments showed that sulfate radicals were the main contributors in TP degradation.
Furthermore, wastewater effluent obtained from a local pharmaceutical manufacturing facility and containing
[TP]0=160mg L−1 was also tested and showed successful full degradation over 3 h in 25mM PS-spiked
medium with an average reaction stoichiometric efficiency of about 3.7% and at an estimated cost of 17.2 $m−3.
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1. Introduction

Environmental contamination by pharmaceuticals and personal care
products (PPCPs) has raised a major concern among the scientific
community over the last two decades [1,2]. This is mainly due to the
advancements in analytical chemistry techniques which allowed sci-
entists to discover the presence of PPCPs at previously undetectable
concentrations in surface and ground water around the world [3]. One
of the drugs largely consumed and disposed into the environment is
Theophylline (TP), a xanthine used in the treatment of lung diseases
such as asthma, shortness of breath and wheezing [4]. TP is similar in
structure to caffeine and theobromine and found in a normal diet as in
tea and cacao beans in trace amounts [5,6]. Routes of TP entry into the
environment include the discharge of untreated wastewater effluents
from pharmaceutical production plants and domestic wastewater;
where the latter contains TP from urine excretion due to consumption
of pharmaceuticals and natural compounds, as well as direct disposal of
TP-containing drugs [7,8]. TP was detected in spring water in Lebanon,
possibly due to the release of untreated municipal wastewater and in-
dustrial effluents [9]. The presence of TP in nature increases concern of
bioaccumulation which could result in undesirable health effects to
humans and various animals, where it has been found that TP is
moderately toxic to mammals (LD50>200mg kg−1) [10,11]. It is es-
timated that over 80% of the global wastewater is released to the en-
vironment without any prior treatment [12]. This factor, in addition to
the resistance of PPCPs to conventional wastewater treatment methods
[13] raises a great concern regarding the safety of natural aquatic
systems.

Advanced Oxidation Processes (AOPs) have shown efficiency in the
treatment of organic compounds. During the past decade, several re-
search groups studied the degradation of TP using different methods.
For instance, TP degradation was studied using Pd@MIL-100(Fe), a
metal organic framework, for visible light (λ≥420 nm) driven pho-
todegradation [14]. Another study used UV and UV/H2O2 systems to
study the degradation of TP in a mixture of 30 PPCPs [15,16]. Ad-
ditionally, a UV/TiO2 system [17], as well as a ferrate system [18] were
tested for TP degradation.

Persulfate (PS) technology is one of the recent technologies of AOPs.
PS can be activated thermally, chemically, by UV, or through a com-
bination of activation techniques to generate highly reactive sulfate
radicals (SO4 ) species [19–22].

Of the activation methods, UV-activated PS has shown efficient
degradation of several pharmaceuticals [21,23–25], but, to our
knowledge, was not tested for TP degradation. Accordingly, a set of
experiments were designed and applied to study the degradation of TP
in simulated effluents and in a real highly charged industrial waste from
a local pharmaceutical factory. Several parameters were assessed so as
to optimize the degradation process yielding full TP degradation with
an acceptable reaction stoichiometric efficiency (RSE) at an affordable
cost.

2. Materials and methods

2.1. Chemicals

Theophylline (C7H8N4O2≥ 99%), sodium persulfate (PS) (Na2S2O8,
≥99.0%), and phosphate buffer (monobasic and dibasic), all used in
conducting the degradation experiments, were purchased from Sigma-
Aldrich (China, France, and Germany, respectively). Potassium iodide
(KI) (puriss, 99.0–100.5%, Switzerland), was used for the quantification
of PS in solution. Methanol (CH4O) of HPLC grade (Germany) was used
for the chromatographic elution process as mobile phase in combina-
tion with deionized water. Methanol and tertiary butyl alcohol
(C4H10O) obtained from Sigma-Aldrich (Germany), were used in the
quenching experiments. To assess the ionic additives effect, sodium
chloride (NaCl) and sodium bicarbonate (NaHCO3) were purchased

from Fluka (Netherlands). Hydrogen Peroxide, used as an oxidant for a
comparative study against PS, was obtained from Sigma Aldrich
(Germany). Deionized water (DI) was used in the preparation of all
solutions used in this work.

2.2. Chemical analyses

2.2.1. TP quantification
To quantify TP, high performance liquid chromatography (HPLC,

Agilent 1100 series) equipped with a quaternary pump, a vacuum de-
gasser, an autosampler unit with cooling maintained at 4 °C, and a
thermally controlled column compartment set at 30 °C was used. For TP
separation from its byproducts and other organic additives, a
Discovery® HS C-18 reverse phase column (5 µm; 4.6mm internal dia-
meter× 250mm in length) connected to a security guard column HS C-
18 (5 µm; 4.0 mm internal diameter 20mm long) (Pennsylvania, USA)
was used. The HPLC was equipped with two detectors placed in series, a
diode-array detector (DAD) for the quantification of TP, and an ion-trap
mass spectrometry detector (MSD) for the identification of TP’s trans-
formation products. The mobile phase consisted of water and methanol
(70:30 ratio) kept under isocratic flowrate of 0.5 mLmin−1. The in-
jection volume was set at 80 µL. All samples were pre-filtered through a
0.45 µm PTFE 13mm disc filters (Jaytee Biosciences Ltd., UK).
Theophylline retention time (Rt) was observed at 12min using the
abovementioned conditions. TP calibration curve and LINEST output
giving all statistical parameters required to determine the uncertainty
on all quantified TP in UV254/PS treated samples are summarized in
Fig. 1S.

2.2.2. PS quantification
To quantify PS, an in-house validated analytical method developed

by Baalbaki et al. [26] was used. The method relied on modifying the
configuration of an HPLC unit allowing the formation of I3− complex
which is detected by the DAD at a wavelength of 352 nm.

2.3. Experimental setup: UV reactors

A bench-scale setup was assembled using 6 low-pressure mercury
lamps (LPHgLs) fitted in quartz inserts that are submerged in home-
made borosilicate cylinders. These lamps are commercially available
and used in principle for water disinfection. The reactors are placed in a
water bath connected to a chiller to keep constant the reaction tem-
perature. The reactor is the same as the one used by Amasha et al.
[20,21] of our research group. A scheme of the reactor (Fig. 2S) along
with its components’ origins are further elaborated in text S2 of the
supplementary material.

2.4. Experimental procedure

Stock solutions of TP and PS were prepared on a daily basis and
mixed with the required volumes of DI and/or matrix solutions in the
400mL borosilicate reactors. After which the quartz protected LPHgLs
were immersed in the reactors. 2 mL samples were then withdrawn at
specific time intervals using appropriate syringes and injected through
0.45 µm PTFE 13mm disc filters into the HPLC vials for analysis.
Preparation of the stock solutions, the order of addition of reactants and
further details of the experimental procedure are presented in text S3 of
the supplementary material.

3. Results and discussion

3.1. UV254 exposure effect: PS-free solution vs PS-spiked solution

To test for the possibility of direct and indirect photolysis of TP by
LPHgLs, [TP] was monitored under the effect of UV-light, with and
without PS addition. Fig. 1 shows that UV-254 nm only had no
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significant degradation effect on TP, where TP
TP
[ ]

[ ]0
after 60min of ex-

posure was higher than 88% for all [TP]0 tested. It can also be noticed
that as [TP]0 increases, the % degradation under UV-254 nm alone
decreases reaching, at 60min of reaction time, 12, 8 and 2% for
[TP]0= 10, 20 and 50mg L−1, respectively. This decrease in the %
degradation at higher [TP]0 can be attributed to the inner filter effect,
where TP absorption spectrum (Fig. 1Sc) shows that absorption easily
occurs at the wavelength emitted by the used LPHgLs mainly 254 nm.
Inner filter effect is more prominent at higher [TP]0 where more ab-
sorbing molecules are present causing the solution to be less trans-
missible to UV-254 nm radiation and photon penetration. Inner filter
effect was also noticed by Ao et al. (2017) during sulfamethoxazole
photolysis [27]. Moreover, Fig. 1 shows that, in the presence of per-
sulfate (0.25mM) under UV-254 nm irradiation, [TP]
([TP]0= 10mg L−1) reached a level below the detection limit after
only 20min of reaction. Thus, even though TP absorbs at UV-254 nm,
its direct photolysis is not significant, which necessitates the use of

oxidizing agents for effective degradation. The study of Pereira et al.
(2007) showed that other pharmaceuticals such as naproxen and car-
bamazepine were resistant, or showed slight degradation, upon direct
photolysis using only LPHgLs in oxidants-free solutions [28].

3.2. Kinetic study

The rate of degradation of TP was studied at four different [PS]0
(Fig. 2). Pseudo-first-order kinetics model showed good fittings for TP
degradation, where R2 obtained for the plot of ln TP

TP
[ ]

[ ]0
versus time

(min) showed good linearity (Table S1). Thus Eq. (1) can be followed,
with kobs being the pseudo-first-order rate constant, and t representing
time (min). The obtained data showed also that kobs increased linearly
with increasing [PS]0 (Fig. 2b), thus kobs is found to be proportional to
[PS]0 in the studied range. In fact, pseudo-first order is frequently
considered for degradation reactions of organic compounds in PS-acti-
vated systems [25,29–31].

=TP
TP

k tln [ ]
[ ] obs

0 (1)

3.3. Choice of [PS]0 for control experiment

The initial [TP] tested was 10mg L−1, which is in the expected
range for wastewater effluent of a pharmaceutical production facility
after dilution within the factory discharge. However, samples taken
from a local plant revealed higher values of [TP] reaching 160mg L−1

(Section 3.9); moreover, sustainable technical practices yielding less
water consumption for cleaning reactors are rarely adopted and thus a
more diluted effluent is expected. Accordingly, [PS]0 was varied ex-
perimentally to reach full TP degradation in a period of 20min at 0.01,
0.1, 0.25 and 0.5mM. As it can be noticed from Fig. 2, results showed
that as [PS]0 increased the degradation rates increased, and thus the
time needed for total TP degradation decreased. One can assume that
higher density of SO4 is achieved with higher [PS]0 and that without
significant radical-radical quenching reactions. For example, at
[PS]0= 0.25 and 0.5 mM, total TP degradation was reached within a
range of 20 and 8min, respectively (Fig. 2a). Accordingly,
[PS]0= 0.25mM was chosen as an ideal oxidant concentration in order
to conduct matrix effect experiments over an acceptable reaction time.
In fact, this specific concentration showed rapid degradation of TP and
is technically feasible in terms of sample withdrawal and tracking of
[TP] as well as [PS] in solution for kinetics study.

Fig. 1. Effect of UV fluence on TP degradation in PS-free and PS-spiked solu-
tions. Control experiments (upper curves): [TP]0= 50, 20 and 10mg L−1 in PS-
free solutions under UV 254 nm irradiation. The lowest curve represents the
time course degradation of TP in PS spiked system under UV 254 nm irradiation
([TP]0= 10mg L−1 and [PS]0= 0.25mM). Error bars are calculated as ts

n
,

where absent bars fall within the symbols.

Fig. 2. Degradation of [TP]0=10mg L−1 at [PS]0= 0.01–0.5mM. (a) Time course showing TP t
TP

[ ]
[ ]0

variation in UV254/PS system. Error bars are calculated as ts
n
,

where absent bars fall within the symbols. (b) A fitting of kobs obtained for plots of ln TP t
TP

[ ]
[ ]0

versus time (min) for tested conditions upon first order fitting versus [PS]
showing high correlation (R2= 0.9957).
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3.4. Additives and matrix effects

3.4.1. pH effect
Several studies tested the pH effect on the degradation of various

organic compounds and diverse results were obtained. It was found that
frequently acidic pH conditions improved the degradation rate of the
tested pollutants however, improved degradation was also observed at
neutral and slightly basic pHs [32].

TP degradation was studied in non-buffered and in 10mM buffered
solutions of different pHs imitating extreme cases of acidic, basic as
well as neutral conditions (Fig. 3a). For the case of non-buffered (DI)
solution, an acidic pH is obtained upon PS addition (pHi= 5.4). The
acidification of the medium by PS is very well known and can be ex-
plained by Eqs. (2) and (3) [33].

+ +S O H O HSO O2 1
22 8

2
2 4 2 (2)

+ =+HSO SO H pKa( 1.92)4 4
2 (3)

The results obtained, for buffered solutions, showed that pH
changes had significant impact on TP degradation. For example, neutral
(pH=7) conditions gave the highest degradation rate constant
(kobs= 0.40 (±0.03) min−1) compared to buffer-free solutions
(kobs= 0.173 (±0.004) min−1), whereas acidic (pH=2) and basic
(pH=11) pH conditions inhibited TP degradation to some extent with
kobs= 0.19 (±0.01) min−1 and 0.139 (±0.005) min−1, respectively
(Table 1). kobs were calculated using pseudo-first order model. More-
over, phosphate species of different concentrations (10 and 20mM)
used for buffering TP solutions showed slight effect on the degradation
of TP as reported in Fig. 3S of the supporting information.

The decrease in the rate of the oxidation reaction at pH=11
compared to that at neutral pH could be attributed to the quenching
effect of hydroxide ions (OH−) on SO4 ; in fact, at significant alkaline
pH, OH− reacts with SO4 and generates sulfate anion (SO4

2−) (Eq. (4))
[34]. The obtained HO is of a shorter lifetime and lower selectivity

than that of SO4 which could be contributing to the decrease in the rate
constant of TP degradation in a basic medium compared to that in an
acidic medium [35]. To further investigate base activation of PS, the
same conditions as for the already studied buffers were applied for TP
solution at pH=11, however, in the absence of UV. The results showed
that no TP degradation was obtained. Thus, the base activation of PS
was not prominent (Fig. 4S).

+ + = ± ×SO OH SO HO k M s6.5( 1.0) 104 4
2 7 1 1 (4)

On the other hand at acidic pH, a rapid transformation of PS into
SO4 is favored due to acid catalysis upon formation of HS O2 8 which
improves TP degradation more than that at basic pH (Eqs. (5) and (6))
[36]. This observation corroborates the results obtained by Ghauch
et al. [37] on the degradation of ibuprofen in thermally activated PS
systems under acidic conditions.

+ +S O H HS O2 8
2

2 8 (5)

+ + +HS O SO SO H2 8 4 4
2 (6)

However, the additional formation of SO4 generates a high con-
centration of radicals and cause quenching mechanism between SO4
(Eqs. (7) and (8)) [34,38]. Thus, the presence of TP in an acidic medium
allows the PS-induced radicals in the medium to be partially quenched.

+ + = ×SO S O SO S O k M s6.1 104 2 8
2

4
2

2 8
5 1 1 (7)

+ = ×SO SO S O k M s4 104 4 2 8
2 8 1 1 (8)

Additionally, the variance in TP degradation rate in water media of
different pH values could be associated with its pka (8.81) [39]. At the
tested acidic pH=2, protonated TP (TPH+) is prevalent while at the
basic pH=11, non-protonated TP is the major species. However, at
neutral pH=7 both species are present with

+
10TPH

TP
[ ]

[ ]
1.81, based on

the use of the Henderson equation. The presence of both species could
result in two different degradation mechanisms simultaneously and
thus better degradation kinetics [40]. Therefore, circumneutral pH
showed the best pH range to consider for the studied degradation of TP,
due to the presence of both HO and SO4 , and the protonated and non-
protonated forms of TP [41].

3.4.2. Chloride effect
Pharmaceutical factory effluent might contain chlorides from dif-

ferent sources. Factories along the coast might domestically use
brackish water that could be mixed with the pharmaceutical flushing
water before exiting the factory. Additionally, detergents used to clean
the factory’s reactors as well as some pharmaceutical excipients used
might contain chlorides. To test for the applicability of the studied
oxidation method on water having different salinity levels (ionic
strengths), experiments were conducted under four different matrix
conditions simulating conditions of distilled, fresh, brackish and saline
water having [NaCl] of about 0, 200, 2000 and 20000mg L−1, re-
spectively. These [NaCl] values were chosen based on Gorrell et al. and
on EPA data [42,43]. As it can be noticed from Fig. 3b, the degradation

Fig. 3. Degradation of TP under effect of (a) pH, (b) salinity ([NaCl]= 0–20,000mg L−1), and (c) bicarbonates (0–100mM). Experimental conditions:
[TP]0= 10mg L−1, [PS]0= 0.25mM. Error bars are calculated as ts

n
, where absent bars fall within the symbols.

Table 1
Values of pH and the observed degradation rate constants obtained for different
matrix conditions. Experimental conditions: [TP]0= 10mg L−1 and
[PS]0= 0.25mM.

Additive Concentration (unit) pHi/pHf kobs× 10−1(min−1)

Additive free – – 5.4/3.8 1.73 (±0.04)
Buffer 10 mM 2 1.9 (±0.1)

7 4.0 (±0.3)
11 1.39 (±0.05)

NaCl 20,000 mg L−1 4.0/3.5 1.98 (±0.01)
2000 4.1/3.6 1.79 (±0.01)
200 4.6/3.6 2.0 (±0.1)

HCO3
− 100 mM 8.7/8.4 2.4 (±0.1)

50 8.5/8.2 3.0 (±0.1)
1 7.1/4.3 2.6 (±0.1)

Methanol 100 mM 6.3/3.7 5.4 (±0.3)×10−2

TBA 5.4/4.1 1.5 (±0.1)×10−1
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of TP was only slightly affected by NaCl presence. Table 1 showed that
kobs changed slightly from 0.173 (±0.004) min−1 at
[NaCl]= 0mg L−1 to 0.198 (±0.001) min−1 at
[NaCl]= 20,000mg L−1. Hence, it is expected that PS in the presence
of NaCl be partially consumed upon quenching by Cl to form chlorine
radical (Cl2 ) (Eqs. 9–10). At the same time, one can predict that the
remaining unquenched SO4 radicals along with the formed chlorine
radicals were enough to degrade TP in solution at a similar rate close to
that of TP degradation experiments carried out in NaCl-free solution.

A quick review on the effect of chlorides on the oxidation reaction in
PS-based AOPs systems showed diverse results which varied between,
enhancing, inhibiting, and negligible effect, where the effect of Cl on
the degradation rate depends on its concentration, the probe, and the
PS activation mechanism utilized (Table S2) [21,25,30,44–55]. En-
hancement of the oxidative degradation reaction rate can be explained
by the formation of Cl having a redox potential (E0= 2.432 (±0.018))
close to that of SO4 (E0= 2.437 (±0.019)) [14], in addition to the
formation of HO (Eqs. (9), (11) and (12)) [56–58]. It is well known that
HO acts by H abstraction, thus providing an enhancement in the
oxidation rate for compounds susceptible to such degradation me-
chanism. Inhibition of the degradation process, however, can be ex-
plained mainly by the quenching of SO4 by Cl producing Cl which in
turn reacts to produce Cl2 of lower redox potential (E0= 2.126
(±0.017)) [14] than that of SO4 (Eqs. (9) and (10)) [56,57]. Ad-
ditionally, the quenching of HO by Cl is also expected, where HO is
more prevalent at basic pH [34,59]. For the case of negligible effect, as
in current TP case, Cl formed compensates for the lost effectivity of
SO4 consumed (Eqs. (9)–(13)) [56–58].

+ + = × = ×SO Cl Cl SO k 4.7 10 k 2.5 10 M s4 4
2

f
8

b
8 1 1 (9)

+ = × = ×Cl Cl Cl k 8 10 M s k 4.2 10 s2 f
9 1 1

b
4 1 (10)

+ + = ×
= ×

+Cl H O ClOH H k [H O] 1.6 10 s
k 2.6 10 M s

2 f 2
5 1

b
10 1 1 (11)

+ = × = ×HOCl HO Cl k 6.1 10 s k 4.3 10 M sf
9 1

b
9 1 1

(12)

+ + = × = ×+HOCl H H O Cl k 2.1 10 k 1.3 10 M s2 f
10

b
3 1 1

(13)

3.4.3. Bicarbonate effect
The effect of NaHCO3 on TP degradation was also studied at dif-

ferent concentrations: 1, 50 and 100mM. Addition of NaHCO3 in-
creased pHi from 5.6 to a range between 7.1 and 8.7 depending on
[NaHCO3] in the medium. HCO3 added to the solution results in the
formation of H CO2 3 and CO3

2 (Eqs. (14) and (15)) [30]. As it can be
noticed (Table 1, Fig. 3c), kobs increased by 50% for the case of 1mM
(kobs= 0.26 (±0.01) min−1) compared to the control case (bicarbo-
nate-free solution; kobs= 0.173 (±0.004) min−1). However, this trend
is supported until greater concentration of bicarbonate (up to 50mM)
for which an increase of about 74% in kobs is obtained (0.300
(±0.001) min−1). As for bicarbonate concentration close to 100mM,
one can notice a decrease in kobs of about 20% compared to that of
50mM (e.g. 0.240 (±0.001) min−1 vs 0.300 (±0.001) min−1). As a
result, one can deduce that the improved efficiency of the oxidation
reaction of TP is limited to a certain range of bicarbonate concentration
mainly between 1.0 and 50mM.

A mini-review on the effect of bicarbonate on the degradation of
different probes in PS-based AOPs systems showed that HCO3 may have
an enhancing or an inhibiting effect on the degradation of an organic
probe (Table S3) [21,25,53,54,30,44,46–51]. Enhancement in the de-
gradation rate of an organic contaminant is generally attributed to the
working neutral/basic pH conditions that contribute to the increase in
HO upon reaction of SO4 withHO (Eq. (4)) which in its turn enhances
the degradation rate of the probe [34].

In the case of TP, an increase in the pH of the solution is noticed
with increasing [NaHCO3]. Section 3.4.1 shows that neutral pH, ob-
tained by using phosphate buffer solution, enhances the degradation
reaction (kobs= 0.40 (±0.03) min−1). However, for the case of neutral
pH obtained by adding HCO3 (1 mM), lesser improvement in the de-
gradation reaction rate constant (kobs of 0.26 (±0.01) min−1) is ob-
tained. Thus, even though the neutral pH is favored, there is some in-
hibition caused by bicarbonate species present. This inhibition can be
explained by an increase in the ionic strength of the solution yielding
SO4 quenching mainly by HCO3 as well as CO3

2 (Eqs. (16) and (17)),
in addition to slower kinetics because of more difficult collision be-
tween reactive species in the medium [56]. Also, increasing [HCO ]3 and
[CO ]3

2 may react to quench HO , when present in the medium (Eqs. (18)
and (19)) [60,61]. The carbonate radical CO3 produced from
quenching of SO4 , and possibly HO , is of a lower redox potential
(E0= 1.57 (±0.03)) [14], and thus is less potent to oxidize the organic
probe. For instance, TP, as well as 17β-estradiol showed that an in-
crease in [NaHCO3] changed its effect on their degradation rate from
enhancement to inhibition [44]. This is because the additional increase
in the pH would cause the quenching of SO4 to outweigh the gain
obtained by the formation of HO . It is expected that probes more
susceptible to H abstraction have improved degradation, whereas
probes that are mostly susceptible to electron transfer have inhibited
degradation upon addition of HCO3 . In conclusion, the effect of addi-
tion of HCO3 is dependent on its concentration, the probe studied, and
the pH change in the medium.

+ =+H CO H HCO (pka 6.37)2 3 3 (14)

+ =+HCO H CO (pka 10.3)3 3
2 (15)

+ + = ×SO HCO HCO SO k M s1.6 104 3 3 4
2 6 1 1 (16)

+ + = ×SO CO CO SO k M s6.1 104 3
2

3 4
2 6 1 1 (17)

+ + = ×HCO HCO k M sHO HO 8.5 103 3
6 1 1 (18)

+ + = ×CO CO k M sHO HO 3.9 103
2

3
8 1 1 (19)

3.4.4. Effect of dissolved oxygen
Dissolved oxygen (DO) is a crucial parameter for optimizing de-

gradation processes based on the use of AOPs. In order to address this
parameter, similar experiments, as previously described, were per-
formed however in the absence of DO. DO was removed by bubbling the
TP solution with nitrogen gas over a period of 1 h. This purge time was
enough to consider almost complete DO depletion in the solution as
previously reported by Ghauch et al. [33]. The results showed a net
decrease in kobs by almost half of its value obtained under oxic condi-
tions e.g. ( ± ×0.817 ( 0.41) 10 min1 1 vs ± ×1.73 ( 0.04) 10 min1 1)
(Fig. 4). In fact, powerful ROS such as O2 might be formed and con-
tribute greatly to the oxidation of organic compounds toward miner-
alization [62]. Fig. 5S presents the use of chloroform as a superoxide
quencher [63]. Results showed that slower degradation is obtained in
the presence of chloroform for the first 6min after which degradation
rate increases possibly due to the generation of chlorine-based active
radicals that might contain in addition of chlorine, carbon and hy-
drogen. Accordingly, these generated chlorine-based radicals are dif-
ferent than chlorine radicals produced from chloride ions in water in
terms of chemical reactivity (Section 3.4.2). Thus, O2 is expected to be
formed in the UV254nm/PS system studied.

3.5. Case of spring, sea and wastewater

Since pharmaceutical effluents are in general mixed to different
water matrices upon their discharge in the surroundings, the effectivity
of the degradation process was studied in real water samples. Spring,
sea and wastewater samples were taken from 33°44′17.9″N
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35°34′12.5″E, 33°54′11.1″N 35°28′44.8″E and 33°54′08.2″N
35°29′05.0″E locations, respectively. These samples were spiked with
an appropriate volume of TP and PS stock solutions so as to obtain the
following starting concentrations: [PS]0= 0.25mM and
[TP]0= 10mg L−1. As it can be noticed from the obtained results
(Fig. 5a,b), TP degradation was hindered in the three water matrices
tested, where kobs decreased from ± ×1.73 ( 0.04) 10 min1 1 in DI ma-
trix to ± ×8.5 ( 0.7) 10 min2 1, ± ×7.2 ( 0.8) 10 min2 1, and

± ×6.9 ( 0.9) 10 min3 1 in sea, spring and wastewater matrices, re-
spectively. kobs was the lowest in the case of wastewater, where total
and fecal coliforms, chlorides, sulfates, bicarbonates, chemical oxygen
demand (COD) and turbidity were the highest. This decrease in the
oxidation rate can be explained by the competing reactions occurring in
solution, where PS would react with organic compounds present in the
medium leading to a decrease in its concentration and therefore its
conversion rate into SO4 participating in the TP oxidative degradation
reaction. Another factor that most probably contributed to the decrease
in the degradation rate constant of the oxidative reaction is the drop in
the penetration capacity of the UV-254 nm rays reaching the entire
solution due to increased turbidity. This is in accordance with previous
work done on wastewater by Ghauch group on the degradation of
chloramphenicol and ketoprofen in similar UV/PS systems, where in
both cases, degradation in wastewater had the lowest rate [19,21]. As

for sea and spring water, kobs were very close which can be explained by
the minor effect of chloride ions as demonstrated in the previous sec-
tion. One can also notice from Table 2 that TC and TFC decreased in sea
water upon treatment due most probably to the use of the UV-254 nm
germicidal lamps, in addition to the possible effect of PS oxidation
acting on the various micro-organisms present. However, in the case of
wastewater, TC and TFC were still significantly present even after
treatment (Table 2). Thus, when dealing with complex polluted water
media, AOPs are more significant for implementation as a tertiary
treatment technique, where fewer particles are present in the medium
and limited competing reactions are favored so that oxidation is thus
more effective [64].

3.6. Effectivity of sulfate and hydroxyl radicals

Upon activation of PS in water, SO4 as well as HO are expected to
be formed. To test for relative effectiveness of the SO4 and HO pro-
duced on TP degradation, quenching experiments were performed upon
adding methanol (MeOH) and tert-Butyl-alcohol (TBA) separately.
Experiments were conducted in TP solutions (10mg L−1) with MeOH
and TBA concentrations of about 100mM which is 400 times greater
than the concentration of PS used (e.g. 0.25mM) to ensure proper
quenching of radicals. Eqs. (20)–(23) [19] and the analyses of the re-

action rate ratio k
k

HO
SO4

show that MeOH and TBA are respectively 88

and 1,500 times kinetically more reactive toward HO than SO4 , thus it
can be said that TBA mainly quenches OH while MeOH quenches both
mentioned radicals.

+ = ×SO MeOH products k M s1.1 104 11
7 1 1 (20)

+ = ×HO MeOH products k M s9.7 1012
8 1 1 (21)

+ = ×SO TBA products k M s4.0 104 13
5 1 1 (22)

+ = ×HO TBA products k M s6.0 1014
8 1 1 (23)

Fig. 6 and Table 1 show clearly that the spiked scavengers decreased
the rate constants of TP oxidation reaction. For example, kobs decreased
from ± ×1.73 ( 0.04) 10 min1 1, to ± ×1.5 ( 0.01) 10 min1 1 and

± ×5.4 ( 0.3) 10 min2 1 for the cases of no quencher, TBA and MeOH,
respectively (Table 1). The % degradation at t= 16min was 95% for
the case of no quencher and decreased to 92% and 57% for the cases of
TBA and MeOH, respectively.

Tracking the % contribution of every radical and considering Eqs.
(20)–(23), SO4 is shown to be the main contributor (% contribution
average≥ 84%) to the oxidation process in the medium. In fact, SO4 is
the prominent contributor in the first 6min which resulted in a similar
degradation trend for the case of TBA and MeOH at the beginning of the
reaction. After that, HO contribution increases from null to reach

Fig. 4. Effect of the presence of dissolved oxygen on TP degradation in UV254/
PS system. Anoxic conditions are obtained upon N2(g) bubbling for 20min. Oxic
conditions are obtained without any N2 bubbling with [DO]= 8mg L−1 at
room temperature. Experimental conditions: [TP]0= 10mg L−1 and
[PS]0= 0.25mM. Error bars are calculated as ts

n
, where absent bars fall within

the symbols. The inset shows kobs values for anoxic and oxic conditions.

Fig. 5. (a) Degradation of TP in real water samples: spring, sea and wastewater, and (b) calculated degradation rate constants kobs. Error bars are calculated as ts
n
,

where absent bars fall within the symbols.
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≤28% at t= 16min. The method used to determine the % contribution
of radicals is explained in Text S4, where it utilizes and compares the
values of TP

TP
[ ]

[ ]0
in cases of MeOH and TBA presence.

This can be related to the initial pH of the reaction medium, where
pHi was acidic (pHi= 5.3, 6.3 and 5.4 for quencher-free, MeOH and
TBA experiments, respectively) which inhibits the formation of HO
[34]. HO is known to perform as H abstractor, while SO4 is known to
act selectively by electron transfer (ET) [65]. As a result, one can de-
duce that TP, in the tested case, is mainly degraded by ET. This can be
explained by the presence of the atoms N and O in TP prone to ET
reactions. SO4 was the main reactive species in several other AOPs
studies utilizing either UV254/PS [25,44,48] or heat/PS
[47,50,51,53–55] systems especially in slightly acidic media.

3.7. Comparative study: UV254/H2O2; UV254/ PS and UV254/H2O2/PS
systems

In order to assess the performance of the PS-based AOP systems
tested throughout this work, additional experiments were done so as to
evaluate the oxidation power of such a system in the presence of H2O2

oxidant alone ([H2O2]= 0.25mM) or in combination with PS

([H2O2]= [PS]= 0.125mM) at [TP]0= 10mg L−1. Fig. 6Sa,b shows
that systems utilizing (H2O2+PS) or H2O2 alone were slightly better
performing than PS-alone system. In fact homolytic cleavage of H2O2

and PS by UV-C activation allows the formation of two SO4 and two
HO respectively, and the consecutive formation of HO from SO4 is pH
dependent and more prominent at basic pH (Eq. (4)) [34]. Although a
higher quantum yield is expected for S O2 8

2 activation (Eqs. (24) and
(25)) [22,66], greater effectivity of H2O2 system than that of PS system
may be explained by the higher effectivity of HO in the degradation
process. For the case of (H2O2+PS) system, high kobs, close to kobs
obtained for H2O2 system was found due to the formation of both ef-
fective SO4 and HO where the resulting pHf is higher than that of PS
case allowing HO to be more prominent. Thus, more HO is formed in
the hybrid case than in the case of PS alone. The pHi in the current three
studied cases ranged between 5.2 and 5.7. For this same pH range, Yang
et al. (2017) [67] also found H2O2 to be more effective than PS in de-
grading sulfamethoxazole, however, at around neutral pH, PS was more
effective in its degradation. Olmez-Hanci et al. [34] also obtained larger
kobs for H2O2/UV-C (0.175±0.003min−1) than for PS/UV-C
(0.106±0.001min−1) system in the degradation of 48mg L−1 aqu-
eous phenol solution at fixed acidic pH value (pH=3.0). Yang et al.
(2017) [67] and Yang et al. (2019) [68] showed that efficiency of H2O2

is not significantly affected by pH change, whereas, PS degradation
activity decreases at extreme acidic pH and in basic media as well.
Thus, the preference of the oxidant to be used would depend on the pH
of the corresponding medium, as well as the cost and stability of the
oxidant. A comparison between the two oxidants shows that H2O2 de-
grades into water and oxygen, whereas PS results in sulfate ions in the
treated water which poses an environmental concern. On the other side,
PS shows an advantage over H2O2 in terms of transportation, storage,
shelf-life and requiring much less safety conditions. The sulfates pro-
duced, when utilizing PS, can be removed by well-known methods, such
as ion exchange and nanofiltration [69], or else they can stay in the
treated effluent and will get diluted once discharged into the sea con-
taining around 2,700mg L−1 SO4

2 [70]. Even for the use of high con-
centration of PS, e.g. 25mM as it is the case for TP effluent (Section
3.9.1), the maximum produced sulfate concentration will not exceed
4,800mg L−1 for a small treated volume that is potent for further di-
lution upon discharge.

+ =H O hv HO mol E2 ( 1.0 )2 2
1 (24)

+ =S O hv SO mol E2 ( 1.8 )2 8
2

4
1 (25)

3.8. Mass spectrometry and suggested mechanism

HPLC/MS(-ESI) analysis was done on samples taken at t= 0, 6, 12

Table 2
Physical parameters of the natural water matrices before and after treatment in UV254/PS system. Experimental conditions: [TP]0= 10mg L−1 and [PS]0= 0.25mM.

Parameters units Spring Water Sea Water Waste Water

Before treatment After treatment Before treatment After treatment Before treatment After treatment

pH – 7 6.86 8 7.45 8.2 7.93
Total Coliforms CFUa NA NA 76 NA TNTCc TNTC
Fecal Coliforms NA NA 4 NA TNTC TNTC
Turbidity NTUb 0.63 0.38 1 0.17 95 69
TSS mg L−1 9 2 88 126 425 38
TDS 350 332 32,500 47,400 4400 3840
Sulfate 16 30 3500 3500 420 490
Chloride 42.6 1.85 25,250 21,500 3375 2090
Bicarbonate 230 210 177 156 280 250
CODd 132 43 970 930 1106 426

a Colony forming unit.
b Nephelometric turbidity unit.
c Too numerous to count.
d Chemical oxygen demand.

Fig. 6. Identification of the reactive species for TP degradation in UV254/PS
system. Time course degradation of TP in the absence and in the presence of
MeOH and TBA quenchers. Experimental conditions:
[MeOH]= [TBA]= 100mM, [TP]0= 10mg L−1, and [PS]0= 0.25mM. Error
bars are calculated as ts

n
, where absent bars fall within the symbols.
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and 20min for [TP]0= 10mg L−1 and [PS]0= 0.25mM. The total ion
chromatograms (TIC) obtained showed a main peak corresponding to
TP at Rt= 12.2min, in addition to two peaks corresponding to an
identified (BPi) and an unidentified (BPu) by-product observed at
Rt= 5.2 and 5.8min, respectively as it can be depicted in Fig. 7a. TP
peak showed total degradation where a maximum peak area is observed
at t= 0min to vanish completely after 20min of reaction time
(Fig. 7a). For both BPi and BPu no peaks were initially observed how-
ever maximum detector responses were obtained at 6min of reaction to
decrease again with time as shown in the inset of Fig. 7a. Thus, by-
products are successively formed and degraded in the UV254/PS system.
This might be due to direct photolysis or to the oxidative role of pro-
duced HO and/or SO4 in the reactive medium. The mass spectrum of
BPi showed two main peaks at m/z=194.2 and 215.0. The former peak
is a non-identified fragment while the latter corresponded to the
identified transformation TP by-product BPi at its [M-H] − molecular
ion (Fig. 7b)). The mass spectrum of TP showed a major peak of m/

z=179.7 corresponding to TP molecular ion of [M-H] −. The sug-
gested degradation mechanism is presented in Fig. 7c, showing prob-
able initiation of the degradation process by the attack of either HO or
SO4 on TP molecule. As previously suggested, TP has more chances to
undergo SO4 attack with a contribution of about 86% at the beginning
of the oxidation reaction as shown in Section 3.6. Both attacks result in
the formation of an unstable molecule, possessing an unpaired electron
ready for rapid reaction to reach stability. Hydroxyl additions might
occur increasing thereby the internal energy of the molecule more
specifically the five-membered ring for potential ring opening. In fact, it
is well known that five-membered rings are less stable than six-mem-
bered rings and in the case of TP, the molecule showed some hindrance
in its six-membered ring part leaving structure changes at the five-
member part. The transformation products are not neutral in the re-
active medium and can undergo further oxidation toward full miner-
alization as reported in previous work using comparable UV254/PS
systems [19,21]. The formed species also contribute to a drop in the

Fig. 7. (a) (-) ESI LC-MS total ion chromatogram of TP degradation at different reaction times in UV254/PS system, containing a graph showing realtive peak areas of
the identified and unidentified by-products (BPi and BPu), in addition to TP. (b) Mass spectrum of degradation by-product at Rt= 5.2min and of TP (Rt= 12.2min).
(c) Proposed TP degradation mechanism by SO4 and HO . Experimental conditions: [TP]0= 10mg L−1 and [PS]0= 0.25mM.
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solution’s pH (△pH=1.6, pHf= 3.8) affecting thereby all possible
oxidation reactions in the reactive medium. Such a drop in pH could be
attributed to low molecular weight acids that are the ultimate organic
molecules to be formed in a common AOP system just before total
mineralization [71,72].

3.9. Case study: Pharmaceutical effluent

3.9.1. Optimization of [PS]0 for efficient degradation
In order to assess the applicability of the studied UV254/PS system

on real pharmaceutical effluents, a field study was conducted.
Wastewater was collected from a Lebanese pharmaceutical production
plant that produces a syrup containing TP in addition to several ex-
cipients. All ingredients are added to a 1000 L 316 SS L mixing con-
tainer, after which the mixture is pumped through a filter press into a
100 L 316 SS L container. Wastewater samples were collected from the
washing effluent obtained upon cleaning the 1000 L 316 SS L mixing
container and the filter press (Fig. 7Sa,c). DI water is used in the
pharmaceutical factory for cleaning and washing all utensils used for
any drug production including the mixing reactors. The resulting was-
tewater mixture was analyzed and showed high concentration of TP of
about 160mg L−1 supposed to be discarded directly into the municipal
sewer system without prior treatment

The pharmaceutical effluent mixture was treated using the UV254/
PS system with [PS]0= 25, 50, 75 and 100mM. Results showed that
almost total degradation was reached in the four cases, with minor
decrease in the efficiency of the oxidation reaction for the lower [PS]0
used e.g. 25mM (Fig. 8). As it can be seen, the degradation rate con-
stant kobs decreased by almost 57% from 2.20 (±0.08)× 10−2min−1

for [PS]0= 100mM to 1.4 (±0.1)× 10−2min−1 for [PS]0= 25mM
(Table 3).

The UV254/PS treatment caused a drop in pH, with a maximum of
△pH=2.35 (Eqs. (2) and (3)). The COD value of the effluent was
28000mg L−1 which is typical of a highly charged industrial effluent.
After treatment, COD values in cases of [PS]0= 75 and 100mM were
corrected using calibration curve method in order to eliminate the
overestimation caused by PS remained in the solution (Text S5, Table
S5)[73,74]. The treatment showed a decrease in the biological oxygen
demand (BOD5) proportional to [PS]0 used demonstrating that PS is
effective in targeting organic contaminants (Table 3). The addition of
high concentration of sodium persulfate salt resulted in a sharp increase

in the total dissolved solids with the increase in [PS]0 (Table 3).
Moreover, the [PS] was tracked throughout the reaction time and

the % RSE was determined for the four studied cases following Eq. (26).
The RSE is defined as the ratio of the number of moles of the degraded
organic contaminant divided by the number of moles of oxidant (PS)
consumed in the process.

= ×% RSE
n(TP)
n(PS)

100degraded

consumed (26)

The % RSE showed the highest value of 3.7% at [PS]0= 25mM
(Fig. 8). Thus, this concentration is considered the optimum case to
adopt for the degradation of high TP’s content effluent e.g. 160mg L−1.
A higher % RSE (52%) was obtained by Ghauch et al. upon degradation
of Chloramphenicol (CAP) in DI medium in a similar UV254/PS systems
[19]. This observation is not surprising for three reasons: (1) the lesser
is the concentration of PS used in the medium (0.25mM for CAP against
25mM for TP), the greater is the % RSE obtained as previously de-
monstrated; (2) competitive reactions of PS with most of the excipients
(e.g. sorbitol, potassium sorbate, ethanol, vanillin and saccharine, as
provided by manufacturer) can cause a decrease in the production of
SO4 (because of radical quenching with ethanol for example) and in
the efficiency of SO4 to only hit the selected TP probe; and (3) direct
photolysis which is not significant in the current case (~10% on
average, Fig. 1) compared to that of CAP (65%).

3.9.2. Economic feasibility
Economic feasibility was assessed utilizing electric energy per order

(EEO) and the prices of chemicals used. EEO (kWh/m3/order) is defined
as the electric energy in kilowatt hours required to degrade con-
taminants by one order of magnitude, for example from 10mg L−1 to
1mg L−1, in one cubic meter of contaminated air or water, and is cal-
culated using Eq. (27) for a batch system [75].

= × ×
×

E P t 1000
V log(C /C )EO

i f (27)

where P is the power supplied to the system in kW, t is the duration of
treatment in hour, V is the volume treated in L, Ci and Cf are the re-
spective initial and final concentrations, and 1000 is a conversion factor
from L to m3.

To simplify Eq. (27), the first-order reaction rate is used Eq. (28).
Changing unit of t and substitution of Eq. (28) in Eq. (27), the following
simplification is done (Eqs. (28)–(30)).

= × ×log C
C

0.4343 k ti

f
obs (28)

= × ×
× × × ×

E P t 1000
V 0.4343 k t 60EO

obs (29)

= ×
×

E 38.4 P
V kEO

obs (30)

Fig. 8. Degradation of TP in a real pharmaceutical effluent. Experimental
conditions: [TP]0= 160mg L−1 and [PS]0= 25–100mM. The inset shows the
average % RSE values determined at each PS concentration. Error bars are
calculated as ts

n
, where absent bars fall within the symbols.

Table 3
Physical parameters of the pharmaceutical effluent before and after treatment
in the UV254/PS system at initial (t= 0min) and final (t= 180min) time.
Experimental conditions: [TP]0= 160mg L−1 and [PS]0= 25–100mM.

[PS] mM 0 25 50 75 100

kobs min−1 (x 10−2) – 1.4 (±0.1) 1.8 (±0.1) 2.2 (±0.1) 2.20 (±0.08)
pHi/pHf – 3.43/1.53 3.43/1.15 4.15/1.89 4.15/1.80
CODa (mg L−1) 28,000 27,390 27,130 23,824 22,474
BOD5

b (mg L−1) 11,505 10,620 10,020 7530 8850
TDSc (g L−1) 0.394 6.095 8.578 14.06 17.47

a Chemical oxygen demand.
b Biological oxygen demand in five days.
c Total dissolved solid.
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In the simplified Eq. (30), P is in kW, V in L, kobs in min−1, and EEO
is in kWh/m3/order [75]. The total cost is calculated for the case of
[PS]0= 25mM since it was chosen as the optimum concentration
yielding almost full TP degradation in the pharmaceutical effluent. In
our studied UV254/PS system, each 0.4 L reactor used required an 11
Watts lamp. kobs for the case of [PS]0= 25mM is 1.4
(±0.1)× 10−2min−1. Thus, the EEO for the studied case is 75 kWh/
m3/order. Finally, in order to determine the total cost of the proposed
pharmaceutical effluent treatment in batch system, Eq. (31) was used as
it follows:

= +mTotal system cost($/ ) Electrical Energy Cos t Reagent Cost3

(31)

The electrical energy cost is estimated based on the actual electricity
cost in Lebanon and in the United States. In the former, Electricité du
Liban (EDL) average rate of 255 LBP/kWh is equivalent to 0.169 $/kWh
at the current conversion rate [76,77], while in the latter, the average
electricity cost for the industrial sector is about 0.0709 $/kWh. As for
reagent cost, it is calculated using wholesale prices available on-line
through the local distributors (Table S4). The total system cost is pre-
sented in detail in Table 4, where, based on prices of electricity in the
US, a total of 17.2 $ is enough to treat 1m3 of a highly charged phar-
maceutical effluent with the reagent price being the main contributor to
the total price. If the treatment is to be done in Lebanon, however, it is
expected to cost more (24.7% m−3) since electricity prices are higher.

3.9.3. Effect of successive PS spiking
The effect of successive versus simultaneous addition of PS was

tested in order to find the better way of improving the oxidation process
by avoiding potential radical–radical quenching that might decrease the
reaction efficiency. The results presented in Text S6 and Fig. 8S of
supplementary information showed the same outcomes in terms of
complete degradation of TP along with total PS consumption. Accord-
ingly, oxidation reaction can be performed in solutions of high con-
centration and ionic strength through elevated [PS] and without de-
creasing significantly the degradation yield of the pharmaceutical
compounds in question. Moreover, one can notice that the % RSE,
calculated for each cycle separately, was about 3.6%. However, it
dropped with every cycle to reach 0.6% in the fifth cycle, which can be
explained by the competitive reactions between active radicals e.g.
SO4 , HO to degrade the accumulated by-products versus initial [TP]
present in solution.

3.9.4. Test of the system robustness
The robustness of the UV254/PS system was tested upon spiking the

reaction medium with concentrated effluent solution, where lower de-
gradation was observed with each spiking accompanied with lesser % RSE
as depicted in Fig. 8S. For example, a drop in the % RSE from 4.5 to 0.5
after 3 h of reaction was noticed with 90% of the initial [PS] consumed in
the first cycle of 60min. Accordingly, it is suggested that the system used
is thus of low tolerance to major fluctuations in effluent concentration.

As a result, one can deduce that in cases of varying and increasing
effluent concentrations upon characterization, it is recommended that
PS be spiked successively (Section 3.9.3) with [PS] range consistent
with that of [TP] fluctuation. More details are provided in Text S6 of
supplementary information.

4. Conclusions

TP degradation was tested in an assembled UV254/PS lab scale batch
system for simulated and real concentrated industrial effluents. The
effect of various experimental parameters on TP degradation was stu-
died. Results showed that UV254 alone could not efficiently degrade TP
through photolysis only phenomenon, while the addition of
[PS]0= 0.25mM totally degraded [TP]0= 10mg L−1 within 20min
following a pseudo-first order reaction kinetics (kobs= 0.173 (±0.004)
min−1). The degradation process was inhibited in acidic and basic
media, while neutral pH showed improved degradation (kobs= 0.40
(±0.03) min−1). Bicarbonate as well as chloride presence had minimal
effect on TP degradation rate. In spring, sea and wastewater matrices
TP showed slower degradation than that in DI confirming thereby the
necessity of treating pharmaceutical factory effluents independently
before mixing them with natural water. The studied system was suc-
cessfully applied to treat TP in a real industrial effluent highly charged
in TP (e.g. 160mg L−1) dissolved in a DI water matrix. The UV254/PS
system resulted in the complete degradation of TP in a real pharma-
ceutical production facility effluent over 180min however using 25mM
of PS and reaching an optimum % average RSE of about 3.7%. The
economic feasibility study estimated the cost of the chosen AOP to be
close to 17.2 $ m−3 in highly charged effluents. The results showed also
that adding PS to the effluent mixture simultaneously at t= 0min or
successively over the reaction course (e.g. 180min) resulted in full TP
degradation accompanied with a total consumption of the initial PS
added. However, it was demonstrated that the system was not robust
against [TP] fluctuation, where a sudden increase in effluent con-
centration requires a relative increase of [PS] added. It was concluded
that oxidant dosage should be determined based on temporal mon-
itoring of the pharmaceutical active ingredient concentration under
degradation. Based on ROS quenching experiments, it was demon-
strated that the UV254/PS system put in advance SO4 as the main
contributors to TP degradation especially at the beginning of the oxi-
dation reaction. Although full TP degradation was reach, however LC/
MS analysis depicted the presence of non-persistent TP transformation
products that vanished with time. Finally, this work has reported for the
first time the feasibility of the UV254/PS systems in degrading persistent
PAIs at very high concentration in batch systems and opened the way
toward continuous additional investigation for effluent treatment in a
continuous system.
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