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Title: Assessment of Common Persulfate Aation Techniques for the Degradation of
Theophylline Drug in Pharmaceutical Production Plant Wastewater

Oxidative degradation of emerging waterborne contaminants, particularly
pharmaceuticaJdy AOPs has gained a major interest in the past de¢adeam of

this work was to assess the degradatioth@dbphylline (TP)which is a pharmaceutical,
utilizing persulfate (PS) activated by b, thermally and chemicallyThe latter two
activation techniques were studied both separately and combined. Additidiragas
eliminatedfrom a simulated andreal industrial effluent.

In the first part of this workJV2s54PS systemvas studied for TP degradatidResults
showed that TP is strongly resistant to degradation through direct photolysis under
UV2ssirradiation.Effect of [PS) was testedvhere a positive correlation between [ S]
and degradation rate was observedPA&) = 0.25 mM achieved total degradation of
[TPlo= 10 mg L T i nwith kop=e0rl73d®.004)fmmavderemi n
pseudefirst order reaction kineticwas obtainedTo test the effect of differemhatrix
parametersn TP degradation, the pH of the solution, concentrations of chlorides and
bicarbon&es in addition to dissolved oxygen were varied and tested. Results showed
that reutral pH gave the highestprovement irthe degradation rate gks= 0.40

(+0.03) mint), while chlorides and bicarbonates showed minimal impact, and anoxic
conditionshinderedTP degradatiorAdditionally, since pharmaceutical factory
effluents can be mixed with different natural water matri€®sywas spiked into natural
spring, sea and waste wat€he three testedatermatrices showed a decrease in the
degradation rate, with theaste water causing most significant inhibit{&ees= 6.9

(+0.9) x 10° minY). Radical scavenging experiments showed that sulfate ratizals

the main contribubn in TP degradationTo further test the applicability of the

UV2s4PS systemwaste water effluenwasobtained from a local pharmaceutical
manufacturing facility containg [TP]o = 160 mg L. Total TP degradation was
achieved in the effluent soluti@mver 3h utilizing [P]o = 25 mM. Reaction
stoichiometric efficiencyvas calculated to b& 7%

In the second part of this work ##eatPS systemvas studied for TP degradation.
Degradation was tested first in h&gkystem andesulted in 60%legradatioratt = 60
min for [PSp=5 mM and T = 60°CSecondF€&**/PS systemvas tested at room
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temperature anshowed minimal effectivityAs a result, the two activation methods
were combined into F&heatPS systemThe combination of the two activation
methods mprovedoxidation efficiency wherecompleteT P degradatiorwas obtained
within 60 minfor [PS}h = [FE]o=2 mM at T = 60°CThe reactiorollowedapseude
first order reaction rate withols= 7.7 (+0.1)102min. [PSh:[Fe**]o ratiowas
optimized wherd.:1 ratio gave best result&ffect of temperature arjfShwere tested
where both showed positive correlation with degradation €ttwridespresent irthe
reaction mediuncaused inhibition of the degradation process while ndrsib@wed
slight enhancing effect. TRasdissolved imaturalspring, sea and waste water
matrices whereslower degradation rateompared to thah DI water medim was
obtained. Tie waste watamnatrix caugd thegreatest inhibition (¢s= 2.6 (+0.6) x10*
mint). The Fé'/heatPS systemvas applied téhe samdactory effluentcontaining
[TP]o = 160 mg L. Effective and full TP degradatiomas obtainedvithin 120 min
with thesystem operating at 80 and with[PSk = [F€*]o = 50 mM.

Keywords: AOPsPersulfate, Theophylline, U254 nm,Chemical activationtieat,
Water treatment

VI



CONTENTS

ACKNOWLEDGMENTS.....cciiiiiiiiiieeeieiirieeniee e e e smeminnnnee e e ssnnnneeeee e e V)
ABSTRACT ..ttt e e eees et e e e e s e e e e e ene e e e \
CHAPTER IINTRODUCTION ...coiiiiiiiiiiitee e et tieesis et semennse e e e 1
A. Emerging Water Contaminants............c.uuvuummeemimmmiiiiiiiiieieeeeeeeeee e e eeeeees 1
B. Advanced Oxidation ProCESSES.........ccccuuiiiiiiiimeeiiiiiiiiieeeeee e 2
C. Theophylline as a Target Molecule.............ccccoooiiiiiace 3
D PUIMPOSE. .. err e e 5
CHAP T ETHEOPHYLLINE DEGRADATION BY UV254 ACTIVATED
PERSULFATE. ...ttt et e e e ensneeeeeas 10
CHAP T E RHEOPHYLLINE DEGRADATION BY THERMALLY AN D
CHEMICALLY ACTIVATED PERSULFATE........ouiiiiiiiiiiieee e 41
CHAP T E RONCLUSION. ... .uuttiiiiiiiiiiiiiii ettt 67

VIiI



CHAPTER |
INTRODUCTION

A. Emerging Water Contaminants

The increase in human population in addition to the increasensumption of
various products and utilities accompanied by the advancement oeitgdifhas raised
alarms concerning the quality of water, air and s6fater contaminatiorby various
emerging andunregulatedproducts hascauseda major concernin the scientific
community overthe last two decades[1,2]. This increasd attention forwater
contaminationis aided by the advanced methods used frace detection of
pharmaceuticals and other organic contaminants in wsileh as the advanced mass
spectrometry (MS) coupled to high performance chromatographic techfisgjues

Pharmaceuticals and personal care prod(RBCPshre a group of compounds
thatgaineda great interest in the scientific communRP CPsncludea varietyof organic
groups, such aBormonesantibiotics, antimicrobial agent#) addition tofragrances
cosmetics, suscreen agentetc.[4,5]. PPCPsconstitute a major concern due to their
potential effect on the human health and the environm&etordingly, PPCPsre
considerecasemerging contaminan{s].

Water pollution byPPCPoccurs through several routésmajor causef water
pollution by PPCPs is the release oliage water, where it is released untreated or treated
using conventional methods that are not efficienthigir removal [6]. PPCPs were
detected in waste water in several regions around the \WGr@]. Another important
reason ighe release of untreated factory e#htinto the environment, as effluents from
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pharmaceutical production plants that could contain sev@ralmaceuticalactive
ingredients Additionally, the direct disposal afeveral drugs and personal care products
into the environmerdontributestothe | adontaenmaitic{10].

Presencef PPCPsn water, even dtaceconcentrations, pose an environmental
and a health risk First, there isa risk of bioaccumulationas the accumulation of
lipophilic PPCPs in aquatic organispvghere a study showed th@2 out of 275 drugs
foundin the environmenarepotentially bioaccumulativgt,11,12] Secondthepresence
of antibioticsin water causethe development of antibiotic resistanoghich poses a
threat to human and animal healfi3]. Additionally, there exsts uncertain
synergistic/antagonist effect of long term exposure to mixtsref pharmaceuticals at

low concentration§l4].

B. Advanced Oxidation Processes

Due to the mentioned concern on water pollution, water treatimartegrated
to treat dischargk water from domestic, agricultural and industrial sourc@se
conventional treatment methods include, but are not lintdedhemical precipitation,
carbon absorptignevaporation and ion exchandé&5]. It has beenshown that
conventional methods do not treat PPGsciently, and PPCPsare consequently
resistant to such treatmenfl16i 18]. This necessitates tlteevelopment and application
of novel treatment methods effective in degrading PPCPs.

Advanced Oxidation Processes (AORs} novel techniques thhaveproved
their efficiency in the treatment afariousorganic ontaminants AOPs generally work

by the gemration of powerful reactive oxidative species (ROS) such as hydroxyl,
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hydroperoxyl, sulfate and superoxide radicatgch havehigh redox potentialand act
to degrade the contaminant in questi@®]. AOPs can bedivided into bur main
categoriesas follows[20]:

I. ChemicalbasedAOPs includng the use of chemical reagents solefn
example ighe Fentonprocess which idie oldest AOP methodrentorutilizes iron{l )
salt in addition to hydrogen peroxidexd4).

ii. PhotochemicabasedAOPs requiing the use of a light source such as the use
of UV or solar lightand isgenerally coupletb oxidants.

lii. Sonochemicabased AOPslemandingthe use of ultrasoundsnd usally
coupled to the use of oxidants.

iv. Electrochemicabased AOPsitilizing electrochemistry to generate hydroxyl
radicals.

One of the recent technologies of AOBghe use o&ctivatedPersulfate (PS)

PS shows an advantage over peroxide, since itoie ratable. PS was proved to be
efficient in degrading several categories of organic contaminBftan be activated
thermally [217 24], chemically [25,26], by UV [27,28], or through a combination of
activation techniques to generate highly reactive sulfate radicals (SRs) specieS)Eq. 1
[25,27 30].

YOO ¢YEF "YRI 4@@0 Q0 DdOT@MET™ Y wwd (1)

YO "0Q ° YO YR "OQ M Qéa@dd QU G o(RE &

YO D O CYE Y Ho QO o Q& 3)

C. Theophylline as a Target Molecule



Theophylline (TP)s one of the drugghat islargely consumed and disposed into
the environmentTP is a xanthinesimilar in structure to caffeine and tf®omine and
used in the treatment of lung diseases such as asthma, shortness of breath and wheezing
[31]. TP is found in a normal diestuch asn tea andn cacao beans in trace amounts
[32,33]

TP eners the environment through several routBgst, the discharge of
untreated waste water effluents from pharmaceutical production piamtsontain TP.
Seconddomestic waste watenightcontain TP from urine excretion due to consumption
of pharmaceuticals and natural compoufid}34] Additionally, TP could be directly
disposed into the environmead by throwing away P-containing drugsUnfortunately,

TP was detected in spring water in Lebanahijch is possibly due to the release of
untreated municipal aste water and industrial effluef8s].

In the past decadseveral methodaere tested o P degradatiorLiang et al.

[36] studied PA@MIL100(Fe), a metal organic framework, for visilleg ht (& O 420
driven photodegradation of TP and other PR@# H>O, added to reaction mixture to

achieve full degradatio®n the other hand Kim Ilho et §7,38]used UV and UV/HO>

systems to study the degradation of TP in a mixture of 30 PPCPs. The former system
showed that TP was highly resistant to E@Nd was classified as slowtiegrading

compared to other studied PPCPs. Vifiitial [H20;] of 8.2 mg L' ! in a medium of pure

wate, UV/H20; systenresulted ina pseudo first order reaction for TP degradation with

Kobs= 1.7x10% s at 20 °C and pH 7Also, M. M. Sunil Paul eta. worked on UV/HO>

system to assess kinetics anedogducts of TP oxidation by hydroxide radicalsizing

high resolution mass spectrometric analyld8]. They concludedhat the studied
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compound is vulnerable against oxidizing radicals and demonstrated two reaction
pathways induced by hydrogen addition and hydrogen abstractudfitionally, a

UV/TIO2 system[40], as well as a ferrate syst¢al] were tested

D. Purpose

PSbased AOPs showed great effectivity in degrading pharmaceutca)gp
our knowledge, was ntésted for TP degradatioAccordingly, 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 fackativation of PS was
tested usig UV-254nm, thermally, and chemically, where the latter two techniques were
tested separately as well as combiriseleral parameters were assessdabth systems
of UV activated PS as well as combined chemically and thermally activated PS. This
allowed the optimization of the degradation process both systemgielding full TP
degradation at an affordable cdstwas shown that UV activated PS system is of lower
cost, performs better at neutral pH and is resistant to quenching by chlorides. However,
the combined chemical and thermal system is optimum at acidenglh media of low

chloride content.
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CHAPTER
THEOPHYLLINE DEGRADATION BY UV3254 ACTIVATED
PERSULFATE

Since PS showepromising resultén thetreatment of pharmaceuticals in water
effluents, it was chosen as an oxidant to tid¢ain a simulated and real pharmaceutical
effluent solutionUV2s4in a batch setup integratimpmmercial disinfecon lamps was
used to activate P& thorough study w&s conducted includinthe effect of [PS} and
several matrix parametefBhe UV/PS system was appliediteata real pharmaceutical
effluent solution containing a high [TP].

Results of this project are presenteelow in the form of a research paper
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HIGHLIGHTS GRAPHICAL ABSTRACT

® UVise/PS  system fully degraded
Theophylline (TP) in an aqueous

mediu. : TP/UV,., TRESLY e
* Neutral pH was optimum for TP de- O
gradation. N E r 1
#® Chlorides and bicarbonates had low e i p &L 0
impact on TP degradation. N O L | S04
® UVy54/PS system totally degraded TP X PN, ¢ ot
in a concentrated pharmaceutical ef- i S057
fluent. J E_,OH' CO,
® Pharmaceutical excipients showed No degradation
slight effect on TP degradation pro- Rapid degradation
cess.
ARTICLE INFO ABSTRACT
Keyworis: Oxidative degradation of emerging waterborne contaminants, particularly pharmaceuticals, is eurrently an ex-
AOPs tensively studied field of research. In this study, a UV-254 nm activated persulfate (PS) system (UVass/PS) was
Persulfate used to eliminate Theophylline (TP) from simulated and real industrial effluents. Results showed that TP is
Eh:;[;:y:;m strongly resistant to degradation through direct photolysis under UV-254 nm irradiation. UV54/PS system

showed efficient degradation, in which [PS], = 0.25 mM achieved total degradation of [TP]; = 10mgL ' ina
period of 20 min and followed a pseudo-first order reaction kinetics (kops = 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
(Kops = 0.40 ( = 0.03) min~"), chlorides and bicarbonates showed minimal impact, and anoxic conditions in-
hibited TP degradation with a significant decrease in kg, e.g. 0.817 ( + 0.41) x 10 'min . 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 (ks = 6.9 (£ 0.9) x 10" *min~"). Radical
scavenging experiments showed that sulfate radicals were the main contributors in TP degradation.
Furthermore, wastewater effluent obtained from a loeal pharmaceutical manufacturing facility and containing
[TP]o = 160 mgL~! was also tested and showed successful full degradation over 3h in 25mM PS-spiked
medium with an average reaction stoichiometric efficiency of about 3.7% and at an estimated cost of 17.2$ m 2.

Pharmaceutical effluent treatment

1. Introduction products (PPCPs) has raised a major concern among the scientific
community over the last two decades [1,2]. This is mainly due to the
Environmental contamination by pharmaceuticals and personal care advancements in analytical chemistry techniques which allowed

* Corresponding author.
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scientists 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 = 200 mgkg_l) [10,11]. It is
estimated that over 80% of the global wastewater is released to the
environment 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 (A = 420 nm) driven pho-
todegradation [14]. Another study used UV and UV/H30+ systems to
study the degradation of TP in a mixture of 30 PPCPs [15,16]. Ad-
ditionally, a UV/TiO; 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 (SO} ) 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 (C;HgN404 = 99%), sodium persulfate (PS) (Na;S,0g,
=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 (CH40) 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
(C4H;00) obtained from Sigma-Aldrich (Germany), were used in the
quenching experiments. To assess the ionic additives effect, sodium
chloride (NaCl) and sodium bicarbonate (NaHCOQ;) 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.
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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 pm; 4.6 mm internal dia-
meter x 250 mm in length) connected to a security guard column HS C-
18 (5 um; 4.0 mm internal diameter 20 mm 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 mL min~ . The in-
jection volume was set at 80 pL. All samples were pre-filtered through a
0.45um PTFE 13mm disc filters (Jaytee Biosciences Ltd., UK).
Theophylline retention time (R;) was observed at 12 min using the
abovementioned conditions. TP calibration curve and LINEST output
giving all statistical parameters required to determine the uncertainty
on all quantified TP in UVas4/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 13~ 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. 25) 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
400 mL 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
0.45um PTFE 13 mm 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 53 of
the supplementary material.

3. Results and discussion
3.1. UVasy4 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 sig-
nificant degradation effect on TP, where % after 60 min of exposure
was higher than 88% for all [TP], tested. It Ean also be noticed that as
[TP]y increases, the % degradation under UV-254 nm alone decreases
reaching, at 60 min of reaction time, 12, 8 and 2% for [TP], = 10, 20
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Fig. 1. Effect of UV fluence on TP degradation in PS-free and PS-spiked solu-
tions. Control experiments (upper curves): [TP]g = 50, 20 and 10 mg L~ '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
([TPlp = 10mg L™ " and [PS]y = 0.25mM). Error bars are calculated as %,

where absent bars fall within the symbols.

and 50 mgl.~!, respectively. This decrease in the % degradation at
higher [TP], can be attributed to the inner filter effect, where TP ab-
sorption spectrum (Fig. 15Sc) 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], where more absorbing mole-
cules are present causing the solution to be less transmissible 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 persulfate (0.25mM)
under UV-254nm irradiation, [TP] ([TP]y = 10mgL ') reached a
level below the detection limit after only 20 min 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 carbamazepine were resistant, or showed slight
degradation, upon direct photolysis using only LPHgLs in oxidants-free
solutions [28].
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3.2. Kinetic study

The rate of degradation of TP was studied at four different [PS],
(Fig. 2). Pseudo-first-order kinetics model showed good fittings for TP
degradation, where R® obtained for the plot of ln% versus time
(min) showed good linearity (Table S1). Thus Eq. (1) can be followed,
with kgps being the pseudo-first-order rate constant, and t representing
time (min). The obtained data showed also that k., increased linearly
with increasing [PS]y (Fig. 2b), thus ks is found to be proportional to
[PS]; 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].

(&)}

3.3. Choice of [PS], for control experiment

The initial [TP] tested was 10 mgL~ ', 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 160 mgL ™"
(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]y was varied ex-
perimentally to reach full TP degradation in a period of 20 min at 0.01,
0.1, 0.25 and 0.5 mM. As it can be noticed from Fig. 2, results showed
that as [PS]y increased the degradation rates increased, and thus the
time needed for total TP degradation decreased. One can assume that
higher density of SO;~ is achieved with higher [PS]; and that without
significant radical-radical quenching reactions. For example, at
[PS]y = 0.25 and 0.5 mM, total TP degradation was reached within a
range of 20 and 8min, respectively (Fig. 2a). Accordingly,
[PS]p = 0.25 mM 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.

3.4. Additives and matrix effects

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

(b)
5
4 i [y Sy
- R? = 0.9957
- R R
& :
~ 8§ 24-----ag -
- =
£ RN S SEE CEEE
0 — ;
o 0.2 0.4 0.6
: : : [PS] mM
0 10 20 30 40 50 60
Elapsed Time / [min]
S PS frog  =—@==0.01 =—p—=01 =0=025 =405

Fig. 2. Degradation of [TP]g = 10mgL~" at [PS]p = 0.01-0.5mM. (a) Time course showing % variation in UVa54/PS system. Error bars are calculated as %,

where absent bars fall within the symbols. (b) A fitting of K,ps obtained for plots of In

showing high correlation (R? = 0.9957).
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Fig. 3. Degradation of TP under effect of (a) pH, (b) salinity ([NaCl] = 0-20,000mgL~"), and (¢) bicarbonates (0-100mM). Experimental conditions:
[TPlo = 10mg L, [PS]y = 0.25 mM. Error bars are calculated as in , where absent bars fall within the symbols.

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 basie pHs [32].

TP degradation was studied in non-buffered and in 10 mM buffered
solutions of different pHs imitating extreme cases of acidie, 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].

. 2 y 1
$,08 + H,0 — 2HSOy + Eaz @

HSO; — SO} + H*(pKa = 1.92) (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
(kops = 0.40 (£ 0.03) min_l) compared to buffer-free solutions
(kons = 0.173 ( % 0.004) min '), whereas acidic (pH = 2) and basic
(pH = 11) pH conditions inhibited TP degradation to some extent with
Kons = 0.19 ( = 0.01) min ' and 0.139 ( + 0.005) min ', respectively
(Table 1). kyps were calculated using pseudo-first order model. More-
over, phosphate species of different concentrations (10 and 20 mM)
used for buffering TP solutions showed slight effect on the degradation
of TP as reported in Fig. 35 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 SO;~; in fact, at significant alkaline
pH, OH™ reacts with SO;~ and generates sulfate anion (S(h,2 “) (Eqg. (4))
[34]. The obtained HO" is of a shorter lifetime and lower selectivity
than that of SO;~ 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

Table 1
Values of pH and the observed degradation rate constants obtained for different

matrix conditions. Experimental conditions: [TP]y = 10mgL~! and
[PS]o = 0.25 mM.
Additive Concentration (unit) pHi/pHE Kops % 10~ '(min ')
Additive free - - 5.4/3.8 1.73 ( = 0.04)
Buffer 10 mM 2 19(+x01)
7 4.0 (*+0.3)
1 1.39 ( = 0.05)
NaCl 20,000 mgL ! 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)
HOO, ™ 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 54 (+0.3) x 1072
TBA 5.4/4.1 15(x 01 x 107"
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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. 48).

SO;™ + OH™ — SO} + HO' k = 6.5(£1.0) X 10°M~1s! )

On the other hand at acidic pH, a rapid transformation of P$ into
S0;~ is favored due to acid catalysis upon formation of HS;O; which
improves TP degradation more than that at basic pH (Eqgs. (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.

5,0y + H' = HS,05 (5)

HS,05 — SO;™ + S0~ + H* (6)

However, the additional formation of SO; generates a high con-
centration of radicals and cause quenching mechanism between S50}~
(Egs. (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.

50;" + 5,07~ = 50;~ + 5,0, k=61 x10°M s (va)

50, + 50;” — 5,03 k=4 x 10°M~s! ®)

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 [T{:_’::] ~ 10'%, 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 SO;~, 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 20000 mgL !, 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
of TP was only slightly affected by NaCl presence. Table 1 showed that
kons changed slightly from 0.173 (=0.004) min~! at
[NaCl] = 0mgL ™! to  0.198 ( + 0.001) min~ ! at
[NaCl] = 20,000 mgL~!. Hence, it is expected that PS in the presence
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of NaCl be partially consumed upon quenching by CI~ to form chlorine
radical (CI,7) (Egs. 9-10). At the same time, one can predict that the
remaining unquenched SO}~ 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 CI- on
the degradation rate depends on its concentration, the probe, and the
PS activation mechanism utilized (Table 52) [21,25,30,44-55]. En-
hancement of the oxidative degradation reaction rate can be explained
by the formation of CI' having a redox potential (E = 2.432
( = 0.018)) close to that of SO;~ (E° = 2.437 ( = 0.019)) [14], in ad-
dition to the formation of HO" (Egs. (9), (11) and (12)) [56-58]. It is
well known that HO* acts by H* abstraction, thus providing an en-
hancement in the oxidation rate for compounds susceptible to such
degradation mechanism. Inhibition of the degradation process, how-
ever, can be explained mainly by the quenching of SO;~ by CI- pro-
ducing CI' which in turn reacts to produce CI,~ of lower redox potential
(E” = 2.126 ( + 0.017)) [14] than that of SOy~ (Egs. (9) and (10))
[56,57]. Additionally, the quenching of HO" by CI- is also expected,
where HO" is more prevalent at basic pH [34,59]. For the case of neg-
ligible effect, as in current TP case, CI' formed compensates for the lost
effectivity of SO}~ consumed (Egs. (9)-(13)) [56-58].

SOy 4+ CIm 5 CF + 803 ke=47%x 108 k, = 2.5 x 10°M 15! 9
Cl+Cr s Cl ke=8x10"Mls! k=42 x 10%s™! 103
CF + H; 05 CIOH'™ + HY  ki[Hp0] = 16 % 10%1 k= 26 % 1010 M-T5-] (11)
HOCI~ 5 HO 4+ CI k=61x10°s" k,=43x 10°M 157!

(12)
HOCI'~ + H* 5 H, O+ CI' k= 2.1 x 10"k, = 1.3 x 10°M s

(13)

3.4.3. Bicarbonate effect

The effect of NaHCO; on TP degradation was also studied at dif-
ferent concentrations: 1, 50 and 100 mM. Addition of NaHCO; in-
creased pH, from 5.6 to a range between 7.1 and 8.7 depending on
[NaHCOj3] in the medium. HCO; added to the solution results in the
formation of H,CO; and CO3;~ (Eqgs. (14) and (15)) [30]. As it can be
noticed (Table 1, Fig. 3c), kgps increased by 50% for the case of 1 mM
(Kops = 0.26 ( + 0.01)min ') compared to the control case (bicarbo-
nate-free solution; kgps = 0.173 ( + 0.004) min~'). However, this trend
is supported until greater coneentration of bicarbonate (up to 50 mM)
for which an increase of about 74% in kg, is obtained (0.300
( + 0.001) min '). As for bicarbonate concentration close to 100 mM,
one can notice a decrease in kg, of about 20% compared to that of
50 mM (e.g. 0.240 ( + 0.001) min~ ! vs 0.300 ( + 0.001) min"'). 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 50 mM.

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 53) [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 SO;~ with HO™ (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 (kyps = 0.40 ( + 0.03) min~1). However, for the case of neu-
tral pH obtained by adding HCO3 (1 mM), lesser improvement in the
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degradation reaction rate constant (kg of 0.26 ( = 0.01) min~ 1Y) is
obtained. Thus, even though the neutral pH is favored, there is some
inhibition caused by bicarbonate species present. This inhibition can be
explained by an increase in the ionic strength of the solution yielding
S0;~ quenching mainly by HCO; as well as CO%‘ (Eqgs. (16) and (17)),
in addition to slower kinetics because of more difficult collision be-
tween reactive species in the medium [56]. Also, increasing [HCO3] and
[COE'] may react to quench HO", when present in the medium (Eqgs. (18)
and (19)) [60,61]. The carbonate radical CO;~ produced from
quenching of SO;~, and possibly HO', is of a lower redox potential
(EY = 1.57 ( + 0.03)) [14], and thus is less potent to oxidize the organic
probe. For instance, TP, as well as 17P-estradiol showed that an in-
crease in [NaHCO4] 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 SO;~ 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 HCO7 is dependent on its concentration, the probe studied, and
the pH change in the medium.

H;CO; — HY + HCO; (pka=6.37) (14)
HCO; — HY + COj~ (pka=10.3) (15)
S0;™ + HCO;y — HCO; + SO~ k= 1.6 X 106 M~ %5~ (16)
S0, + CO5~ — CO;™ + 805~ k=61 x10° M5! an
HO" + HCO7 — HCO; + HO™ k= 8.5 x 10° M~'s™! 1s)
HO + CO§™ = CO;™ + HO™ k= 3.9 x 10° M5! 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 ks by almost half of its value obtained under oxic condi-
tions e.g. (0.817 (+0.41) X 107" min~' vs 1.73 (+0.04) X 10" min~")
(Fig. 4). In fact, powerful ROS such as 0;~ 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 6 min 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, O, is expected to be
formed in the UVagany/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
35°34'12.5"E, 33°54’11.1"N  35°2844.8"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]y = 0.25 mM and
[TPlo = 10mgL~'. As it can be noticed from the obtained results
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Fig. 4. Effect of the presence of dissolved oxygen on TP degradation in UVasy/
PS system. Anoxic conditions are obtained upon Nagg, bubbling for 20 min. Oxic
conditions are obtained without any N» bubbling with [DO] = 8 mgL 1 at
room temperature. Experimental conditions: [TP]lp = 10mg L' and
[PS]p = 0.25 mM. Error bars are calculated as % , where absent bars fall within

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

(Fig. 5a,b), TP degradation was hindered in the three water matrices
tested, where ks decreased from 1.73 (+0.04) x 10~" min~' in DI ma-
trix to 85 (+0.7) x 102 min~', 7.2 (+£0.8) x 102 min~!, and
6.9 (+0.9) X 10-* min~! in sea, spring and wastewater matrices, re-
spectively. Kqps 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 SO;~ 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, kqps 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

[P, / [TP],

20

12 16
Elapsed Time / [min]

—=—Spring water —&— Sea Water —#— Waste Water —&—D|

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

where absent bars fall within the symbols.
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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, SO;~ as well as HO" are expected to
be formed. To test for relative effectiveness of the SO;~ 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 (10 mg L~ 1) with MeOH
and TBA concentrations of about 100 mM which is 400 times greater
than the concentration of PS used (e.g. 0.25mM) to ensure proper
quenching of radicals. Egs. (20)-(23) [19] and the analyses of the re-

el ] show that MeOH and TBA are respectively 88

k.’\O‘;_
and 1,500 times kinetically more reactive toward HO" than SO;~, thus it
can be said that TBA mainly quenches OH" while MeOH quenches both
mentioned radicals.

action rate ratio

50;~ + MeOH — products k; = 1.1 x 10" M~!s~! (20)
HO" + MeOH — products ki; = 9.7 x 105 M5! (21)
SO;" + TBA — products ki3 = 4.0 X 10° M~'s7! (22)
HO" + TBA — products kg = 6.0 x 10% M~'s~! (23)

Fig. 6 and Table 1 show clearly that the spiked scavengers decreased
the rate constants of TP oxidation reaction. For example, k,; decreased
from 1.73 (£0.04) X 107! min~!, to 1.5 (+0.01) X 107" min~' and
54 (+0.3) X 10~ min~! for the cases of no quencher, TBA and MeOH,
respectively (Table 1). The % degradation at t = 16 min 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 Egs.
(20)-(23), SO;~ is shown to be the main contributor (% contribution
average = 84%) to the oxidation process in the medium. In fact, S0;~ is
the prominent contributor in the first 6 min 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
=28% at t = 16 min. The method used to determine the % contribution
of radicals is explained in Text 5S4, where it utilizes and compares the
values of ':—:]L in cases of MeOH and TBA presence.

This can be related to the initial pH of the reaction medium, where
pH, was acidic (pH; = 5.3, 6.3 and 5.4 for quencher-free, MeOH and

2.0
T 15
' (b)
£ 10
S 05 I
x>
200 —_
> Spring  Sea  Waste DI
water  Water Water
Matrix
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Table 2
Physical parameters of the natural water matrices before and after treatment in UVas4/PS system. Experimental conditions: [TP]p = 10mg L~ ! and [PS]y = 0.25mM.
Paramelers units Spring Water Sea Water Waste Waler
Before treatment Afler treatment Before treatment After treatment Before treatment Afler treatment
pH - 7 6.86 8 7.45 8.2 7.93
Total Coliforms CFU® NA NA 76 NA TNTCS TNTC
Fecal Coliforms NA NA 4 NA TNTC TNTC
Turbidity NTU" 0.63 0.38 1 0.17 95 69
TSS mg L. 1 9 2 88 126 425 a8
DS 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
con” 132 43 a70 930 1106 426

* Colony forming unit.

" Nephelometric turbidity unit.
“ Too numerous to count.

4 Chemical oxygen demand.

(TPl / [TP],

8
Elapsed Time / [min]

—&—MeOH —o—TBA

Fig. 6. Identification of the reactive species for TP degradation in UV,54/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]; = 10mgL~", and [PS]g = 0.25 mM. Error
bars are caleulated as %, where absent bars fall within the symbols.

== Quencher free

TBA experiments, respectively) which inhibits the formation of HO
[34]. HO' is known to perform as H* abstractor, while S0}~ 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. SO;~ was the main reactive species in several other AOPs
studies  utilizing either UVas4/PS [2544,48] or heat/PS
[47,50,51,53-55] systems especially in slightly acidic media.

3.7. Comparative study: UVzs4/H202 UVjse/ PS and UVase/Hz02/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 Hy04
oxidant alone ([H30,] = 0.25mM) or in combination with PS
([H404] = [P5] = 0.125mM) at [TP]; = 10 mg | A Fig. 68a,b shows
that systems utilizing (H,O, + PS) or H,0, alone were slightly better
performing than PS-alone system. In fact homolytic cleavage of HyO,
and PS by UV-C activation allows the formation of two 50;~ and two
HO" respectively, and the consecutive formation of HO" from SO;~ is pH

dependent and more prominent at basic pH (Eq. (4)) [34]. Although a
higher quantum yield is expected for 5,05~ activation (Eqs. (24) and
(25)) [22,66], greater effectivity of H,O, system than that of PS system
may be explained by the higher effectivity of HO* in the degradation
process. For the case of (HyO; + PS) system, high keps, close to Kaps
obtained for Hy0, system was found due to the formation of both ef-
fective SO;~ and HO" where the resulting pl; 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 pH; 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 H;0, 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
kons for H;0,/UV-C (0.175 = 0.003min" ') than for PS/UV-C
(0.106 + 0.001 min ') system in the degradation of 48 mglL.~! 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 Hy04
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 H,0, 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 H,0- 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 2,700 mgL~* S0}~ [701. Even for the use of high con-
centration of PS, e.g. 25 mM as it is the case for TP effluent (Section
3.9.1), the maximum produced sulfate concentration will not exceed
4,800 mg L~ for a small treated volume that is potent for further di-
lution upon discharge.

Hy Oy + hv = 2HO (@ = 1.0 mol E™Y) (24)

508" +hv = 250;” (0 = 1.8 mol E™) (25)

3.8. Mass spectrometry and suggested mechanism

HPLC/MS(-ESI) analysis was done on samples taken att =0, 6, 12
and 20 min for [TP]y = 10mgL~ ! and [PS]p = 0.25 mM. The total ion
chromatograms (TIC) obtained showed a main peak corresponding to
TP at R; = 12.2min, in addition to two peaks corresponding to an
identified (BP)) and an unidentified (BP,) by-product observed at
R; = 5.2 and 5.8 min, respectively as it can be depicted in Fig. 7a. TP
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Fig. 7. (a) (-) ESI LC-MS total ion chromatogram of TP degradation at different reaction times in UV54/PS system, containing a graph showing realtive peak areas of

the identified and unidentified by-products (BP; and BP,), in addition to TP. (b) Mass spectrum of degradation by-product at R; =

5.2 min and of TP (R; = 12.2 min).

(c) Proposed TP degradation mechanism by SO;~ and HO". Experimental conditions: [TP]y = 10mgL ! and [PS], = 0.25 mM.

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 BP, and BP, no peaks were initially observed how-
ever maximum detector responses were obtained at 6 min 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 UV4e4/PS system.
This might be due to direct photolysis or to the oxidative role of pro-
duced HO" and/or SO;~ in the reactive medium. The mass spectrum of
BP; 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
S0;” on TP molecule. As previously suggested, TP has more chances to
undergo SO, attack with a contribution of about 86% at the beginning
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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 UVy54/PS
systems [19,21]. The formed species also contribute to a drop in the
solution’s pH (ApH = 1.6, pHr = 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].
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3.9. Case study: Pharmaceutical effluent

3.9.1. Optimization of [PS]y for efficient degradation

In order to assess the applicability of the studied UVy54/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 160 mg L~ ! supposed to be discarded directly into the municipal
sewer system without prior treatment

The pharmaceutical effluent mixture was treated using the UVys4/
PS system with [PS]y = 25, 50, 75 and 100 mM. 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],
used e.g. 25 mM (Fig. 8). As it can be seen, the degradation rate con-
stant Kgys decreased by almost 57% from 2.20 ( = 0.08) x 10 2 min !
for [PS]g = 100 mM to 1.4 ( = 0.1) x 10 2min ' for [PS]ly = 25mM
(Table 3).

The UVy54/PS treatment caused a drop in pH, with a maximum of
A\pH = 2.35 (Egs. (2) and (3)). The COD value of the effluent was
28000 mg 1.~ ! which is typical of a highly charged industrial effluent.
After treatment, COD values in cases of [PS]y = 75 and 100 mM were
corrected using calibration curve method in order to eliminate the
overestimation caused by PS remained in the solution (Text S5, Table
$5)[73,74]. The treatment showed a decrease in the biological oxygen
demand (BODs) proportional to [PS]p 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]y (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.

180
160 §
140
120
100
80
60
40
20
0

Average %RSE

[TP],mg L1

0

20 40 60 80 100 120 140 160 180

Elapsed Time / [min]
25 50 #—75 100

Fig. 8. Degradation of TP in a real pharmaceutical effluent. Experimental
conditions: [TP]y = 160 mgL_l and [PS]p = 25-100 mM. The inset shows the
average % RSE values determined at each PS concentration. Error bars are
caleulated as %, where absent bars fall within the symbols.

=
=t
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Table 2

Physical parameters of the pharmaceutical effluent before and after treatment
in the UVs54/PS system at initial (t = Omin) and final (t = 180 min) time.
Experimental conditions: [TP] = 160mgL~" and [PS]p = 25-100 mM.

[PS] mM 0 25 50 75 100

Kgps min 1 - 14(=01) 18(+01) 22(+01) 220
x10 % (= 0.08)

PH/pH; - 3.43/1.53  3.43/1.15  415/1.89  4.15/1.80

CcoD® (mgl ") 28,000 27,390 27,130 23,824 22,474

BOD" 11,505 10,620 10,020 7530 8850
(mgL™")

DS (g1~ 0394 6.005 B.578 14.06 17.47

* Chemical oxygen demand.
" Biological oxygen demand in five days.
“ Total dissolved solid.

(TP )degraded
N(PS)consumed (26)

The % RSE showed the highest value of 3.7% at [PS]y = 25 mM
(Fig. 8). Thus, this concentration is considered the optimum case to
adopt for the degradation of high TP’s content effluent e.g. 160 mgL 1.
A higher % RSE (52%) was obtained by Ghauch et al. upon degradation
of Chloramphenicol (CAP) in DI medium in a similar UVgg4/PS systems
[19]. This observation is not surprising for three reasons: (1) the lesser
is the concentration of PS used in the medium (0.25 mM for CAP against
25 mM 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
S0;~ (because of radical quenching with ethanol for example) and in
the efficiency of SO}~ 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%).

% RSE = ® 100

3.9.2. Economic feasibility

Economic feasibility was assessed utilizing electric energy per order
(Ego) and the prices of chemicals used. Ego (kWh/m®/order) is defined
as the electric energy in kilowatt hours required to degrade con-
taminants by one order of magnitude, for example from 10 mgL'1 to
1mgL~?, in one cubic meter of contaminated air or water, and is cal-
culated using Eq. (27) for a batch system [75].

_PX X 1000
Vxlog(C;/Cy)

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, ¢; and C; are the re-
spective initial and final concentrations, and 1000 is a conversion factor
from L to m*,

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 (Egs. (28)-(30)).

Eg,
EO @7

ll:lgg = 04343 X Kops X t
Cy

(28)
Px tx 1000
Epo =
Vx0.4343 % ke X LX 60 (29)
_ 38axP
07 Vkon (30)

In the simplified Eq. (30), P is in kW, V in L, kgys in min ™!, and EEO
is in kWh/m®/order [75]. The total cost is calculated for the case of
[PS]y = 25 mM since it was chosen as the optimum concentration
yielding almost full TP degradation in the pharmaceutical effluent. In
our studied UVag4/PS system, each 0.4 L reactor used required an 11
Watts lamp. Kkops for the case of [PSlp=25mM is 1.4
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Table 4
Total system cost based on electricity price rates in Lebanon and in the US.

Fxo Electricity cost ($/m?) Reagenl price  Total cost ($/m?)
(KWh/m*/ Lebanon us ($/m?) Lebanon us
order)

75 12.8 5.35 11.9 24.7 17.2

( +0.1) x 10" 2min~'. Thus, the Egq for the studied case is 75 kWh/
m*/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:

Total system cost($/m*) = Electrical Energy Cos t+ Reagent Cost
(3D

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 [76,771, while in the latter, the average
electricity cost for the industrial sector is about 0.0709 $/kWh. As for
reagent cost, it is calculated using wholesale prices available on-line
through the local distributors (Table 54). The total system cost is pre-
sented in detail in Table 4, where, based on prices of electricity in the
US, a total of 17.2$ is enough to treat 1 m® 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 ) 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 56 and Fig. 85 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.
50;~, 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 UV,54/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] con-
sumed in the first cycle of 60 min. 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 UV 54/PS lab scale batch
system for simulated and real concentrated industrial effluents. The
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effect of various experimental parameters on TP degradation was stu-
died. Results showed that UVt alone could not efficiently degrade TP
through photolysis only phenomenon, while the addition of
[PS]y = 0.25mM totally degraded [TPlg = 10mgL ™! within 20 min
following a pseudo-first order reaction Kkinetics (kgpe = 0.173
( + 0.004) min~"). The degradation process was inhibited in acidic and
basic media, while neutral pH showed improved degradation
(Kaps = 0.40 ( £ 0.03) min~1). Bicarbonate as well as chloride presence
had minimal effect on TP degradation rate. In spring, sea and waste-
water matrices TP showed slower degradation than that in DI con-
firming thereby the necessity of treating pharmaceutical factory ef-
fluents independently before mixing them with natural water. The
studied system was successfully applied to treat TP in a real industrial
effluent highly charged in TP (e.g. 160 mg L~ ') dissolved in a DI water
matrix. The UVy54/PS system resulted in the complete degradation of
TP in a real pharmaceutical production facility effluent over 180 min
however using 25 mM 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~? in highly charged effluents. The
results showed also that adding PS to the effluent mixture simulta-
neously at t = Omin or successively over the reaction course (e.g.
180 min) 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 concentration requires a relative increase of [PS]
added. It was concluded that oxidant dosage should be determined
based on temporal monitoring of the pharmaceutical active ingredient
concentration under degradation. Based on ROS quenching experi-
ments, it was demonstrated that the UV;5,4/PS system put in advance
50,~ as the main contributors to TP degradation especially at the be-
ginning of the oxidation 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 UV354/PS systems in
degrading persistent PAls 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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Text S1
Theophylline calibration curve

Calibration curve obtained for [TP] presented in Fig. 1S exhibited high linearity (R* = 0.999)
over a linear dynamic range of 0.02-50 mg L with a limit of detection (LOD) amounting to
0.0176 mg L (0.0977 uM). Error bars for calibration curve are calculated as A = Agverage T
t.

—1 where n is the number of replicates, t is student value for 95% confidence (t = 4.303 for 2

Vn

degrees of freedom) and s is the standard deviation of the three replicates tested. TP physical

properties are summarized in Fig. 1S (c).

(b) LINEST Output

y=mx+b

m 3094 b 79.19

Sm 2466 s, 39.20

R? 0999 s, 1251

[TP] mg L*
(c)
Cfl(:?:l]:ﬁgl Molecular Water
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Fig. 1S. (a) Calibration curve of TP obtained using HPLC/DAD at wavelength of 270 nm, (b)
LINEST output for TP calibration curve, and (c) selected TP characteristics.
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Fig. 2S. (a) Generic 1 gallon per minute UV continuous water disinfection element, and (b)

an exploded diagram of the experimental setup.
Text S2
2.3 Experimental setup: UV reactors

A bench-scale experimental setup was used simulating the commercial UV water sterilization
apparatus. Six units of a generic I gallon per minute UV water disinfection element (Fig. 2S)
were used in the construction of the experimental setup. The commercial units utilized
originally consist of a UV 11-watt low-pressure mercury lamp (LPHgL) (Philips TUV 11W
G11 TS, Poland), fitted in a quartz tube placed in a 280 mL 316 stainless steel casing that
continuously intakes pre-filtered water. The UV lamps and their quartz fittings were utilized
from the commercial product, and the stainless-steel casing was replaced by a 400 mL home-
made borosilicate cylinder. The borosilicate used in the setup is as inert as the stainless-steel

used in the commercial product, however the borosilicate allows easy handling and real-time
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monitoring of reactors to assure no precipitates were formed. Our developed system
(F1g.258(b)) utilizes a temperature-controlled water bath (20 °C) by the aid of a PolyScience

MM?7 chiller. UV-254 nm intensity was 3.2 mWcm™ + 0.16 measured using a radiometer

(Model UVC-254 Lutron; Taipei, Taiwan) at a distance of 3cm, which is similar to the
distance between the lamp and the termination part of the solution treated in the designed
system. All experiments were done in triplicates, where two different experiments could be

done at once.
Text S3
2.4. Experimental procedure

Stock solution of TP (0.555 mM) was prepared by dissolving 100 mg of dry TP powder in
one liter of DI water, and that of Persulfate (PS) (100 mM) was prepared by dissolving 2.38 g
of sodium persulfate in 100 mL of DI water. Both solutions were stored in dark at 4 °C for a
maximum period of two weeks. For persulfate detection method potassium iodide solution
(40 mM) was prepared by dissolving 6.64 g of KI and 5 g of NaHCOs in 1 L volumetric flask
and left to stir overnight. Before every experiment LPHgLs (11 Watts) were stabilized for a
period of 60 min. Monthly routine check of the LPHgl’s UV-254 nm intensity was
performed using a UVC radiometer (UVC-254 Lutron, Taiwan) to confirm that the power of
the lamps is within = 10 % the original value, otherwise the lamps were replaced by new
ones. The water chiller was turned on and set at 20 °C 60 minutes ahead of all experiments.
Temperature of water in reaction medium was measured several times during the experiment
to make sure it 1s within a range of 20 + 2 °C. The order of addition of reagents was as
follows: first Theophylline solution from stock was placed in the reactor, then DI was added,
followed by additive matrix solutions (if any), finally, PS or H202, from stock solutions were
added. Samples were withdrawn every 2 min using a separate syringe for each reactor and
placed in 2 mL HPLC vials after filtration by a 0.45 um PTFE 13 mm disc filters.

Wastewater used in experiments was pre-filtered using a 1 um ashless glass fiber filter.
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Table S1

Degradation of [TP]o = 10 mg L at [PS]o = 0.01-0.5 mM. Kops and linearity constant (R?)

obtained for plots of ln% versus time (min) for tested conditions upon first order fitting
0
are presented.
[TP] ppm [PS]o mM kobs X 107! (min?) R?
0.01 0.04 (£ 0.01) 0.9675
0.1 0.49 (= 0.02) 0.9553
10
0.25 1.74 (= 0.06) 0.9933
0.5 3.7(£0.2) 0.955
(b)
[phosphate
pHi/pHf
= buffer]
E buffer free 5.4/3.8
E 10 mM 5.7
20 mM 5.7

] 2 4 6 8 10 12 14 16 18
Elapsed Time / [min]

—0— 10 mM ——20 mM —#— phosphate free

Fig. 3S. (a) Effect of phosphates (0, 10 and 20 mM) on TP degradation. (b) pH in buffered
and non-buffered solutions. Experimental conditions: [TP]o = 10 mg L}, [PS]o = 0.25 mM.

Error bars are calculated as E—; , Where absent bars fall within the symbols.
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pH. = 11.07
08 pH; = 11.04

= 0.6

[- 8

E

-~ 0.4 -

&

E o2
1]

0 2 4 6 8 10 12 14 16
Elapsed Time / [min]

—g—pH 11, no UV =—f—pH 11, UV

Fig. 4S. Comparison between UV and base activation of PS. Experimental conditions: [TP]q

=10mg L, [PS]o = 0.25 mM, and [phosphate buffer] = 10 mM of pH = 11 in both cases.

Error bars are calculated as % , Where absent bars fall within the symbols.
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Table S2

Review of the effect of chloride (CI") presence on the degradation of several organic probes in Persulfate activated systems. (+) and (-) represent

an increase or a decrease in the degradation rate constant of the oxidation reaction, respectively.

PS Main
. [PS]o [CI] [NaCl] Effect on reactive
Family Probe Structure syste(;n mM (mM) (mg LY Kabs radical Reference
use species
\\/tD
Ho o 1,10, | 58.4,584
H &) ) > Bt »
Florfenicol \(;\/{N)\fm UV/PS 1 100 844 - No data [2]
m o
qp NN 510 | 202,584 Nee%i‘:’le
Sulfamethazine 14 )‘\ P Heat/PS 2 S0;” [3]
R NN
Antibiotic /Q/ H
HN 100, 5844, N
200 11688
0
HO~¢ o 0.171 10 -
Penicillin G < Lf w HeatPS | 0.5 s0;” [4]
- \S'i N
HoH 0.0943 5.51 -
H ol 584 Negligible (5]
. : . effect
Antipyretic Acetaminophen Fe/PS 0.8 501
2 116.9 -
HO
5,10 292, 584 +
Page | 7
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2,10, 117,584,
20 1169 * (6]
UV/PS 0.132 504
30,100 | 2922, 5844 -
|
o ‘(\J 18.5 1081 + [7]
Antipyrine AT Heat/PS 1.855 505
) 1850 108114 -
; 1,5,10, | 584,292 Negligible —
Atenolol Heat/PS 0.5 50 584,297 oFfoot 50, 18]
Beta blocker
) ‘ S0;™.
Bisoprolol Heat/PS 1 0.0855 5 + oH" [9]
0.028, 1.6,16.5,
0.282, 65 -
2.82 !
Slow-
release 282
Hormone 17B-estradiol UV/PS flow | 1648,2472 + 505~ [10]
42.3
through
system  |"756.4, 3256,
564, 32960, B
846, 49440,
1269 74160
Nonsteroidal anti- Diclofenae \f’lNH UV/PS 1 25,50 | 1461,2922 + No data [11]
inflammatory PN
O A o~ O
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100, 5844,
200 11688 :
342 200 +
Heat/PS 1
34.2, 2000,
342 20000 -
f iy 342 200 n
Ketoprofen ‘/ A S - » No data [12]
(J LIl Uv/PS 0.1 34.2, 2000,
342 20000 :
342
- ’ 200, 2000,
Fe*"/PS 0.5 34.2, a0 ’ -
342 20000
Cyclohexanoi i
yeloexanoic ~Hon UV/PS 2 14.1 824 N oH"
acid [13]
Negligible
Persistent organic 1,1,1- 'C\ Heat’PS Is 1 584 effect No data [14]
molecules Trichloroethane (Clc\ e oda
10, 100 | 584.4, 5844 -
0.15, 1, 8.8, 584, :
Triclosan Heat/PS 0.155 10 584.4 S0;~ [15]
Pesticides el 20, 50 1169, 2922 +
1,10, | 584,584.4, | Negligible
Diatrizoat o' 1 4 S 1 100 5844 effect sor [16]
hatrizoate Z la
A N
H H 500 29220 -
Page | 9
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Table S3

Review of the effect of bicarbonate (HCO5") presence on the degradation of several organic probes in Persulfate activated systems. (+) and (-)

represent an increase or a decrease in the degradation rate constant of the oxidation reaction, respectively.

PS Main
Family Probe Structure system [PSlo [HCOsT | Effect reac‘twe Reference
- ;Jse d mM (mM) on Kobs radical
species
o]
Y .
. S o 1, 10,
Florfenicol P N)H/CI UV/PS 1 100 - No data [2]
i H
OH Cl
Antibiotic
QP N
Sulfamethazine S. N N/ Heat/PS 2 5,10, 50 + Noe [3]
IO
HoN
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Ho—°
: (o]
Penicillin G "‘V_Jk e} & ‘ Heat/PS 0.5 0.0943 505~ [4]
HAA L
H H
2
H
N
Acetaminophen D/©/ \fr Uv/ps 0.132 10, 20, S0;” [6]
S +
H 50, 100
Antipyretic
[L 18.55
~ 2
Antipyrine \u" HeatPS | 1855 ?;Z: so; (7]
927.5
o]
OH
O\A\/N CHs 1.5, 10, .~
Beta blocker Atenolol j)v©/ HeatPs | 05 50 S0; (8]
CH
HaN ’
Slow-
release 4.76
Hormone 17B-estradiol Uv/Ps flow 505 [10]
through
system
11.9,
238 )
Page | 11
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_cl
2N 25, 50,
Diclofenac O o~ OH UV/PS 100 and + No data [l l]
T 200
o
Nonsteroidal anti-
infl Y
I X
) A A O ; 1, 50,
Ketoprofen &T | hd Heat/PS 100 mM No data [12]
= x o
Cl
11,1- 1, 10
.1, AUPS , 10, g}
Trichloroethane “C| Heat/PS 100 No data [14]
Cl
Persistent organic
molecules cl OH
o]
Triclosan Heat/PS | 0.155 1-50 5057 [15]
cl Cl
Pesticide Qg -OH
o | | o 25,5,
Diatrizoate UV/PS 10, 20, 505~ [16]
)LN N)I\ 40
H H
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[TP], / [TP],

0 2 4 6 8 10 12 14 16
Elapsed Time / [min]

=—&—1yith chloroform —— quencher free
Fig. 5S. TP degradation in presence and absence of chloroform used as superoxide radical
quencher. Solution is saturated with chloroform at 20 °C. Experimental conditions: [TP]o =

10 mg L' and [PS]o = 0.25 mM.
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[TP],/ [TP],

8 12
Elapsed Time / [min]

O PS+H;0; —&=—PS =fr—H;0;

System pHi pH: Kobs (min ')

PS 5.7 3.4 1.73 (£ 0.04) x 10"
PS + _ .
0, 5.2 5.5 3.6 (£0.4)x 10
H:0, 5.4 4.4 3.5(£0.2)x 10"

Fig. 6S. Comparison of oxidation effectivity of H»O; and PS toward TP. (a) [TP]/[TP]o for
three different tested systems and (b) the corresponding pH at initial (t = 0 min) and final
time (t = 16 min) with the calculated kos. Experimental conditions: [TP]o = 10 mg L}, [PS]o
=0.25 mM, [H202]o = 0.25 mM and [PS]o = [H202]o = 0.125 mM for the case of mixed

oxidants.
Text S4

Determination of %contribution of SO and HO*
It is known that MeOH quenches both S0;~ and HO* while TBA quenches HO*® mainly.

The contribution of SO, is obtained from the TP degradation in the case of TBA as follows:

[rpl
TP,

Additionally, the contribution of HO* is estimated from the difference between TP

contribution of SO;” =1 (case of TBA)

degradation in cases of MeOH and TBA as follows:
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[TP] [TP]
T3P (case of MeOH) — Wan

contribution of HO® = (case of TBA)

Then, the contributions are added to obtain total contribution of the two mentioned radical

species. %contribution at all reaction times is obtained as follows:

o contribution of a single radical
% contribution = - - - x 100
contribution of both radicals

The %scontribution is obtained at different times of the reaction and an average is then
obtained. To account for the fact that TBA quenches SO;~ slightly, the %contribution of
S0, is expressed as > 84% (instead of = 84%).
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Fig. 7S. Wastewater samples containing TP collected from a local pharmaceutical production
plant. (a) Washing of 1000 L 316 SS L mixing container, (b) collecting wastewater samples

in amber bottles, and (c) filter press used in the manufacturing process.

Table S4

Masses and prices of reagents used based on available commercial prices

[PS]! mol L*! 25
Reactor volume L 0.4

n PS mol mol 0.01

m Na,S;0g g 2.38
Reagent price’ $/reactor 0.00476
Reagent price’ $/m’ 11.9

11 kg of PS costs 2 US $.
’Based on price obtained from Jinan Shijitongda Chemical Co., Ltd
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Text S5

Correction of COD values by calibration method
It is well known that PS causes overestimation in measuring COD values [17,18]. A method
known as the calibration method 1s used to correct for this error [17]. The following equation
1s used:

CODcorrectea = CODoyerestimatea — (30.52[PS] + 22.21)
With [PS] being the PS concentration remaining in g/L.
The PS was depleted, where it was below the detection limit, in the cases of [PS]o =25 and
50 mM in treating pharmaceutical effluent and in all the cases of natural water media. Table
S5 shows the calculations done to correct COD values in the cases where PS was still present

at final reaction time.
Table S5

Correction of COD values by calibration method to reduce overestimation caused by PS

Condition COD [PS] remained corrected COD values by calibration
values (g/L) method
[PS], =25 mM/effluent 27390 0 -
[PS], = 50 mM/effluent 27130 0 -
[PS], = 75 mM/effluent 23850 0.12307 23824
[PS], = 100 mM/effluent 22500 0.13653 22474
[PS], = 0.25 mM/spring 53 0 )
water
[PS], = 0.25 mM/sea water 930 0 -
= /
[PS], = 0.25 mM/waste 476 0 )
water
Text S6

3.9.3. Effect of successive PS spiking

To test the effect of successive additions of PS versus simultaneous addition at the initiation
of the experiment, a trial was designed in which the initial [PS]o = 25 mM was equally
divided (e.g. 5 mM) so that to cover five successive cycles of 36 min each Fig. 7Sa shows a
comparison between successive and simultaneous addition of PS to the reaction medium.
Results clearly show faster kinetics in the simultaneous addition in the first 80 min followed
by slower kinetics; whereas successive additions showed more consistent slope for [TP]
degradation. As for the final [TP] and [PS] in the reactor, both investigated cases showed

similar results in which TP and PS were almost totally degraded and consumed, respectively
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at 180 min of the reaction time (Fig. 7Sa). Moreover, one can notice from the current
experiment that during the first cycle of the successive addition method, 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. §O;, HO® to degrade the accumulated by-products versus initial TP
present in solution (Fig. 7Sa). The effectivity of successive versus simultaneous addition of
PS in the treatment process was similar regarding the residual concentrations of TP and PS;
however, one can deduce that successive additions of PS can provide more control and easier
calculations for the operator of the treatment plant whereas simultaneous addition of PS

showed almost linear [TP] decline similar to that of a zero order kinetic case.

3.9.4. Test of the system robustness

Robustness of the UV54/PS system was studied upon spiking the reactor with varying
amounts of concentrated effluent solution. Initial experimental conditions of [PS]o = 25 mM
and [TP]o = 160 mg L. were adopted till t = 60 min, at which spiking with a concentrated
effluent solution was done and resulted in [TPJeo = 172 mg L'. Then, at t = 120 min, a
concentrated effluent solution was spiked again, with half the amount of TP previously
spiked in order to stay within the same range of TP effluent concentration yielding [TP]120 =
181 mg L. On the other hand, a monitoring of the residual concentration of PS in the
medium showed that almost 90% of PS was consumed during the first cycle only (Fig. 7Sb).
Therefore, the remaining PS was not enough to degrade the added amount along with the
degradation by-products, and thus, the % RSE significantly dropped in the second (0.9%) and
third (0.5%) cycles compared to the first one (4.5%) (Fig. 7Sb). In a comparative study,
Ghauch et al. also noticed incomplete degradation of a pharmaceutical compound when
successively spiking the reactor with CAP solution in a UV254/PS system; In the first cycle
100% degradation of CAP was achieved however followed by a decrease in the %
degradation rate for every cycle reaching only 47.1% by the end of the fifth cycle [19].
Oppositely, Amasha et al. showed sustainable degradation of Ketoprofen (KTP) upon UV
activation of PS and successive KTP spiking which was endorsed by the direct photolysis of
KTP under UV light [12]. Our results suggest that the system used is thus of low tolerance to
major fluctuations in effluent concentration. Accordingly, 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.
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160 A
140 4
T 20
- 120 4
o =
g 100 A 5 L1s E
- ®a w
E 80+ 23 e
2 - 10
60 - g 2
1|
4
40 - 1 o ! B L]
1 H 3 5
20 - Cycle
0 T T T T 7 0
0 30 0 90 120 150 180
Cycle (#) - > ~ > S >
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efg— [TP], added successively over 3 cycles

e [PS], added simultaneously at t = 0 min
Fig. 8S. Degradation of TP in a real pharmaceutical effluent sample in UV254/PS system. (a)
PS is added either successively over 5 cycles ([PS] = 5 mM / cycle) or simultaneously att =0
min ([PS] = 25 mM) to TP effluent solution ([TP]o = 160 mg L ). (b) Concentrated effluent
solution spiked over 3 cycles of 1 h each starting at [TP]o = 160 mg L'and [PS]o = 25 mM

added at t = 0 min. The insets correspond to the average % RSE calculated for every cycle.

Error bars are calculated as t—;, where absent bars fall within the symbols.
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