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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 UV254, 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 UV254/PS system was studied for TP degradation. Results 

showed that TP is strongly resistant to degradation through direct photolysis under 

UV254 irradiation. Effect of [PS]0 was tested where a positive correlation between [PS]0 

and degradation rate was observed. A [PS]0 = 0.25 mM achieved total degradation of 

[TP]0 = 10 mg L⁻¹ in a period of 20 min with  kobs = 0.173 (±0.004) min-1, 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 (kobs = 0.40 

(±0.03) min-1), 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 10-3 min-1). Radical scavenging experiments showed that sulfate radicals had 

the main contribution in TP degradation. To further test the applicability of the 

UV254/PS system, waste water effluent was obtained from a local pharmaceutical 

manufacturing facility containing [TP]0 = 160 mg L-1. Total TP degradation was 

achieved in the effluent solution over 3 h utilizing [PS]0 = 25 mM. Reaction 

stoichiometric efficiency was calculated to be 3.7%. 

 

In the second part of this work Fe2+/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]0 = 5 mM and T = 60°C. Second, Fe2+/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 Fe2+/heat/PS system. The combination of the two activation 

methods improved oxidation efficiency, where complete TP degradation was obtained 

within 60 min for [PS]0 = [Fe2+]0 = 2 mM at T = 60°C. The reaction followed a pseudo-

first order reaction rate with kobs = 7.7 (±0.1) 10-2 min-1. [PS]0:[Fe2+]0 ratio was 

optimized where 1:1  ratio gave best results. Effect of temperature and [PS]0 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 10-4 

min-1). The Fe2+/heat/PS system was applied to the same factory effluent containing 

[TP]0 = 160 mg L-1. Effective and full TP degradation was obtained within 120 min 

with the system operating at 60oC and with [PS]0 = [Fe2+]0 = 50 mM. 

 

Keywords: AOPs, Persulfate, Theophylline, UV-254 nm, Chemical activation, Heat, 

Water treatment 
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CHAPTER I 

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(IIⅡ) 

salt in addition to hydrogen peroxide (H2O2).  

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]. 

𝑆2𝑂8
2−  →  2𝑆𝑂4

•− (𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛) 𝑤𝑖𝑡ℎ 300𝐶 < 𝑇 < 990𝐶 (1) 

𝑆2𝑂8
2− +  𝐹𝑒2+  →  𝑆𝑂4

2− +  𝑆𝑂4
•− + 𝐹𝑒3+(𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙 𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛) (2) 

𝑆2𝑂8
2− + ℎ𝑣  → 2𝑆𝑂4

•− (𝑈𝑉 𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛)    (3) 

 

C. Theophylline as a Target Molecule 
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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 Pd@MIL-100(Fe), a metal organic framework, for visible light (λ ≥ 420 nm) 

driven photodegradation of TP and other PPCPs, with H2O2 added to reaction mixture to 

achieve full degradation. On the other hand Kim Ilho et al. [37,38] used UV and UV/H2O2 

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 [H2O2] of 8.2 mg L−1 in a medium of pure 

water, UV/H2O2 system resulted in a pseudo first order reaction for TP degradation with 

kobs = 1.7x10-3 s-1 at 20 °C and pH 7. Also, M. M. Sunil Paul et. al. worked on UV/H2O2 

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/TiO2 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.  
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CHAPTER Ⅱ 

THEOPHYLLINE DEGRADATION BY UV254 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. UV254 in a batch setup integrating commercial disinfection lamps was 

used to activate PS. A thorough study was conducted including the effect of [PS]0 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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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]0, [PS]0:[Fe2+]0 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. 

 



 

42 

 



 

43 

 



 

44 

 



 

45 

 



 

46 

 



 

47 

 



 

48 

 



 

49 

 



 

50 

 



 

51 

 



 

52 

 



 

53 

 



 

54 

 



 

55 

 



 

56 

 



 

57 

 



 

58 

 



 

59 

 



 

60 

 



 

61 

 



 

62 

 



 

63 

 



 

64 

 



 

65 

 



 

66 

 

 
 



 

67 

 

 

CHAPTER Ⅳ 

CONCLUSION 

 

This work demonstrated the applicability of a UV254/PS system and a 

Fe2+/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]0 = 10 mg L⁻¹ degradation 

within 20 min for [PS]0 = 0.25 mM. The effect of different experimental parameters on 

the degradation process was studied.  

Both heat/PS and Fe2+/PS systems tested separately showed low to negligible 

efficiency. Accordingly, they were combined into Fe2+/heat/PS system. The combined 

system allowed total [TP]0 = 10 mg L⁻¹ degradation within 60 min for [PS]0 = [Fe2+]0 = 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 Fe2+/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 UV254/PS 

system, while it had an inhibiting effect in Fe2+/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 UV254/PS and Fe2+/heat/PS systems in degrading TP 

in a highly concentrated pharmaceutical effluent mixture in a batch system. 

The UV254/PS system compared to Fe2+/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 UV254/PS system was shown to be superior over 

the Fe2+/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. 


