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AN ABSTRACT OF THE THESIS OF

Suha Adnan Al Hakim  for Master of Science
Major: Chemistry

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

Oxidative degradation of emerging waterborne contaminants, particularly
pharmaceuticals, by AOPs has gained a major interest in the past decade. The aim of
this work was to assess the degradation of theophylline (TP), which is a pharmaceutical,
utilizing persulfate (PS) activated by UV2s4, thermally and chemically. The latter two
activation techniques were studied both separately and combined. Additionally, TP was
eliminated from a simulated and a real industrial effluent.

In the first part of this work UV2s4/PS system was studied for TP degradation. Results
showed that TP is strongly resistant to degradation through direct photolysis under
UVa2s4 irradiation. Effect of [PS]o was tested where a positive correlation between [PS]o
and degradation rate was observed. A [PS]o = 0.25 mM achieved total degradation of
[TP]o= 10 mg L' in a period of 20 min with kops= 0.173 (x0.004) mint, where
pseudo-first order reaction kinetics was obtained. To test the effect of different matrix
parameters on TP degradation, the pH of the solution, concentrations of chlorides and
bicarbonates in addition to dissolved oxygen were varied and tested. Results showed
that neutral pH gave the highest improvement in the degradation rate (Kons = 0.40
(+0.03) min), while chlorides and bicarbonates showed minimal impact, and anoxic
conditions hindered TP degradation. Additionally, since pharmaceutical factory
effluents can be mixed with different natural water matrices, TP was spiked into natural
spring, sea and waste water. The three tested water matrices showed a decrease in the
degradation rate, with the waste water causing most significant inhibition (Kobs = 6.9
(+0.9) x 10 min). Radical scavenging experiments showed that sulfate radicals had
the main contribution in TP degradation. To further test the applicability of the
UV2s4/PS system, waste water effluent was obtained from a local pharmaceutical
manufacturing facility containing [TP]o = 160 mg L. Total TP degradation was
achieved in the effluent solution over 3 h utilizing [PS]o = 25 mM. Reaction
stoichiometric efficiency was calculated to be 3.7%.

In the second part of this work Fe?*/heat/PS system was studied for TP degradation.
Degradation was tested first in heat/PS system and resulted in 60% degradation at t = 60
min for [PS]o =5 mM and T = 60°C. Second, Fe?*/PS system was tested at room
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temperature and showed minimal effectivity. As a result, the two activation methods
were combined into Fe?*/heat/PS system. The combination of the two activation
methods improved oxidation efficiency, where complete TP degradation was obtained
within 60 min for [PS]o = [Fe**]o =2 mM at T = 60°C. The reaction followed a pseudo-
first order reaction rate with kops = 7.7 (20.1) 102 min*. [PS]o:[Fe?*]o ratio was
optimized where 1:1 ratio gave best results. Effect of temperature and [PS]o were tested
where both showed positive correlation with degradation rate. Chlorides present in the
reaction medium caused inhibition of the degradation process while nitrates showed a
slight enhancing effect. TP was dissolved in natural spring, sea and waste water
matrices, where slower degradation rate compared to that in DI water medium was
obtained. The waste water matrix caused the greatest inhibition (Kobs = 2.6 (+0.6) x 10*
mint). The Fe?*/heat/PS system was applied to the same factory effluent containing
[TP]o = 160 mg L*. Effective and full TP degradation was obtained within 120 min
with the system operating at 60°C and with [PS]o = [Fe?*]o = 50 mM.

Keywords: AOPs, Persulfate, Theophylline, UV-254 nm, Chemical activation, Heat,
Water treatment
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CHAPTER |
INTRODUCTION

A. Emerging Water Contaminants

The increase in human population in addition to the increase in consumption of
various products and utilities accompanied by the advancement of the lifestyle has raised
alarms concerning the quality of water, air and soil. Water contamination by various
emerging and unregulated products has caused a major concern in the scientific
community over the last two decades [1,2]. This increased attention for water
contamination is aided by the advanced methods used for trace detection of
pharmaceuticals and other organic contaminants in water, such as the advanced mass
spectrometry (MS) coupled to high performance chromatographic techniques [3].

Pharmaceuticals and personal care products (PPCPs) are a group of compounds
that gained a great interest in the scientific community. PPCPs include a variety of organic
groups, such as hormones, antibiotics, antimicrobial agents, in addition to fragrances,
cosmetics, sun-screen agents, etc. [4,5]. PPCPs constitute a major concern due to their
potential effect on the human health and the environment. Accordingly, PPCPs are
considered as emerging contaminants [5].

Water pollution by PPCPs occurs through several routes. A major cause of water
pollution by PPCPs is the release of sewage water, where it is released untreated or treated
using conventional methods that are not efficient in their removal [6]. PPCPs were
detected in waste water in several regions around the world [7-9]. Another important
reason is the release of untreated factory effluent into the environment, as effluents from
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pharmaceutical production plants that could contain several pharmaceutical active
ingredients. Additionally, the direct disposal of several drugs and personal care products
into the environment contributes to the latter’s contamination [10].

Presence of PPCPs in water, even at trace concentrations, pose an environmental
and a health risk. First, there is a risk of bioaccumulation, as the accumulation of
lipophilic PPCPs in aquatic organisms, where a study showed that 92 out of 275 drugs
found in the environment are potentially bioaccumulative [4,11,12]. Second, the presence
of antibiotics in water causes the development of antibiotic resistance, which poses a
threat to human and animal health [13]. Additionally, there exists uncertain
synergistic/antagonistic effect of long term exposure to mixtures of pharmaceuticals at

low concentrations [14].

B. Advanced Oxidation Processes

Due to the mentioned concern on water pollution, water treatment is integrated
to treat discharged water from domestic, agricultural and industrial sources. The
conventional treatment methods include, but are not limited to, chemical precipitation,
carbon absorption, evaporation and ion exchange [15]. It has been shown that
conventional methods do not treat PPCPs efficiently, and PPCPs are consequently
resistant to such treatments [16-18]. This necessitates the development and application
of novel treatment methods effective in degrading PPCPs.

Advanced Oxidation Processes (AOPs) are novel techniques that have proved
their efficiency in the treatment of various organic contaminants. AOPs generally work

by the generation of powerful reactive oxidative species (ROS) such as hydroxyl,
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hydroperoxyl, sulfate and superoxide radicals which have high redox potentials and act
to degrade the contaminant in question [19]. AOPs can be divided into four main
categories as follows [20]:

I. Chemical-based AOPs including the use of chemical reagents solely. An
example is the Fenton process which is the oldest AOP method. Fenton utilizes iron(l11I)
salt in addition to hydrogen peroxide (H205).

Ii. Photochemical-based AOPs requiring the use of a light source such as the use
of UV or solar light and is generally coupled to oxidants.

Iii. Sonochemical-based AOPs demanding the use of ultrasounds and usually
coupled to the use of oxidants.

iv. Electrochemical-based AOPs utilizing electrochemistry to generate hydroxyl
radicals.

One of the recent technologies of AOPs is the use of activated Persulfate (PS).
PS shows an advantage over peroxide, since it is more stable. PS was proved to be
efficient in degrading several categories of organic contaminants. PS can be activated
thermally [21-24], chemically [25,26], by UV [27,28], or through a combination of
activation techniques to generate highly reactive sulfate radicals (SRs) species (Eq. 1-3)
[25,27-30].

S,05~ — 250;~ (Thermal activation) with 30°C < T <99°C (1)

S,05~ + Fe?t - S02 + S0;” + Fe3*(chemical activation)  (2)

S,05~ + hv — 250, (UV activation) 3)

C. Theophylline as a Target Molecule



Theophylline (TP) is one of the drugs that is largely consumed and disposed into
the environment. TP is a xanthine, similar in structure to caffeine and theobromine, and
used in the treatment of lung diseases such as asthma, shortness of breath and wheezing
[31]. TP is found in a normal diet such as in tea and in cacao beans in trace amounts
[32,33].

TP enters the environment through several routes. First, the discharge of
untreated waste water effluents from pharmaceutical production plants can contain TP.
Second, domestic waste water might contain TP from urine excretion due to consumption
of pharmaceuticals and natural compounds [10,34]. Additionally, TP could be directly
disposed into the environment as by throwing away TP-containing drugs. Unfortunately,
TP was detected in spring water in Lebanon, which is possibly due to the release of
untreated municipal waste water and industrial effluents [35].

In the past decade, several methods were tested on TP degradation. Liang et al.
[36] studied PA@MIL-100(Fe), a metal organic framework, for visible light (A > 420 nm)
driven photodegradation of TP and other PPCPs, with H20, added to reaction mixture to
achieve full degradation. On the other hand Kim Ilho et al. [37,38] used UV and UV/H20-
systems to study the degradation of TP in a mixture of 30 PPCPs. The former system
showed that TP was highly resistant to UV and was classified as slowly-degrading
compared to other studied PPCPs. With initial [H202] of 8.2 mg L™* in a medium of pure
water, UV/H20: system resulted in a pseudo first order reaction for TP degradation with
Kobs = 1.7x102 s at 20 °C and pH 7. Also, M. M. Sunil Paul et. al. worked on UV/H,0
system to assess kinetics and by-products of TP oxidation by hydroxide radicals utilizing

high resolution mass spectrometric analysis [39]. They concluded that the studied
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compound is vulnerable against oxidizing radicals and demonstrated two reaction
pathways induced by hydrogen addition and hydrogen abstraction. Additionally, a

UV/TIiO system [40], as well as a ferrate system [41] were tested.

D. Purpose

PS-based AOPs showed great effectivity in degrading pharmaceuticals, 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. Activation of PS was
tested using UV-254 nm, thermally, and chemically, where the latter two techniques were
tested separately as well as combined. Several parameters were assessed in both systems
of UV activated PS as well as combined chemically and thermally activated PS. This
allowed the optimization of the degradation process in both systems yielding full TP
degradation at an affordable cost. It was 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 acidic pH and in media of low

chloride content.



Bibliography

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

K. Noguera-Oviedo, D.S. Aga, Lessons learned from more than two decades of
research on emerging contaminants in the environment, J. Hazard. Mater. 316
(2016) 242-251. doi:http://dx.doi.org/10.1016/j.jhazmat.2016.04.058.

R. Hirsch, T. Ternes, K. Haberer, K.-L. Kratz, Occurrence of antibiotics in the
aquatic environment, Sci. Total Environ. 225 (1999) 109-118.
doi:http://dx.doi.org/10.1016/S0048-9697(98)00337-4.

W.W. Buchberger, Current approaches to trace analysis of pharmaceuticals and
personal care products in the environment, J. Chromatogr. A. 1218 (2011) 603—
618. doi:http://dx.doi.org/10.1016/j.chroma.2010.10.040.

J.B. Ellis, Pharmaceutical and personal care products (PPCPs) in urban receiving
waters, Environ. Pollut. 144 (2006) 184-189.
doi:https://doi.org/10.1016/j.envpol.2005.12.018.

J.-L. Liu, M.-H. Wong, Pharmaceuticals and personal care products (PPCPs): A
review on environmental contamination in China, Environ. Int. 59 (2013) 208—
224. doi:https://doi.org/10.1016/j.envint.2013.06.012.

C.G. Daughton, T.A. Ternes, Pharmaceuticals and personal care products in the
environment: agents of subtle change?, Environ. Health Perspect. 107 (1999)
907-938. d0i:10.1289/ehp.99107s6907.

N. Nakada, T. Tanishima, H. Shinohara, K. Kiri, H. Takada, Pharmaceutical
chemicals and endocrine disrupters in municipal wastewater in Tokyo and their
removal during activated sludge treatment, Water Res. 40 (2006) 3297-3303.
doi:https://doi.org/10.1016/j.watres.2006.06.039.

D. Ashton, M. Hilton, K. VV Thomas, Investigating the environmental transport of
human pharmaceuticals to streams in the United Kingdom, Sci. Total Environ.
333 (2004) 167-184. doi:https://doi.org/10.1016/j.scitotenv.2004.04.062.

G.R. Boyd, J.M. Palmeri, S. Zhang, D.A. Grimm, Pharmaceuticals and personal
care products (PPCPs) and endocrine disrupting chemicals (EDCs) in stormwater
canals and Bayou St. John in New Orleans, Louisiana, USA, Sci. Total Environ.
333 (2004) 137-148. doi:https://doi.org/10.1016/j.scitotenv.2004.03.018.

T. Heberer, Occurrence, fate, and removal of pharmaceutical residues in the
aquatic environment: a review of recent research data, Toxicol. Lett. 131 (2002)
5-17. doi:http://dx.doi.org/10.1016/S0378-4274(02)00041-3.

A. Wennmalm, S.C. Council, Pharmaceuticals : Environmental Effects, in:
Encycl. Environ. Heal., 2011: pp. 462—-471. doi:http://dx.doi.org/10.1016/B978-
0-444-52272-6.00714-5.

A. Zenker, M.R. Cicero, F. Prestinaci, P. Bottoni, M. Carere, Bioaccumulation
and biomagnification potential of pharmaceuticals with a focus to the aquatic
environment, J. Environ. Manage. (2014). doi:10.1016/j.jenvman.2013.12.017.
T.U. Berendonk, C.M. Manaia, C. Merlin, D. Fatta-Kassinos, E. Cytryn, F.
Walsh, H. Birgmann, H. Sgrum, M. Norstrom, M.N. Pons, N. Kreuzinger, P.
Huovinen, S. Stefani, T. Schwartz, V. Kisand, F. Baquero, J.L. Martinez,
Tackling antibiotic resistance: The environmental framework, Nat. Rev.
Microbiol. (2015). doi:10.1038/nrmicro3439.

6



[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

O.A. Jones, J.N. Lester, N. Voulvoulis, Pharmaceuticals: A threat to drinking
water?, Trends Biotechnol. (2005). doi:10.1016/j.tibtech.2005.02.001.

P. Rajasulochana, V. Preethy, Comparison on efficiency of various techniques in
treatment of waste and sewage water — A comprehensive review, Resour.
Technol. 2 (2016) 175-184. doi:10.1016/j.reffit.2016.09.004.

Y. Luo, W. Guo, H.H. Ngo, L.D. Nghiem, F.I. Hai, J. Zhang, S. Liang, X.C.
Wang, A review on the occurrence of micropollutants in the aquatic environment
and their fate and removal during wastewater treatment, Sci. Total Environ. 473—
474 (2014) 619-641. doi:10.1016/j.scitotenv.2013.12.065.

Y. Yang, Y.S. Ok, K.-H. Kim, E.E. Kwon, Y.F. Tsang, Occurrences and removal
of pharmaceuticals and personal care products (PPCPs) in drinking water and
water/sewage treatment plants: A review, Sci. Total Environ. 596-597 (2017)
303-320. doi:https://doi.org/10.1016/j.scitotenv.2017.04.102.

S.A. Snyder, Occurrence, treatment, and toxicological relevance of EDCs and
pharmaceuticals in water, in: Ozone Sci. Eng., 2008: pp. 65-69.
d0i:10.1080/01919510701799278.

D.A. Armstronga, R.E. Huie, S. Lymar, W.H. Koppenol, G. Merényi, P. Neta,
D.M. Stanbury, S. Steenken, P. Wardman, Standard electrode potentials
involving radicals in aqueous solution: Inorganic radicals, Bioinorg. React.
Mech. (2013). doi:10.1515/irm-2013-0005.

M.A. Oturan, J.-J. Aaron, Advanced Oxidation Processes in Water/Wastewater
Treatment: Principles and Applications. A Review, Crit. Rev. Environ. Sci.
Technol. 44 (2014) 2577-2641. doi:10.1080/10643389.2013.829765.

A. Ghauch, A.M. Tugan, N. Kibbi, Naproxen abatement by thermally activated
persulfate in aqueous systems, Chem. Eng. J. 279 (2015) 861-873.
doi:10.1016/j.cej.2015.05.067.

A. Ghauch, A.M. Tugan, N. Kibbi, S. Geryes, Methylene blue discoloration by
heated persulfate in aqueous solution, Chem. Eng. J. 213 (2012) 259-271.
doi:http://dx.doi.org/10.1016/j.cej.2012.09.122.

A. Ghauch, A.M. Tugan, N. Kibbi, Ibuprofen removal by heated persulfate in
aqueous solution: A kinetics study, Chem. Eng. J. 197 (2012) 483-492.
doi:10.1016/j.cej.2012.05.051.

A. Ghauch, A.M. Tugan, Oxidation of bisoprolol in heated persulfate/H 20
systems: Kinetics and products, Chem. Eng. J. (2012).
doi:10.1016/j.cej.2011.12.048.

S. Naim, A. Ghauch, Ranitidine abatement in chemically activated persulfate
systems: Assessment of industrial iron waste for sustainable applications, Chem.
Eng. J. (2016). doi:10.1016/j.cej.2015.11.101.

A. Ghauch, G. Ayoub, S. Naim, Degradation of sulfamethoxazole by persulfate
assisted micrometric Fe0 in aqueous solution, Chem. Eng. J. (2013).
d0i:10.1016/j.cej.2013.05.045.

A. Ghauch, A. Baalbaki, M. Amasha, R. El Asmar, O. Tantawi, R. El Asmar, O.
Tantawi, Contribution of persulfate in UV-254 nm activated systems for
complete degradation of chloramphenicol antibiotic in water, Chem. Eng. J. 317
(2017) 1012-1025. doi:10.1016/j.cej.2017.02.133.

7



[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

M. Amasha, A. Baalbaki, S. Al Hakim, R. El Asmar, A. Ghauch, Degradation of
a Toxic Molecule o-Toluidine in Industrial Effluents using UV254/PS System, J.
Adv. Oxid. Technol. 21 (n.d.) 261-273.
https://www.ingentaconnect.com/content/sycamore/jaot/2018/00000021/0000000
1/art00023.

M. Amasha, A. Baalbaki, A. Ghauch, A comparative study of the common
persulfate activation techniques for the complete degradation of an NSAID: The
case of ketoprofen, Chem. Eng. J. 350 (2018) 395-410.
doi:https://doi.org/10.1016/j.cej.2018.05.118.

G. Mark, M.N. Schuchmann, H.P. Schuchmann, C. von Sonntag, The photolysis
of potassium peroxodisulphate in aqueous solution in the presence of tert-
butanol: a simple actinometer for 254 nm radiation, J. Photochem. Photobiol. A
Chem. (1990). doi:10.1016/1010-6030(90)80028-V.

I. American Society of Health-System Pharmacists, Theophylline, (2017).
https://medlineplus.gov/druginfo/meds/a681006.html.

C.A. Shively, S.M. Tarka, Methylxanthine composition and consumption
patterns of cocoa and chocolate products, Prog. Clin. Biol. Res. 158 (1984)
149—178. http://europepmc.org/abstract/ MED/6396642.

D.D. Tang-Liu, R.L. Williams, S. Riegelman, Disposition of caffeine and its
metabolites in man., J. Pharmacol. Exp. Ther. 224 (1983) 180-185.
http://jpet.aspetjournals.org/content/224/1/180.

M.E. Rybak, M.R. Sternberg, C.-1. Pao, N. Ahluwalia, C.M. Pfeiffer, Urine
excretion of caffeine and select caffeine metabolites is common in the US
population and associated with caffeine intake, J. Nutr. 145 (2015) 766-774.

J. DOUMMAR, K. NODLER, T. GEYER, M. SAUTER, Assessment and
Analysis of Micropollutants (2010-2011), n.d.

R. Liang, S. Luo, F. Jing, L. Shen, N. Qin, L. Wu, A simple strategy for
fabrication of PdA@MIL-100(Fe) nanocomposite as a visible-light-driven
photocatalyst for the treatment of pharmaceuticals and personal care products
(PPCPs), Appl. Catal. B Environ. 176-177 (2015) 240-248.
doi:10.1016/j.apcath.2015.04.009.

I. Kim, N. Yamashita, H. Tanaka, Photodegradation of pharmaceuticals and
personal care products during UV and UV/H202 treatments, Chemosphere. 77
(2009) 518-525. doi:https://doi.org/10.1016/j.chemosphere.2009.07.041.

I. Kim, H. Tanaka, Photodegradation characteristics of PPCPs in water with UV
treatment, Environ. Int. 35 (2009) 793-802.
doi:https://doi.org/10.1016/j.envint.2009.01.003.

M.M. Sunil Paul, U.K. Aravind, G. Pramod, A. Saha, C.T. Aravindakumar,
Hydroxyl radical induced oxidation of theophylline in water: a kinetic and
mechanistic study, Org. Biomol. Chem. 12 (2014) 5611-5620.
d0i:10.1039/C40B00102H.

R. Liang, A. Hu, W. Li, Y.N. Zhou, Enhanced degradation of persistent
pharmaceuticals found in wastewater treatment effluents using TiO2 nanobelt
photocatalysts, J. Nanoparticle Res. 15 (2013) 1990. doi:10.1007/s11051-013-
1990-x.



[41] S. Sun,J.Jiang, S. Pang, J. Ma, M. Xue, J. Li, Y. Liu, Y. Yuan, Oxidation of
theophylline by Ferrate (V1) and formation of disinfection byproducts during
subsequent chlorination, Sep. Purif. Technol. 201 (2018) 283-290.
doi:https://doi.org/10.1016/j.seppur.2018.03.014.



CHAPTER II
THEOPHYLLINE DEGRADATION BY UV24 ACTIVATED
PERSULFATE

Since PS showed promising results in the treatment of pharmaceuticals in water
effluents, it was chosen as an oxidant to treat TP in a simulated and real pharmaceutical
effluent solution. UVas4 in a batch setup integrating commercial disinfection lamps was
used to activate PS. A thorough study was conducted including the effect of [PS]o and
several matrix parameters. The UV/PS system was applied to treat a real pharmaceutical
effluent solution containing a high [TP].

Results of this project are presented below in the form of a research paper

published in Chemical Engineering Journal (Volume 380, 15 January 2020).
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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
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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



5. Al Hakim, et al.

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)
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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
-S8 -
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
Page | 8
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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
-S10 -
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
Page | 10
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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
-S12 -
_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
Page | 12

31




-S13 -

[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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Elapsed Time / [min]
efg— [TP], added successively over 3 cycles
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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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CHAPTER III
THEOPHYLLINE DEGRADATION BY THERMALLY AND
CHEMICALLY ACTIVATED PERSULFATE

Since real-life applications might require a certain PS activation method over the
other, additional PS activation techniques were thoroughly tested for the treatment of TP
in an effluent solution. The degradation of TP was tested in systems of chemically and
thermally activated persulfate. The two activation methods were tested separately as well
as in combination, in order to optimize the system efficiency. Parameters including
temperature, [PS]o, [PS]o:[Fe?*]o ratio, in addition to different matrix elements were
carefully studied. A real pharmaceutical factory effluent was collected and treated in a
Fe2*/heat/PS system.

Results of this project are presented below in the form of a research paper

submitted to RSC Advances journal on July 13, 2019.
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ARTICLE

Chemically and thermally activated persulfate for theophylline
degradation and application to a pharmaceutical factory effluent

Received 00th January 20xx, i . ) .
Accepted 00th January 20xx Suha Al Hakim, Abbas Baalbaki, Omar Tantawi and Antoine Ghauch*

DOI: 10.1039/x0xx00000x PPCPs degradation by AOPs has gained a major interest in the past decade. In this work, theophylline (TP) oxidation was
studied in thermally (TAP) and chemically (CAP) activated persulfate systems, separately and in combination (TCAP). For
[TP]o = 10 mg L% (i) TAP resulted in 60% TP degradation at [PS]c =5 mM and T = 60°C after 60 min of reaction, (ii) CAP
showed slight degradation at room temperature, however (iii) TCAP resulted in complete TP degradation for [PS]o = [Fe**]o
=2 mM at T = 60°C following pseudo-first order reaction rate with calculated kabs = 5.6 (20.4) x 107 min™. In TCAP system,
[PS]o:[Fe®]a ratio of 1:1 gave best results, and degradation rate increased with increasing temperature and [PS]a. The
degradation rate decreased with increasing pH. Chlorides as well as humic acids caused inhibition of the degradation
process while nitrates showed slight enhancing effect. TP dissolved in spring, sea and waste water matrices showed lower
degradation rate than in DI water, with the waste water causing the greatest inhibition (kess = 2.6 (+0.6) x 10 min). TCAP
system was tested on a real factory effluent highly charged with TP e.g. [TP]s = 160 mg L. The results showed successful
TP degradation  at high concentration at 60°C  and [PSle = [Fe*le = 50 mh.

contributes to pollution of water bodies by TP 89,
1. Introduction To solve the problem of water contamination by several
. . . . . ollutants, treatment water plants are integrated to treat
Theophylline (TP), or 1,3-Dimethyl-7H-purine-2,6-dione, is a p ! . P . g.
wastewater discharges from domestic, agricultural and
industrial sources. Conventional water treatment methods

include, but are not limited to, carbon adsorption, chemical

crystalline compound used in the treatment of respiratory
diseases such as asthma and wheezing, and is found in trace
amounts in a normal diet as in tea and cocoa beans 1.2, TP is
part of pharmaceuticals and personal care products’ (PPCPs)
family, which has gained a global attention in the past few
decades. This increased attention is attributed to PPCPs’
discovery in ground and surface water aided by the
advancements of analytical techniques that allowed their
detection at previously undetected low concentrations 3.
PPCPs’ presence in water, even at low concentrations, pose an
environmental and a health risk: bioaccumulation, like the
accumulation of lipophilic PPCPs in aquatic organisms %3,
development of antibiotic resistance %, in addition to uncertain
synergistic/antagonist effect of long term exposure to mixture
of pharmaceuticals at low concentrations 7. TP is introduced
into nature by several pathways as from the untreated
pharmaceutical production plants’ wastewater effluents, in
addition to the domestic wastewater that can contain TP from

precipitation, evaporation and ion exchange 19. It was shown
that conventional methods do not treat PPCPs efficiently,
where PPCPs were found to be resistant to such treatment and
were detected in drinking water 1713, One of the
pharmaceuticals detected in water is TP, where it was found in
spring water in Lebanon possibly caused by the discharge of
untreated waste water 1. TP degradation was studied during
the past decades by several methods including degradation by
means of Ferrate (V1) 15, metal organic framework (Pd@MIL-
100(Fe)) visible light (A > 420 nm) 1%, UV/H.0; .18 and
UV/TiO2 nanobelt 5. Novel water treatment methods include
advanced oxidation processes (AOPs) that were proved to be
significantly  efficient in  removing persistent organic
compounds. A wide variety of techniques involving different
oxidants and different methods of activation is used in AOPs;
examples include Fenton 20, photo-Fenton 21, UV/PS 22.23 Fe/PS
2435 heat/PS 2628 in addition to alkaline/PS and
alkaline/peroxymonosulfate 3¢ systems. Of the mentioned
AOQPs, activated PS was effective in degrading several

direct disposal of the drug and from urine excretion, which

Ag’;]e;';?;r;lnivemty of Beirut, Faculty of Arts and Sciences, Department of pharmaceuticals 334, but to our knowledge, was not tested by
P.0. Box 11-0236 Riad El Solh — 1107-2020 Beirut — Lebanan other research groups to treat TP. The main PS5 activation
*Corresponding author. Tel/fox: +961 1350000/+961 1 365217 Email address: methods are by UV, chemically, and by heat which generates
antoine.ghauch@aub.edu.lb highly reactive sulfate radicals (SRs) (Eqs. 1-3) 227283435 |n this

1 Footnotes relating to the title and/or authors should appear here. K K
Electronic  Supplementary Information  (ESI) available: [details of any study TP degradation by thermally activated PS (TAP) and

supplementary information available should be included here]. See chemically activated PS (CAP) was studied, separately as well
DOl: 10.1033/x0xx00000x
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as combined in a thermally and chemically activated PS (TCAP)
systemn. The combination of activation techniques was applied
to a simulated and a real highly concentrated pharmaceutical
effluent collected from a local pharmaceutical factory. The
degradation process optimized by testing
parameters in order to obtain efficient degradation within
reasonable time at an affordable cost. Finally, a calculation of
charge distribution and frontier orbitals was investigated in
order to better elucidate TP degradation mechanism by

oxidative radical species in solution.
5,05~ — 250;” (Thermal activation) with 30°C < T < 99°¢C (1)

was several

5,08 + Fe®™ = 507 + 50;” + Fe?*(chemical activation) (2)

5,03 + hv — 2505 (UV activation) (3)

2. Materials and Methods
2.1. Chemicals

Theophylline (C7HsMNa0Oz) (C7HsN2O:z = 99%) and sodium
persulfate (PS) (Naz5:0s, 2 99.0%), were obtained from Sigma-
Aldrich (China and France respectively). Methanol (MeOH,
CHa0) of HPLC grade was purchased from Sigma-Aldrich
(Germany) and used as mobile phase for chromatographic
analysis in combination with deionized water [DI). Ferrous
chloride Tetrahydrate (FeCl2.4H20), used as chemical activator
for PS, was obtained from Fluka (Switzerland). HCI (37%) was
obtained from Fluka (Netherlands) and used to dissolve FeClz
in preparation of stock solutions. To evaluate the effect of
ionic additives, sodium chloride (NaCl) was purchased from
Fluka (Netherlands), and sodium nitrate (NaNO3) was obtained
from Sigma-Aldrich (Germany). DI water was used for the
preparation of all solutions in this study.

2.2. Chemical analysis: TP quantification and identification

High performance liquid chromatography (HPLC, Agilent 1100
series) was used for TP quantification. The HPLC was equipped
with a thermo-electrically cooled autosampler unit, a
quaternary pump, a vacuum degasser, and a thermally
controlled column. Separation of TP from other by-products
was enabled by the use of a C-18 reverse phase column
(Discovery® HS, 5 pm; 4.6 mm internal diameter x 250 mm in
length) connected to a guard column (HS C-18, 5 um; 4.0 mm
internal diameter 20 mm long) (Pennsylvania, USA). The
column was set at 30°C, while the autosampler compartment
was set at 4°C. A column flow rate of 0.5 mL min™ was used
with a mobile phase consisting of water and MeOH (70:30
ratio) kept under isocratic mode. The injection volume was set
at 80 plL. A diode-array detector (DAD) for the quantification of
coupled to the HPLC.
conditions, TP retention time was observed at 12 min. All
samples were filtered using 0.45 pm PTFE 13 mm disc filters
(Jaytee Biosciences Ltd., UK) before HPLC analysis. Selected TP
chemical properties in addition to the calibration curve and
the corresponding LINEST output
supporting information Fig. 1S{a-c).
degradation and transformation products of TP was performed

TP was For the aforementioned

are summarized in

Identification of the
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on an Ultimate 3000 RSLC Thermo Scientific HPLC-MS/MS
connected to a Q Exactive Orbitrap. A Hypersil GOLD C18 150
column (100 x 2.1 mm, 1.9 pm) was used for separation. The
injection volume was set as 2 uL and the elution process was
performed at a flow rate of 0.3 mL min?® using DI water
(containing 0.1% formic acid) as eluent A and methanol as
eluent B. The mass spectrometer was operated in positive
ionization mode. The auxiliary gas heater temperature was set
as 350°C and the capillary temperature was 320°C.

2.3. Experimental setup

The experimental setup consisted of 200 mL Erlenmeyer flasks
used as reactors and immersed in a controlled-temperature
water bath. The latter is equipped with an orbit shaker (Wise
Bath WSB-30) and amended with a8 homemade Plexiglas cover
plate with the capacity of holding all Erlenmeyer flasks by their
necks in order to prevent reactors from falling (Fig. 25). The
experimental setup can accommodate up to 12 reactors at a
time, where all experiments are done in triplicates. The
reactors were efficiently submerged in the water bath to
ensure that their temperature matches that of the surrounding
water. This was further guaranteed by the measurement of
the reactor’'s inner temperature using a thermometer. The
temperatures tested were room temperature in addition to 40
- 75°C. To proper homogenization
distribution, the orbit shaker was set at 70 revolutions per
minute (RPM) throughout the whole experiments.

2.4. Experimental Procedure

ensure and heat

The stock solutions were prepared as follows: TP (100 mg L)
was prepared by dissolving 100 mg of dry TP powder in 1 L of
DI water; PS (100 mM) was prepared by dissolving 2.38 g of
sodium persulfate in 100 mL of DI; FeCl; (80 mM) was
prepared by dissolving 3.1808 g of FeCl;.4H;0 in concentrated
HCl (37%) followed by the addition of DI in a 250 mL
volumetric flask. The stock solutions were prepared weekly
and stored in dark at 4°C. The water bath was turned on ahead
of the experiment so that the required temperature is
attained. Reactors outside the water bath were each filled
with predetermined amounts of prepared concentrated stock
solutions of TP, matrix solution when required, in addition to
DI water. The obtained solution was mixed and preheated in
the water bath to reach the desired temperature. Finally, the
experiment was initiated by adding FeClz (20 mM) and PS (100
mM) stock solutions reaching a final reactor volume of 200 mL.
Samples were withdrawn, using a clean 1 mL syringe for every
reactor, then filtered using a 0.45 um PTFE 13 mm disc filter
and stored in 2 mL HPLC vials. To quench any further oxidation
reactions after sample withdrawal, vials were placed in an ice
bath to prevent further thermal activation of P5 2% and spiked
with 0.5 mL of methanol to prevent further chemical activation
of PS 3%, Waste water used in real water samples experiments
was pre-filtered using a 1 pm ashless glass fiber filter.

2.5. Calculation of charge distribution and frontier orbitals

The Theoretical calculations were done using Gaussian 09
program 3% with Density functional theory (DFT) method. The
Becke, 3-parameter, Lee-Yang-Parr (B3LYP) 37.38 functional was
used with 6-311++(2d,2p) First, molecular

basis set.

This journal is © The Royal Society of Chemistry 20xx
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parameters of theophylline molecule were optimized using the
mentioned level of theory. Second, at the same level of theory,
the frontier electron densities and Mulliken charge distribution
were obtained utilizing the optimized parameters.

3. Results and discussion

3.1. Thermal Activation of PS (TAP system)

3.1.1. Thermal stability of TP and effect of [PS]y To test the
stability and behaviour of TP molecule upon thermal stress,
control experiments were conducted in a PS-free medium with
[TP]o = 10 mg L™ at different temperatures (40 - 75°C) for a
total reaction time of 60 min. As it can be noticed from Fig. 35,
heat did not significantly affect TP stability in aqueous
solutions. In fact, a slight decline in the concentration of TP
was observed, with a maximum noticed of about 5% for T = 40
- 75°C demonstrating thermal stability of TP.

Thermal activation was tested by spiking a [TP]o = 10 mg L™
solution with different concentrations of PS5 at 60°C. Table 1
and Fig. 45 show that TP degradation increased from 3% to
60% upon [PS]p increase from 0.25 mM to 5 mM, respectively
after a period of 60 min. This increase in the % degradation is
attributed to the production of more SO;~ in the more PS
concentrated solution as per Eq. 1.

3.1.2. Effect of temperature and determination of activation
energy The temperature effect on TP degradation by TAP
system was studied, with the following conditions adopted:
[TP]o =10 mg L%, [PS]o =2 mM and T = 55 - 75°C. Fig. 1a shows
that increasing the temperature resulted in improving TP
degradation. For example, when temperature increased from

Table 1

% TP degradation in TAP system at T = 55-75°C and different [PS]o, and in CAP system at room temperature. Experimental

ARTICLE

55°C to 75°C, the % TP degradation increased from 10% to
100% at t = 40 min. The observed trend is commonly found in
several studies of TAP systems 2628, This can be explained by
the increase in the energy provided to the system upon
heating which in its turn favors more and more the collision
between the reacting TP and 5Rs.

The observed degradation rate constant (kgps) was calculated
according to pseudo-first order kinetics model following Eq. 4
which showed a good fitting (Text $2). Additionally, the
activation energy (Es) of the TP degradation reaction in TAP
system was determined using the Arrhenius equation (Eqg. 5),
where T is the temperature in K, Kepe is the observed
degradation rate constant calculated at different temperatures
in minl, A is the Arrhenius constant, and R = 8.314 ] mol-1 K1
is the gas constant. Eqg. 5 was plotted, and the slope obtained
represents E;A (Fig. 1b). Ea and In(A) were determined to be 154
(x16) kJ mol! and 50 (£5) k] mol?, respectively. Ea value is
close to that reported by Ghauch et al. for ibuprofen, Ea =168
(+9) kI mol?, and naproxen, Ex = 155.03 (+26.4) k] mol? both
using TAP system however at half of the used [PS]p as
compared to this work e.g. 1 mM 2828 The uncertainties
reported for In{A) and Ex were determined using the LINEST
function of Microsoft excel.

ln% = —k,,.t (4)
Ln(Kops) = Ln (4) — 2 (5)

3.2. Chemical Activation of PS (CAP system)

conditions: [PS]o= 0.25-5 mM, [PS]o:[Fe?*]o ratios = 1:10, 1:5 and 1:1, and [TP]p = 10 mg L' for all studied cases

A::;:z:" {:::1_“,) T(EC)  [PSl(mM)  [Fe?']o(mM) t?:i'::a;';" pH:/pHy
55 2 14 3.83/3.69

0.25 3 4.30/4.56

6 1 12 3.87/3.75

A 10 2 ) 28 3.83/3.58
5 60 3.41/3.05

65 45 3.57/3.46

70 2 100 3.57/3.22

75 100 3.50/3.22

0.025 0.5 3.48/3.83

0.25 0.125 . 2.97/2.84

0.25 5 2.81/2.54

2 0.1 a 2.96/3.18

CA® 10 1 0.05 . 2.43/2.30
1 2 2.23/2.12

; 0.5 4 2.59/2.76

0.25 1 1.84/1.79

5 2 1.65/1.54

* Check Fig. 4S, Fig. 1(a)
b Check Fig. 55

This journal is © The Rovyal Society of Chemistry 20xx
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Fig. 1. (a) Effect of temperature on TP degradation in a TAP
system. (b) The corresponding Arrhenius plot of In(ka) vs.
(1/T) showing equation for linear best fit. Experimental
conditions: [TP]o= 10 mg L, [PS]o = [Fe**lo=2 mM and T =

55 - 75°C. Error bars are calculated as % where absent bars

fall within the symbols.

To test the effectiveness of CAP for TP degradation at room
temperature, a solution of [TPlo = 10 mg L' was subjected to
[PSlo = 0.25, 1 and 5 mM activated by Fe2* having [P5]o:[Fe?*]o
ratios of 10:1, 2:1 and 1:1 at favorable acidic pH to secure FeZ*
high solubility. Under all conditions tested, only negligible
degradation of TP was observed (Fig. 55}, with a maximum of
5% TP degradation noticed at 60 min for the case of [P5]p =
0.25 mM and [PS]o:[Fe?*]p ratio of 1:1 as summarized in Table
1. Thus, TP is demonstrated to be relatively resistant to CAP
system at room temperature compared to other organic
contaminants. For example, Oh et al. obtained incomplete
degradation of polyvinyl alcohol (PVA) utilizing Fe?*-based CAP
at room temperature and used higher reaction temperature to
secure significant degradation of PVA 33 This can be explained
by the common scavenging effect of S0;~ by Fe?* to form the
less effective Fe3* ion (Eq. 6) #? in addition to the recalcitrant
character of the TP molecule.

50;7 + Fe*t — S0~ + Fe*t (6)
3.3. Combined Thermal and Chemical activation of PS (TCAP
system)

4 | /. Name., 2012, 00, 1-3
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Since TAP and CAP systems showed low to negligible
performance in degrading TP in aqueous solutions separately,
both activation methods were combined into thermally and
chemically activated PS (TCAP) system. This system was tested
for different [PS]p:[Fe?*]p ratios, [PS]p and temperatures in
order to confirm positively or negatively any synergistic effect
that can be obtained upon combination of both PS activation
techniques.

3.3.1. Effect of [PS]s:[Fe?*]? ratio and [PS]o TP degradation was
studied at different [PS]p:[Fe?*]o ratios and [PS]o. [PSlo:[Fe?*]o
ratios of 10:1, 2:1 and 1:1 were tested at [PS]o = 0.25, 1 and 5
mM, [TPlo = 10 mg L' and T = 60°C. kons was calculated for
pseudo-first order kinetics model where Eq. 4 is followed [Text
S3). As it can be depicted in Fig. 2 and Table 2, the 1:1
[PS]a:[Fe?*]o ratioc showed the highest degradation rate,
followed by 2:1 and 10:1 ratios in the three tested [PS]o
conditions. Different studies showed effectivity of different
[PS]o:[Fe?*]o ratios where the ratio varies depending on
different parameters such as the target analyte, the method of
iron addition, in addition to the state/morphology of the iron
added *L. For instance, a study by Oh et al. showed that a 1:1
[PS]p:[Fe?*]g is the optimum ratio for the degradation of
polyvinyl alcohol by CAP 32 Also, Naim and Ghauch (2016)
showed that 1:1 [PS]g:[Fe?*]y was the most effective ratio
yielding full Ranitidine degradation in almost 10 min 2%, On the
other hand, Shang et al. obtained a 10:1 [PS]o:[Fe?*]g as the
optimum ratio upon degrading diatrizoate in a CAP system 42,
In order to study the effect of [PS]p on TP degradation,
different [PS]p concentrations were used (0.25 - 5 mM) while
keeping constant [PS]g:[FeZ*]pratio of 1:1, [TPlgp=10mg L1 at T
= 60°C. Fig. 3 and Table 3 show that the higher the [PS]g, the
greater the observed rate constant kgps. For example, Kgos
increased by 32 folds when [PS]p increased from 0.25 mM to
5.0 mM following good correlation (R2 = 0.9879) as shown in
the inset of Fig. 3. This observation can be explained by the
production of greater number of S50;  obtained upon
increasing [PS]o (Fig. 3).

3.3.2. Effect of temperature and determination of the
activation energy To study the effect of the temperature on TP
degradation in TCAP systems, the same conditions as before
(section 3.3.1) were adopted however in addition to the
temperature reaction variation: [TP]p = 10 mg L%, [PS]o = [Fe®*]o
=2 mM and T =55 - 75°C. As it can be noticed from Fig. 4a,
complete TP degradation occurred in only 10 min at 75°C to
last up to 50 min at 60°C. However, at 55°C only partial TP
degradation, e.g. 83%, was obtained after 1 h of reaction. The
results showed also that as the temperature increases from
55°C to 75°C, kgps increased by 44 folds from 1.9 (£0.1) x 1072
minlto 8.3 (x0.1) x 107 minL.

This journal is © The Royal Society of Chemistry 20xx
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Fig 2. Effect of [PS]q:[Fe?'], ratios on TP degradation in a
TCAP system. Experimental conditions: [PS]s = 0.25, 1
and 5 mM, [PS]a:[Fe?*], ratios of 1:1, 2:1 and 10:1,and T
=60°C.

Table 2

Effect of [PS]o:[Fe?*]y ratios on TP degradation in a TCAP
system. Initial and final pH values are presented for every
case. Experimental conditions: [PS]o = 0.25, 1 and 5 mM,
[PS]o:[Fe?*]o ratios of 1:1, 2:1 and 10:1, and T = 60°C.

[PS]o:[Fe**]c [PSlomM [Fe**]omM  pHi/pH:
0.25 0.025 3.50/3.30

10:1 1 0.1 2.79/2.7

5 0.5 2.18/2.07

0.25 0.125 2.97/2.85

2:1 1 0.5 2.53/2.9

5 0.25 1.84/1.79

0.25 0.25 2.81/2.54

1:1 1 1 2.23/2.12

5 5 1.63/1.54

0.8

0.6

0.4

0.2

[TP], / [TP],

0.0

0 10 50

20 30 40
Elapsed Time / [min]
—fe= (.25 =1 —O—15 —H—2 =¥=25 —0—5
Fig. 3. Optimization of reaction conditions for the TCAP
system: Effect of [PS]o = 0.25 - 5 mM on degradation of TP
at [PS]o:[Fe?*]y ratio of 1:1.. [TP]p = 10 mg L for all
experiments and T = 60°C. Error bars are calculated as t—; ,

where absent bars fall within the symbols.

This journal is © The Rovyal Society of Chemistry 20xx
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Table 3
Optimization of [PS]y for the TCAP system. ko and linearity
constant of the pseudo-first order equation plot are presented.
[TP)o= 10 mg L for all experiments and T = 60°C.

[PSle  [Fe*']s Kops X 1077 !
(mM)  (mM) (min)
025 025 0.05(+0.02) 041

1 1 029(:0.02) 093
1.5 1.5  0.47(0.03) 096
2 2 0.56(0.04) 096
25 15 0.8(:0.1) 093
5 5 16(:01) 098

0 10 20 30 40 50 60
Elapsed Time / [min]
e 55 —9— 60 —O—65 —A—T0 =¥==75

T (k)
(b) 0-002850.00290.00295 0.003 0.003050.0031
0.5 L L L L

04 x | y=-21485x+61.682

0.5 - - -R2=0.9795
'."= -1
€154 Ng@
L A SR e e

255
£ ;|
35 dommmpmmm e m e e N
_4 [ S ——
-4.5

Fig 4. (a) Effect of temperature on TP degradation in a TCAP
systems. (b) The corresponding Arrhenius plot of In(ka) vs
1/T showing equation for linear best fit. Experimental
conditions: [TP]p= 10 mg L, [PS]o = [Fe?*lp=2 mM and T =
50 - 75 °C. Error bars are calculated as t—; , where absent

bars fall within the symbols.

The TCAP system, as the TAP investigated system (section
3.1.2), showed also excellent fitting with the Arrhenius
equation where the calculated In{A) and the apparent
activation energy Ea are greater than those calculated in the
absence of Fe?* e.g. 61 (£5) kJ mol! and 178 (+14) kJ mol?,
respectively (Fig. 4b). This should not be surprising as one
might expect a lesser activation energy in the presence of Fe?*,
In fact, Fe?* is not playing the role of a catalyst to decrease Ea
neither involved in TP degradation reaction directly. It is rather
playing a role in speeding up the production of SO;~ from PS
upon chemical activation process (Eg. 2). Additional

J. Name., 2013, 00,1-3 | 5
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experiments were carried out at 10:1 [PS]p:[Fe?*]p ratio at
different temperatures (40, 50 and 60°C) and the obtained
outputs. example, as the
temperature reaction increased from 40, 50 to 60°C, the %
degradation of TP improved from 29, 45 to 100%, respectively
at 60 min for [PS]p = 5 mM (Fig. 65). A similar trend was
observed for aniline degradation, where [PS]p = 2.5 mM and
zero valent iron [ZVI]p = 03 g in the total
elimination of [Aniline]g=0.05 mM inaperiodofland2hatT
= 80°C and 60°C, respectively 43.

3.4. Effect of pH adjustment in TCAP system

results showed same For

L resulted

To study the effect of pH on TP degradation process in TCAP
system, initial pH (pH;) was adjusted to values of around 3, 5
and 7 using NaOH solution and before the addition of PS. The
subsequent PS addition caused a further decrease in pH (pHps)
(Fig. 5, Table 4). The use of a buffer solution was not possible
since an organic buffer would compete with TP on the PS
present in the solution and on the other hand an inorganic
buffer, as phosphate buffer, would cause interference by
complexing with Fe2* 2534 The effect of initial pH is important
to study in case the effluent to be treated contains traces of
acid or base from the reactor cleaning process; however, most
pharmaceutical production plants use deionized water for
preliminary washing of the equipment and thus containing the
highest [TP] at acidic pH.

It shall be noted that the drop in pH in the case of un-adjusted
solution is due to two main factors. First, the Fe?* solution
added contains HCI that is used to aid in its solubility. Second,
PS causes acidification of the medium as per Eqs. 7,8 23,
5,08+ H,0 — 2HSO; + %0, 7
HS0; — 50 + H' (pKa = 1.92) (8)
Results showed that the initial pH value significantly impacts
the degradation process, where kop: decreased with increasing
pH;, from 4.9 (+0.4) x 102 min! in case of pH; = 2.48 to 6.0
(+0.3) x 10°% min® for pH; = 7.07 (Fig. 5, Table 4). This can be
explained by the fact that at increasing pH, e.g. pH above 4,
free iron species in the solution decreases probably as a result
of Fe(ll) This is
experimentally by the formation of a visible precipitate upon

of formation complexes 94 proved
pH increase e.g. formation of Fe(OH)z precipitate. As a result, a
decrease in the amount of soluble FeZ* occurs decreasing
thereby the reaction rate between FeZ* and PS for S0;~
production. This is further clarified by comparing the case of
pH; adjusted to pH 7 in the TCAP system to that of the TAP
system at the same [PS]p = 2 mM. In fact, kops is 6.0 (£0.3) x 103
for the former and 5.52 (+0.08) x 103 min! for the latter (Table
1S). These values can be explained by the insignificant effect of
FeZ* in the TCAP system adjusted initially to neutral pH. Thus,
the studied TCAP system is very sensitive to pH wvariations.
These results can be compared to a solar/FeZ*/PS system
investigated by Nie et al. 45, In fact, the authors found a
decrease in the degradation rate of chloramphenicol by
around 70% when the reaction pH was increased from 3 to 9.
3.5. Additives and matrix effect in TCAP system

In order to test the effect of Cl, NOgz, and HA additives on the
degradation rate of TP, experimental conditions yielding full TP

6 | J. Name., 2012, 00, 1-3
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degradation in 1 h at 60°C were chosen as previously
determined (Fig. 3).

3.5.1. Effect of sodium chloride Different concentrations of
saline solutions spiked with TP were investigated in TCAP
systems. The resulting TP solutions had NaCl concentrations of
0, 200, 2000 and 20000 mg L' so as to mimic conditions of
distilled, fresh, brackish and saline water, respectively and this
according to Gorrell et al. and EPA data %47, It is noted that
chloride is present in all solutions at a concentration of 4 mM
from FeCl; (Fe?* source), since FeCl; is used as a source of Fe?*,
As it can be noticed from Fig. 6, the calculated kqns for the
cases of DI and fresh water were almost equal showing very
slight positive effect of low [NaCl]o in solution. However, the
results showed also that higher [NaCl]g caused inhibition of the
degradation process, where kqps decreased from 5.6 (£0.4) x
1072 min™ in the case of DI water to 3.0 (+0.2) x 1072 min! and
8.0 (+0.5) x 1073 min'! in the cases of brackish and saline water,
respectively (Fig. 6a, Table 4). Moreover, although a decrease
in kons was noticed for fresh water, almost full TP degradation
was reached in 60 min. The decrease in kgp: is attributed to the
quenching of SO}~ (E® = 2.437 (x0.019) V) by Cl~ to produce
CI* (E® = 2.432 (+0.018) V) which in turn reacts to produce CI5~
(E® =2.126 (+ 0.017) V) (Egs. 9,10). The latter radical formed is
of lower redox potential and thus less effective in terms of
oxidation of TP and its transformation products compared to
5031850,

Different the
degradation processes. For instance, Fan et al. observed
enhancement in the degradation of sulfamethazine 51,
whereas Norzaee et al. observed the inhibition of Penicillin G

studies showed wvaried effect of CI° on

degradation 52, both in TAP systems. Wang et al. observed
inhibition in acetaminophen degradation at
concentrations and enhancement at high concentrations,
inhibition in ketoprofen
degradation, both in a Fe?*/PS systems 3433, The increased
degradation in the presence of CI~ can be explained by the
formation of Cl® which has a redox potential close to that of
S0}, in addition to the formation of the reactive HO" (Egs. 9,
11-13) #5.50,

S0y +Cl" S CI"+ 8507 ki =47x10%k, =25 % 102 M~ 157%(9)
C"+Cl sSCly ky=8X10°M *s7 1k, =42 %X 10%s7? (10)
Cl™+ H,0 s CIOH™ + HT ke[H,0] = 1.6 X 10557 kg, =

2.6 10'° M~1s7(11)

HOCI"™ 5 HO"+Cl” ky=6.1x10%s" 1k, =43 x 10° M 1571 (12)
HOCI"™ + H* S H;0 4+ Cl" kg =21 x 10 k, = 1.3 x 10°M~*s71(13)
3.5.2. Effect of nitrates Nitrates is one of the ions commaonly

low chloride

while Amasha et al. noticed

present in different water bodies, as in groundwater due to
the excessive use of fertilizers 5%. Accordingly, the effect of
[NOZ] = 1, 10 and 100 mg L™ on TP degradation in TCAP
system was tested. that
increased in the presence of [NOZ], where kgps increased by 6
folds from 5.6 (£0.4) x 1072 min? to 1.0 (z0.1) x 107" min? in
media of DI and [NOJ] = 1 mg L™ respectively, and then
slightly decreased for [NO3] = 10 and 100 mg L™ to values of
9.0 (+0.1) x 1072 min! and 7.6 (x0.7) x 1072 min, respectively
(Fig. 6b, Table 5).

Results showed reaction rate

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5. Effect of pH adjustment on the degradation of TP in
the TCAP system. pH adjusted before PS addition is
presented. Experimental conditions: [TPlp = 10 mg L?,

[PSlo = [Fe**]p = 2 mM and T = 60°C. Error bars are
calculated as t—\{; , where absent bars fall within the
symbols.
Table 4

Effect of pH adjustment on the degradation of TP in the TCAP
system. pHi represents pH adjusted before PS addition i.e. pH
value of solution before treatment, pHps is pH after PS
addition, and pHs is final pH at t = 60 min. kas is calculated
from pseudo-first order equation plot. Experimental
conditions: [TP]o = 10 mg L, [PSlp = [Fe**ls =2 mM and T =
60°C.

pH adjustment pH® pHes®  pHs {mk::fl)
- 248 201 220 49(+0.4)x10?
+ 3.04 219 239 1.7 (#0.1) x102
T 479 223 293 1.09(+0.6)x 102
+ 7.07 281 506 6.0(x03)x10

2 pH; is measured before PS addition
b pHps is measured after PS addition

Table 5

Effect of [NaCl] = 200 - 20,000 mg L, [NO;] =1 - 100 mg
L1, and [HA] = 0.5 - 20 mg L' on TP degradation in a TCAP
system. Experimental conditions: [PS]p = [Fe?*]p = 2 mM

and [TP]o = 10 mg L7 for all conditions tested. kobs is
obtained as per pseudo-first order reaction rate model.

Matrix Unit r:;r:‘_.?"" pHI/pH;

No additive 5.6 (+0.4) 1.85/1.53

[Nacl] = 200 6.5(t0.5)  185/1.56

[NaCl] = 2000 3.0 (20.2) 1.81/1.62

[NaCl] = 20000 08 (t0.05) 178/156

INOsT] =1 mgLs 100(20.1) 1.81/1.71

INOsT =10 9.0(:0.1)  179/1.71

INO;7] =100 7.6(0.7)  178/1.70

[HA] =0.5 1.68 (+0.07) 1.84/1.97

[HA] =5 2.1(+0.1)  1.83/1.95

[HAI = 20 2.2(+0.1)  1.81/1.94

This journal is © The Rovyal Society of Chemistry 20xx
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Fig. 6. Effect of {a) [NaCl] = 200 - 20,000 mg L7, (b)
[NOs"]=1-100mg L%, and (c) [HA] =0.5-20 mg L' on
TP degradation in a TCAP system. Experimental
conditions: [PS]o = [Fe?*]o = 2 mM and [TP]g = 10 mg L?!
for all conditions tested. Error bars are calculated as c—v,_:‘

, where absent bars fall within the symbols.

The increase in TP degradation in the presence of nitrates can
be attributed to the formation of NOj3 that is considered of
significant oxidation redox potential {Effg = 2.50 V) which
could react with TP 22, So, although nitrates react with S0;~
and gquenches them, the formation of NO3 seems to
compensate for the decrease in [§0;7] (Eq. 14). However, the
increase in [NO3] results also in the increase of [NO3] where
the latter can subsequently undergo self-quenching reactions,
which decreases [NO3]

degradation rate. Ghauch et al. also noticed an increase in

and as a result decreases the

naproxen degradation rate by 154.3% in the presence of
[NO3]=5 mgL"in TAP system 26,

J. Name., 2013, 00, 1-3 | 7
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S0:” + NO7 — S0} 4 Noj (14)
3.5.3. Effect of humic acid (HA) Of the widely present natural
organic matter (NOM) is humic acid (HA) #*. TP degradation in
TCAP system was studied in the presence of [HA]p = 0.5, 5 and
20 mg L%, which is included in the typical naturally existing
range 5. Results show that HA caused inhibition in the
degradation rate, where kqps decreased by almost 3 folds when
[HA]p = 0.5 mg L, compared to HA free medium. After that,
the increase in [HA]p caused no significant change in kgps (Fig.
6c, Table 5). The inhibition in TP degradation can be explained
by the competitiveness of active radicals, where NOM
quenches SO;~ due to the presence of electron-rich sites 3.
Liu et al. noticed a significant decrease in reaction rate with
increasing [HA] upon sulfachloropyridazine degradation in TAP
system 55 Amasha et al. noticed an enhancement in KTP
degradation in CAP system at [HA]o = 0.5, which was explained
by the possible reductive ability of HA towards transition
metals which in the case of CAP system can regenerate FeZ*
from Fe3* 3457 Thus, for the case of TP degradation in a TCAP
system, the cease in decrease in kops with [HA]p increase, could
be explained by the counter effects of HA where at higher
concentrations, HA contributes more to re-generation of FeZ*
which counteracts its radical-quenching properties.

3.6. Case of natural water matrices: spring, sea, and waste water
in TCAP system

The degradation of TP was studied in media of natural sea,
spring and waste water (SW, SpW and WW) obtained from
locations of coordinates 33°44'17.9"N  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,
respectively. Experimental conditions are as follows: [PS]p = 5
mM, [FeZ*]o = 0.5 mM, and TP was added in adequate amounts
to each water medium such that [TP]p = 10 mg L. A
[PS]o:[Fe?*]o ratio of 10:1 was used instead on the optimum
ratio obtained of 1:1 in order to reduce the use of Fe?*, e.g. to
Fe(OH)z at neutral media 4. These conditions are adopted
since natural water matrices are buffered to around neutral pH
(Table 6) because of the presence of bicarbonate mainly.
Results showed that TP degradation was inhibited in the three
tested cases compared to the DI matrix case where kgys = 1.5
(+0.1) x 10 min', with WW showing ~ 570 folds inhibition in
terms of kgps = 2.6 (£0.6) x 10 minl, followed by SpwW ~ 14
folds and SW ~ 10 folds, keps = 1.1 (£0.1) x 102 and 1.54 (+0.09)
x 102 minL, respectively (Fig. 7).

One reason for the inhibition in the degradation of TP in the
three investigated cases is the neutral to slightly basic pH (7-
8.2), where such a pH the complexation and
precipitation of Fe?*, e.g. as Fe(OH)z, where natural water
media act as buffer solutions compared to DI medium that
becomes acidic (pH; = 2) right after addition of PS and FeZ*
solutions. Inhibition was the highest in the case of WW matrix,
where WW possessed high values of total and fecal coliforms,
chlorides, turbidity and total suspended and dissolved solids
among the three studied matrices. The organic and inorganic
material present in WW competes with TP on reacting with
503~ thus inhibiting TP degradation. Additionally, chlorides act
as a quencher in the studied TCAP system (Section 3.5.1) and
WW showed the highest [CI7]. It is noted that total elimination

causes
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of coliforms was observed in WW and SW (Table 6) systems
and is probably due to the heat factor, in addition to the
activity of S0;~ present. Effluents of pharmaceutical
production plants, after discharge, might be mixed with
several water matrices of different properties. In addition, the
water used for initial cleaning operations might be of natural
origin and not DI water. Results presented in this section show
that it is crucial to clean mixing reactors in pharmaceutical
production facilities with distilled water whenever possible
and to treat the effluent mixture before its release into the
environment. A great decrease in the degradation rate in
waste water was also observed by Ghauch research group
upon degradation of chloramphenicol and ketoprofen in
UV/PS systems 22.34,

3.7. Case study: real factory effluent

3.7.1. Effect of [PS] Efficiency of the TCAP system was tested
on a real pharmaceutical factory effluent solution containing
TP in addition to other excipients. The effluent samples were
collected from a local production facility that produces a syrup
containing TP. The production process consists of mixing TP
and other excipients in a 1000 L 316 55 container, after which
the mixture is pumped through a filter press into 100 L 316 SS
containers. Waste water samples were collected from washing
the 5SS reactor and the filter press with distilled water. The
resulting factory effluent solution contained [TP]p = 160 mg L1
(Fig. 85). To account for the high [TP]p effluent content, [PS]o
was tested at 25, 50, 75 and 100 mM utilizing the optimum
[PS]a:[Fe?*]p ratio of 1:1, and T = 60°C.

Results showed that higher [PS]p caused faster degradation,
where total TP elimination was observed within 40 min in the
case of [PS]o = [Fe?*]o= 100 mM, and within 180 min for [PS]p=
[FeZ*]o = 25 mM (Fig. 8, Table 7). To compare the degradation
of TP in DI and in the factory effluent mixture, Ko can be
compared in cases of similar [PS]o/[TP]o molar ratios. As such,
for the case of [TP]p = 10 mg L1 (0.0555 mM) and [PS]p = [Fe?*]o
= 1.5 mM in DI, [PS]o/[TPlo = 27, while for the case of [TP]g =
160 mg Lt and [PS]o = [Fe?*]p = 25 mM in factory effluent,
[PS]of[TPla = 28. The corresponding kops decreased by 2 folds
from 0.29 (x0.02) 10! to 1.4 (£0.1) x 102 minl. Thus, TP
degradation in the factory effluent is less efficient than in DI
medium, which can be attributed to the presence of some
excipients such as potassium sorbate, sorbitol, ethanol, vanillin
and saccharine as provided by the manufacturer. Those can
compete with TP in reacting with the active SRs. It is noted
that the efficiency of the TCAP system would have been
reduced if natural water was used to rinse the mixing reactor
instead of DI water (Section 3.3.5), thus, it is crucial for
industries to utilize adequate amounts of DI, or distilled, water
in rinsing apparatuses and tools used during the syntheses and
mixing processes for an efficient and cost effective effluent
treatment.

3.7.2. Economic study The cost for factory effluent treatment
utilizing the TCAP system was estimated. Electric energy
required to heat the solution in addition to reagent price are
considered the main contributors to the total cost of operation
(Eq. 15).

This journal is © The Royal Society of Chemistry 20xx
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Table 6

Physical parameters of the natural water matrices used before and after treatment in a TCAP system. Experimental
conditions: [TP]o = 10 mg L%, [PS]p = 5 mM and [Fe?*], = 0.5 mM.

Parameters Units Spring Water Sea Water Waste Water
Before treatment  After treat t Before treat it After treat: t Before treatment After treatment
pH - 7 3.14 8 2.84 8.2 4.12
Total Coliforms crue NA NA 76 NA TNTC® NA
Fecal Coliforms NA NA 4 NA TNTC NA
Turbidity NTU® 0.63 8.52 1 6.9 9.5 4.68
TS5 9 3 88 125 425 15
TDS 350 1460 32500 32400 4400 6140
Sulfate me/t 16 300 3500 3300 420 590
Chloride 416 450 25250 21500 3375 2265
* Colony forming unit
* Nephelometric turbidity unit
¢Too numerous to count
160
140
120
100
= 20
E 60

i} 10 20 30 40
Elapsed Time / [min]
e | —@— Spring water
——Sea Water —i— \Waste Water

Fig.7. Degradation of TP in real water samples: in spring,
sea and waste water. Experimental conditions: [TP]g = 10
mg L, [PS]o =5 mM and [Fe2*]; = 0.5 mM. Error bars are

calculated as % , where absent bars fall within the
symbols.
Table 7

Degradation of TP by TCAP in a real pharmaceutical effluent
having [TP]o = 160 mg L''. Experimental conditions: [PS]p= 25 -
100 mM, [PS]o:[Fe?*]s ratio of 1:1, and T = 60 °C. ks is
calculated for pseudo-first order reaction rate

pslomm P&l £oc Kobs PH/PH;
mM min™'
25 25 1.4 (£0.1)x10¢ 1.17/1.08
so0 s0 4.5 (£0.2) x 107 0.85/0.78
75 75 1.16 (£0.05)x 107 ©0.67/0.60
100 100 1.65 (£0.09) x 107 ©0-58/0.48

0 A A
0 40 80 120 160
Elapsed Time / [min]
o )5:05 =@ 50:50 =@ 75:75  =—fv—100:100

Fig. 8. Degradation of TP by TCAP in a real pharmaceutical
effluent having [TP]o = 160 mg L'. Experimental conditions:
[PS]o = 25, 50, 75 and 100 mM, [P5]q:[Fe?*]o ratio of 1:1, and T
=60 °C. Error bars are calculated as % , where absent bars fall
within the symbols.

Total system cost ($ m ™) = Electrical Energy Cost + Reagent Cost (15)

Electric energy per order (Ego) defined as the electric energy
required to degrade contaminants by one order of magnitude,
for instance from 10 mg L' to 1 mg L, in one cubic meter of
contaminated water or air, was calculated using Eq. 16 for a

batch system 38,
_ Pxtx1000

n Vxlog(ci/c} (26)

Ego
Where P is the power supplied to the system in kW, t is the
duration of the treatment in hour, V is the volume treated in L,
C; and Cr are the initial and final concentrations respectively,
and 1000 is a conversion factor from L to m?2. Thus, Egg is
obtained in kWh m™ order?. Additionally, Eq. 16 is simplified
by substituting the first-order reaction rate Eq. 17 in Eq. 16
and changing unit of time. Thus, the following simplification is
done (Egs. 16-19).
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logz—; =0.4343 xkg, X t (17)
_ Pxtx1000

Ego = V0.4343 xkyy, MEXED (18)
_ 384xP

Ego = Vokons (19)

The resulting simplified Eq. 19 shows P in kW, V in L, and kgps in
mint %8 Power is calculated based on the energy and time
needed to heat the reactors. The energy required for this
heating is calculated using Eg. 20, where Q is the energy in J, m
is the mass of water in g (200 g), C is the specific heat capacity
of water (4.186 1/g°C), and AT (35°C) is the temperature
difference for heating from 25 to 60°C. Q was found to be 29.3
k.

Q =mCAT (20)
Power was calculated utilizing Eq. 21, where t is the time in
needed to heat the
temperature. Experimentally, it took 12 min to heat up the 200
mL reactor from room temperature to 60°C. Thus, P = 0.122
kw.
P=

seconds solution to the desired

2 (21)
The Ego is calculated for each of the four different [P5]g and
presented in Table 8. The electrical energy cost is estimated
utilizing electricity cost rates in Lebanon, with Electricité du
Liban (EDL) average rate of 255 LBP/kWh equivalent to 0.169
S/kWh at the current conversion rate 9%, as well as in the US,
where the average electricity cost rate for the industrial sector
is 0.0709 $/kWh. Cost of reagents is calculated using wholesale
prices for every case (Table 51). The total system cost can thus
be obtained (Eg. 15) and is presented in details in Fig. 9. It is
observed that as [PS]p increases, reagent cost increases, while
electric cost, due to heating, decreases. Consequently, the
choice of [PS], for the treatment of the factory effluent can be
based on the estimated total cost where the case of [PS]p= 50
mM gave the lowest total cost of 56.8 and 73.8 $ m based on
electricity prices in the US and in Lebanon, respectively (Fig. 9,
Table 8). Amasha et al. obtained a total cost of 44.414 § m~
upon degradation of ketoprofen (KTP) in TAP system, with
[KTP]o = 7.87 uM (2.00 mg L), [PS]; = | mM and T = 60°C 34
The lower total cost obtained by the mentioned study can be
attributed to the fact that no FeZ* was used, and thus lower
reagent price, in addition to the fact that degradation was
done in DI and not in a factory effluent where in the latter
competitive reactions take place between S0, and excipients
present (Section 3.7.1).

3.8. Suggested degradation pathway

Theoretical study of degradation
orbitals and charge distribution
(FMO) theory shows that electrophilic
reactions are more likely to occur at atoms with higher values
of the highest occupied molecular orbital (HOMO) while
nucleophilic reactions are prone to occur for atoms with higher
values of the lowest unoccupied molecular orbital (LUMO) ©1,
Consequently, several studies suggest that atoms with a higher
2FEDwomo® are more easily oxidized, and those with a higher

pathway utilizing frontier
was conducted. Frontier

molecular orbital
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FEDunomo?+FEDumo? are more susceptible to addition reactions
52_64. The 2FE|:)}-|(}|\,.|{;,2‘I ZFEDHOMCZI and Mulliken
distribution were calculated for TP and are presented along
with the atom numbering and the isodensity surfaces of FMO
in Fig. 10 and Table 9. For TP, 1C showed highest 2FEDuomo?,
followed by 9N, 80, 2C, 19C, 3C and 70. So, attack of oxidants
is expected to occur readily on 1C, 9N and 80. Also, 3C showed
highest FEDpomo®+FEDmo?, followed by 19C, 1C, 9N, 2C, 70
and 4N. Thus, addition reactions will mostly take place at 1C,
19C and 3C; however, it is noted that 19C is the least sterically
hindered of the three atoms, thus, addition reactions are
expected to occur more readily at 19C as the formation of
hydroxylated products at this site. It is known that HO"
performs H abstraction, and S0 acts selectively as an
electron transfer reactant 5. According to Mulliken charge
distributions obtained, electron is mostly abstracted from 70
and 80, as they show the most negative charges (Table 9).

LC/MS/MS was used to identify by-products of TP degradation.
Fig. 8BS identified by-products termed BP1
(molecular weight 126.12 g mol?) and BP2 (molecular weight
156.14 g mol?). The extracted ion chromatograms of BP1 and
BP2 showed the intensity of their peaks constantly increasing

charge

shows two

with time which proves that these by-products are formed
throughout the degradation reaction (Fig. 8S). It is noted that
the intensity of BP1 is higher, which suggests that it is more
prevalent than BP2.

Fig. 11 presents the suggested degradation pathway, based on
results obtained from theoretical study and LC/MS/MS results.
Electron abstraction is expected on the oxygen group (80, Fig.
10) by S0;”. Attack of S0; and HO"are expected on the 6-
membered ring where ring opening occurs with formation of
carboxylic group. This is followed by loss of CO; and de-
methylation on 5N and 9N sites. As a result, BP1 in obtained.
Demethylation is initiated by hydrogen abstraction at 10C and
14C which is followed by HO" attack. BP2 is formed through
demethylation and saturation of double bonds. Ultimately,
mineralization is expected, which was obtained in similar AOP
studies 66.67,

25 50 5 100
[PS]y (mM
M Electricity cost (US) ™ Reagent cost M Total cost (US)

Fig. 9. Treatment cost of a pharmaceutical effluent
contaminated by TP using a TCAP system. The electricity,
reagent and total cost are presented (based on US
electricity cost). Experimental conditions: [TP]o = 160 mg L,
[PS]o= 25 - 100 mM, [PS]o:[Fe?*]o ratio of 1:1 and T = 60°C.
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Table 8

Treatment cost of a pharmaceutical effluent contaminated by TP using a TCAP system. Calculation of total system cost for
different TP degradation conditions in pharmaceutical effluent based on electricity price rates in the US and in Lebanon is
presented. Experimental conditions: [TP]p = 160 mg L, [PS]o= 25, 50, 75 and 100 mM, [PS]q:[Fe?*]p ratio of 1:1, and T = 60°C.

[PS] mM Kans EEOQ Electricity cost Electricity cost [Lebanon) Reagent Total cost Total cost
mint kWh m? order? (US) $ m”? order* $m? order? cost*$m? (Us)$ m? (Lebanon) § m™?
22.2 61.8 1166
25 1’: g’n'f;” 558 39.6 94.4
45 (40,2 44.5 56.8 73.8
50 l?l_lil’ ) 174 12.3 29.4
( ) 66.7 715 78.1
1.16 (+0.05,
75 10t 67.4 a8 11.4
( J 88.9 92.3 96.9
1.65 (+0.09
100 <100 47.4 34 8.0

Check Table 1S

@ (b) (©

@ @ 9 9 i 4

Fig. 10. (a) TP atomic labeling and numbering. Isodensity surfaces of (b) HOMO and (c) LUMO
with isovalues of 0.05.

Table 9
The computed values of FEDs for HOMO and LUMO in addition to Mulliken charge
distribution.
FEDunomo®* Mulliken
Atom +FEDLuso? 2FEDnowmo® 2FEDLuwmo® charge
IC 0.27 0.45 0.08 0.35
2C 0.23 0.19 0.27 0.11
3C 0.38 0.17 0.58 0.25
4N 0.17 0.13 0.21 -0.21
SN 0.05 0.01 0.10 -0.25
6C 0.02 0.04 0.01 0.56
70 0.18 0.17 0.19 -0.66
80 0.10 0.20 0.00 -0.67
9N 0.25 0.38 0.11 -0.26
10C 0.01 0.01 0.01 -0.21
11H 0.00 0.00 0.00 0.14
12H 0.01 0.02 0.00 0.14
13H 0.01 0.02 0.00 0.14
14C 0.00 0.00 0.00 -0.15
15H 0.00 0.00 0.00 0.15
16H 0.01 0.00 0.02 0.14
17H 0.01 0.00 0.02 0.14
18N 0.01 0.01 0.01 047
19C 0.28 0.19 0.36 0.29
20H 0.00 0.00 0.00 0.23
21H 0.00 0.00 0.00 0.25
22H - - - -
This journal is © The Rovyal Society of Chemistry 20xx 1. Name., 2013, 00, 1-3 | 11
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Fig. 11. Suggested TP degradation pathway by SO;~ and HO".

Two detected by-products BP1 and BP2 are included.

Conclusions

In this study TP degradation was tested in systems of TAP, CAP
and TCAP. TAP resulted in incomplete (60%) TP degradation at
t =60 min for [PS]lo =5 mM and T = 60°C. CAP system was not
effective at room temperature, where a maximum of 5% TP
degradation was observed at t = 60 min for [PS]o = [Fe®*]p =
0.25 mM. To gain better efficiency, the two methods of PS
activation were combined in a TCAP system which resulted in
complete TP degradation at T = 60°C and for [PS]p = [Fe**]p =2
mM. The reaction followed pseudo-first order reaction rate
with keps = 5.6 (+0.4) 102 mint. The effect of [PS]q:[Fe?*]p ratio,
[PS]p and temperature were tested, where a 1:1 ratio gave
optimum results, and degradation rate increased with
increasing [PS]p and temperature. Salinity caused inhibition in
the degradation process while nitrates slightly enhanced the
process. The presence of HAs caused in TP
degradation. TP was dissolved in real water samples of spring,
sea and waste water which showed lower degradation rate in
comparison with DI water medium. A real factory effluent
containing TP was obtained and showed total degradation of
[TP]o = 160 mg Ll within 180 and 40 min for [PS]p = [Fe?*]g = 25
and 100 mM, respectively. The degradation cost was
estimated to 53.0 $ m™, for electricity price rates in the US, at
[PS]lo= [Fe?*]p = 50 mM. A degradation mechanism involving in-
situ evolved reactive oxidative species, mainly sulfate and
hydroxyl radicals, was also suggested based on LC/MS/MS
HRAM analyses supported by Frontier molecular orbital (FMO)

theory calculation.
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Fig. 1S. (a) Table showing selected TP chemical and physical properties. (b) Calibration
curve of TP obtained using HPLC/DAD instrument at a wavelength of 270 nm, over a linear
dynamic range of 0.02-50 mg L with a detection limit = 0.0176 mg L and quantification

limit = 0.0586 mg L', (c) LINEST output for TP calibration curve.

Text S1

Theophylline calibration curve

Selected TP physical properties are summarized in Fig. 1S (a). Calibration curve obtained for
TP at a wavelength of 270 nm is presented in Fig. 1S(b). High linearity (R? = 0.999) is
obtained over a linear dynamic range of 0.02-50 mg L' with a detection limit = 0.0176 mg L~

Land quantification limit = 0.0586 mg L. Error bars for calibration curve are calculated as

Page | 2

59



RSC Advances Page 18 of 24

-S3-

A = Agverage T j,—sﬁ , where n is the number of replicates, t is student value for 95%

confidence (t = 4.303 for 2 degrees of freedom) and s is the standard deviation of the three

replicates tested.

Fig. 2S. Experimental setup showing (a) reactors in (b) water bath equipped with (c)
temperature control, and (d) automatic shaker. Temperature is displayed in °C and shaker in

revolutions per minute (RPM).
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Fig. 3S. Stability of TP under heat stress. Experimental conditions: [TP]o = 10 mg L,

Temperature = 40, 50, 60 and 75°C.
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Fig. 4S. Effect of [PS]o on TP degradation in TAP systems. Experimental conditions: [TP]o=

10 mg L, [PS]o = 0.25-5 mM and T = 55 - 75°C. Error bars are calculated as t—; , where

absent bars fall within the symbols.
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Fig. 5S. Effect of [PS]o:[Fe**]o ratio on TP degradation in CAP system. Experimental
conditions: [TPJo= 10 mg L, [PS]o = 0.25, | and 5 mM, T =20°C, and [PS]o:[Fe*"]o ratio is

(a) 1:1 (b) 2:1 and (c¢) 10:1. Error bars are calculated as :/—; , where absent bars fall within the

symbols.
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Text S2

Kinetics study in TAP system

Kinetics study was done in TAP system, for T = 55-60°C, [PS]o= 0.25-5 mM and [TP], = 10
mg L1 Eq. (1) presents the pseudo-first order rate equation, with ks representing the
pseudo-first-order rate constant (min), and t representing time (min). Table S1 shows the

calculated observed rate constant (kevs) for the different conditions, with the corresponding

linearity constant for each plot of In % versus time. The high linearity frequently obtained
(]

proves that the reaction follows a pseudo-first order rate. Pseudo-first order kinetics is
frequently considered for degradation reactions of organic contaminants by activated PS [2—
6].

Table 18.

TP degradation in TAP system at T = 55-60°C, [PS]o=0.25-5 mM and [TP]o = 10 mg L for
all studied cases. kops is calculated for pseudo-first order reaction rate and the corresponding

linearity constant (R?) and reaction half-life (t12) are presented.

[TP]lo T [PS]o Kobs R tin
mgl! °C mM min’! min
55 2 2.63(x0.04)x10° 0998 263
025 3.8(x0.1)x10* 0.680 17x10°
1 2.2(+0.1)x 10° 0959 30x 10!

10 0 5 552(z008)x10° 0998 125
5 1.5 (x0.1)x 102 0956 46
65 1.43 (0.05)x 102 09838  48.2
70 2 4.6 (x0.5)x 107 0928 15
75 53 (*0.7)x 102  0.918 13
In [[;Z]] = —kobst (1)
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Text S3

Kinetics study in TCAP system

Kinetics study was done in TCAP system at [PS]o = 0.25 - 5 mM, [PS]o:[Fe**]o ratio of 1:1,
and T = 60°C. Eq. (1) presenting the pseudo-first order rate was fitted. Fig 3b shows the

calculated observed rate constant (kobs) for the different [PS]o, with the corresponding

TP] ersus time. The high linearity frequently obtained

linearity constant for each plot of In
[TPo]

proves that the reaction follows a pseudo-first order rate.
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Fig. 6S. Effect of temperature on the degradation of TP in TCAP system. Experimental

conditions: [TP]o= 10 mg L}, [PS]o = 0.25, 1 and 5 mM, [PS]o:[Fe**]o ratio is 10:1, and
temperature 1s (a) 40°C (b) 50°C and (c) 60°C. Error bars are calculated as j—iﬂ , where absent

bars fall within the symbols.
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Fig. 7S. Collecting pharmaceutical water effluent. (a) Washing of the 1000 L 316 SS L

mixing container, (c) water collected from the container, and (c) the filter press used in the

manufacturing process.
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Fig. 8S. Extracted chromatograms of two by-products detected by LC/MS/MS. Intensity of

peaks is displayed at reaction time 0 — 20 min.
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Table 2S.

Masses and prices of reagents used based on commercial prices where 1 kg of PS costs 2 US

$2, 1 Kg of FeCl2.4H,0 costs 1.7 US $°, and 1 L of HCI (37%), used to dissolve the iron salt,

costs 0.3 US $°.

[PS]o mM 25 50 75 100
[Fe*lo mM 25 50 75 100
Reactor volume L 0.2 0.2 0.2 0.2
n PS mol 0.005 0.01 0.015 0.02
n Fe mol 0.005 0.01 0.015 0.02
m NaxS:0s g 1.19 2.38 3.57 4.76
m FeCl2.4H20 g 0.994 1.99 2.98 3.98
v HCI (37%) mL 1.25 2.50 3.75 5.00
Total cost $ reactor’ 0.00445 0.00889 0.0133 0.0178
Total cost $ m™ 222 44.5 66.7 88.9
2Based on price obtained from Jinan Shijitongda Chemical Co., Ltd.
® Based on price obtained from Gemhold (SJZ) Trading Co., Ltd.
¢ Based on price obtained from Hangzhou Focus Corporation.
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CHAPTER IV
CONCLUSION

This work demonstrated the applicability of a UV2s/PS system and a
Fe?*/heat/PS system for TP degradation in a simulated and a real pharmaceutical factory
effluent.

TP UV254/PS lab scale batch system allowed total [TP]o = 10 mg L degradation
within 20 min for [PS]o = 0.25 mM. The effect of different experimental parameters on
the degradation process was studied.

Both heat/PS and Fe?*/PS systems tested separately showed low to negligible
efficiency. Accordingly, they were combined into Fe?*/heat/PS system. The combined
system allowed total [TP]o= 10 mg L degradation within 60 min for [PS]o = [Fe?"]o = 2
mM and T = 60°C.

In the UV254/PS, the degradation process was hindered in acidic and basic media,
while neutral pH showed improved degradation rate. However, the Fe?*/heat/PS system
performed best at acidic pH, while increasing pH greatly hindered TP degradation.

Pseudo-first order reaction kinetics was observed in the two tested systems.
Also, in both systems, degradation was hindered in natural water media, with waste water
causing the major hindrance. Chloride presence had negligible effect on UV2s4/PS
system, while it had an inhibiting effect in Fe?'/heat/PS system. For treating a
pharmaceutical factory effluent, total TP degradation in the former system occurred

within 180 min and for the latter within 120 min.
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This study demonstrated the importance of treating pharmaceutical factory
effluents independently before mixing them with natural water matrices. Also, this work
has reported the applicability of the UV2s4/PS and Fe?*/heat/PS systems in degrading TP
in a highly concentrated pharmaceutical effluent mixture in a batch system.

The UV2s4/PS system compared to Fe?*/heat/PS system, was of lower cost in
treating a highly concentrated pharmaceutical effluent. Additionally, the effectivity of the
UV254/PS system was better than the latter system in media of neutral pH and high
chloride content. Thus, in general, the UV2s4/PS system was shown to be superior over
the Fe?*/heat/PS system.

This opens the way towards testing the studied AOP methods in a continuous
system. Furthermore, the results of this study could be used to develop a plan for the
treatment of pharmaceutical factory effluents in Lebanon.

Currently, Metal-Organic Frameworks (MOFs) are being studied in our
laboratory, without or with UV light, as activators for PS and/or hydrogen peroxide

oxidants as a novel AOP method, which showed so far promising results.
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