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ABSTRACT 

OF THE THESIS OF 

 

Zahraa Hussein Abou Khalil  for  Master of Science   

       Major: Chemistry 

 

Title: Degradation of Sulfamethoxazole Antibiotic in MIL88-A/PS Systems: Implication of 

Solar Irradiation for Process Improvement  

 

PPCPs, a class of emerging contaminants poses significant negative impacts on the 

ecosystem and possibly on human health. Sulfamethoxazole (SMX), an antimicrobial 

agent, has been detected, at trace concentrations, in surface water around the globe. One of 

the main entry routes of SMX is its discharge from pharmaceutical production plants. 

AOPs are the established methods for the elimination of high concentration of hazardous 

organic compounds, in an aqueous matrix, such as SMX. PS-based AOPs have shown, over 

the last 10 years, to be the most efficient and sustainable alternative to H2O2 based AOPs. 

PS can be activated by several methods, the simplest is the homogenous chemical 

activation by ferrous ions. The pursuit for new candidate activating agents that require 

fewer chemicals and are easily separated from the bulk solution is important for developing 

PS-based AOPs. Metal Organic Frameworks (MOFs), a relatively new class of porous 3d 

material, are being researched for their applications in environmental remediation and 

waste water treatment. MIL-88-A, an iron based MOF (Fe3+/Fumaric acid), is synthesized 

in aqueous medium, a greener advantage over other MOFs that require organic solvents. 

The aim of the project is to characterize MIL-88-A and to test its capability to act as an 

assisting agent for the elimination of PPCPs from waste water using AOPs. A solution 

containing SMX, was placed in continuously stirred reactors, irradiated with two 

commercial UVA lamps or solar irradiation and finally spiked with PS and MIL-88-A 

consecutively. The study shows the combined effects of UVA or solar /MIL88-A/PS as 

well as the effect of various factors such as MOF load, and matrix effect. It also 

investigates the activation mechanism, its effectiveness, recyclability of MIL-88-A. R. 

Total degradation of SMX ([SMX]0 = 5 ppm) occurred in a period of two hours using a 

system of UVA/MIL-88-A/PS and complete degradation occurred in 5-20 minutes in a 

system of Solar/MIL-88-A/PS. 

 

Keywords: MOF, AOPs, Sulfamethoxazole, MIL88-A, persulfate  
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CHAPTER 1 

1.INTRODUCTION 

 PPCPs as emergent contaminants   

Pharmaceuticals and personal care products (PPCPs) are a group of various organic 

and inorganic compounds. These materials include antibiotics, hormones, antimicrobial 

agents, NSAIDs, cosmetics, fragrances, etc. They were classified as emerging 

environmental contaminants in the last two decades due to their environmental and 

potential human health risks. [1–3]. Many research projects were conducted to study the 

effect of PPCPs not only on the aquatic environment but also on the terrestrial one 

including their presence, magnitudes, factors that affect their levels, consequences, and 

treatment [1]. Their increasing levels were attributed to the growing human population as 

well as the increase in life expectancy. For instance, human population has been increasing 

at an alarming pace, with a notable rise in men's age and the global growth in the demand 

of meat and dairy products has expanded the global animal population needing the use of 

pharmaceutical products [4]. PPCPs tend to enter the environment through different routes. 

Human and animal wastes is one of the main routes. In addition to the uncontrolled 

disposal of expired medications into the waste water or landfills which may reach surface 

and ground water as well as soil. Similarly. industrial effluents proved to contain 

considerable amounts of these PPCPs [5,6].  Several studies proved that the conventional 

waste water treatment plants (WWTPs) are not efficient for the complete elimination of  

PPCPs due to their stability and resistance to change [5]. WWTPs is mainly based on 
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adsorption followed by degradation of these compounds. However, a large class of PPCPs 

known as nonsteroidal anti-inflammatory drugs (NSAIDs) have pKa values ranging 

between 4,1 and 4.9, and thus they exist as ions at surface water of neutral pH, making 

them more resistant to elimination. Then comes biodegradation which requires high cost, 

high sludge age and retention time[7].  For example, the efficient elimination of Diclofenac 

was only attained when the sludge age was at least 8 days [3].PPCPs are mainly made of 

two components: excipients and active pharmaceutical ingredients (APIs). The presence of 

APIs in waste water plants had been stated, in many counties over the world, in the levels 

of ng L− 1 to μg L−1 [2], such as US [8], UK [9], Spain [10], Finland [11], and Japan [12].  

The resistance of PPCPs to the available treatment methods led to the accumulation and 

possibly the bioamplification of the pharmaceuticals in water which possess a significant 

negative impact on the ecosystem and possibly on human health [13]. For instance, many 

studies proved that antibiotics might subsidize the growth of multi-drug resistant bacteria, 

which in turn causes a major challenge in the medical community [14]. Over the last two 

decades, these categories of PPCPs have been widely used due to their low cost, 

availability over the counter and minor side effects. Consequently, significant 

concentrations of these pharmaceuticals and their metabolites reach groundwater, and even 

surface and drinking water [15,16]. 

 Advanced oxidation processes AOPs 

As conventional waste water treatment methods have been proven to be insufficient for 

the complete removal of some recalcitrant pharmaceuticals, it was necessary to search for 

advanced treatment technologies. One of which is advanced oxidation processes (AOPs). 
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AOPs are extensively studied and applied for industrial waste water treatment and are 

considered the most effective techniques for the removal of low and high concentrations of 

organic contaminants that cannot be totally eliminated by conventional WWTPs [17]. They 

are based on the use of highly reactive species, mainly hydroxyl radicals (HRs), in 

oxidative mechanisms leading to the complete degradation of the target compounds [18]. 

Common AOPs include ozonation, UV-based processes (UV/H2O2, UV/H2O2/O3, etc.) 

,Fenton reaction (Fe2+/H2O2) and persulfate based AOPs are currently used in industrial 

WWTPs [19–21] 

 Persulfate based AOPs and its activation methods   

Persulfate (PS) based AOP is being widely used in the past years due to the variety of 

activation mechanisms that can be applied for PS [22], being a cost-effective method 

compared to other AOPs [11], and being an environmental friendly method whereby it 

degrades pharmaceuticals into sulfate ions in aqueous medium. [23]. Upon its activation, 

PS (E0 = 2.1 V) generates highly reactive sulfate radicals (SRs) (E0 = 2.6 V) characterized 

by a longer lifetime (t = 20-30 s) compared  to hydroxyl radicals (HRs) (E0 = 2.7) that are 

relatively very reactive with half-life equals 10-9 s  [24–26]. SRs are characterized by being 

very reactive against organic contaminants, since they are non-selective and have a high 

oxidizing ability across a broader range of pH compared to HRs radicals [27]. The most 

common PS activation methods are thermal (Eq. 1) [28–30], UV (Eq. 2) [31–33] and 

chemical using Fe2+ ions in homogeneous medium (Eq. 3) [34,35] or heterogeneous 

catalyst such as MOFs or magnetite [36,37]. We are interested in the application of MOFs 

especially those containing iron as transition metal.  
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𝑆2O8
2−  →  2 SO4

−•   (Thermal activation) with 30𝑜 𝐶 < 𝑇 < 99𝑜   (1) 

𝑆2O8
2−  

ℎ
→  2 SO4

−•   (UV activation)       (2) 

𝑆2O8
2− + 𝐹𝑒2+ → SO4

2− +  SO4
−• + 𝐹𝑒3+  (Chemical activation)   (3) 

 Metal organic frameworks (MOFs): definition and properties  

MOFs are a relatively new class of porous 3d materials. They have a modular structure 

that gives them huge structural diversity and the possibility of creation of materials with 

tailored characteristics. They are synthesized through different methods such as microwave, 

ultrasonication, electrochemical and mechanochemical processes. It is important to mention 

that, the reproducibility in the results of the synthesis procedures is a crucial factor that 

must be followed up. MOFs are also functionalized so that they suite certain applications. 

They consist of metal ions or clusters connected to organic linkers to form one, two, or 

three-dimensional structures. In the past, MOFs were defined as a subclass of coordination 

polymers, with the special property of being highly porous. This has changed upon 

discovering that the inorganic part has high dimensionality that can form layers and may 

extend to frameworks and not only chains [39,40].  This combination of organic and 

inorganic structure leads to materials with unique properties, as so MOFs are often 

characterized by their high surface area reaching around 10,000 m2 /g, and huge pore 

volumes around 50 % of the total volume or more  (0.99 cm3g-110-2 for MIL88A) [41,42]. 

These properties make them good candidate for gas adsorption or separation  [43–45], drug 

delivery [46,47], magnetism [48], polymerization [49], catalysis [50], and many other 

applications. 

https://en.wikipedia.org/wiki/Ions
https://en.wikipedia.org/wiki/Organic_compound
https://en.wikipedia.org/wiki/Coordination_polymer
https://en.wikipedia.org/wiki/Coordination_polymer
https://en.wikipedia.org/wiki/Porous
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 Use of MOFs in adsorption processes 

MOFs having metal ions such as Ti, Zr, Fe, Al and/or Cr with carboxylate-based 

ligands are mainly stable in water and have been widely used in adsorptive applications of 

hazardous organic compounds in waste water [40,51–53]. For instance, Haque et al. studied 

the removal of methyl orange (MO), a toxic anionic dye from aqueous solutions using 

MIL-101-Cr. Results showed good adsorption capacity (114 mg/g) [51]. However, this 

study presents certain drawbacks starting with chromium which is a toxic metal especially 

in the hexavalent state [54]. Moreover, MIL-101 was synthesized using hydrofluoric acid 

which is not recommended when dealing with environmental applications since it is highly 

toxic and corrosive [55]. Furthermore, MIL-100-Fe was used in various adsorption 

application with different research groups such as Tomg et al., Huo et al. and Hasan et al. 

for the removal of MO, malachite green (MG) and naproxen respectively [56–58]. All the 

above-mentioned studies showed that adsorption alone is insufficient for the removal of 

trace amounts of the stated PPCPs. In addition to that, arsenic adsorption to MIL-53-Fe was 

investigated by Vu et al. for its elimination from aqueous solution. The adsorptive 

mechanism was based on Lewis acid-base interaction between the anionic H2As𝑂4
−species 

and the MOF node which renders it selective for a specific range of adsorbents [59]. For 

more clarification, Gao et al. studied the adsorption of carbamazepine (CPZ), a 

pharmaceutical that is used for the treatment of epilepsy and proved to have a high 

environmental risk, on MIL53 (Cr) for its removal from aqueous medium. Results showed 

that the chemisorption of CPZ to the MOF was predominant allowing its elimination [60]. 
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 The use of MOFs in catalysis 

Other than adsorption, MOFs, especially those having Fe as a metal ion, showed 

effective photo catalytic activity for the removal of organic pollutants. This activity is 

accomplished by the use of a mediator such as PS. Recently, Fe based MOFs have been 

investigated for the activation of PS to degrade organic dyes [61,62]. Experiments showed 

promising results especially in recyclability and reproducibility rendering MOFs a greener 

alternative [63]. For example, Li et al. studied the degradation of acid orange 7 (AO7) by 

activating PS using four different MOFs [63]. The results showed that MIL-101 (Fe) has 

the best adsorption properties and catalytic activity toward PS activation for the removal of 

AO7 [63]. Furthermore, Hu et al. demonstrated the degradation of organophosphorus flame 

retardant, tris(2-chloroethyl) phosphate (TCEP) [64]. The mechanism of photo-catalysis is 

mainly based on the transformation of Fe(III) into Fe(II) (eq. 4), after which PS is 

transformed to sulfate radicals (Eq. 3), allowing the degradation of TCEP to occur by free 

radical mechanism (Eq.5) as proposed in their research, as well as other studies using iron-

based MOFs [64].  

≡𝐹𝑒3+ 
𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛
→         ≡𝐹𝑒2+         (4) 

𝑆𝑂4
−•+contaminant → byproducts       (5) 

For example, MIL-53 (Fe) was used by Pu et al. for the degradation of orange G (OG) 

in water. Altered synthesis procedures under different time and temperature were 

demonstrated, however no significant influence on the structure of MOFs was observed. 

Results also showed that MIL-53(Fe) can’t totally progress at a temperature less than 



 17 

150˚C. OG was fully degraded under optimal conditions within 90 min and the COD 

removal reached a rate of 74% after 120 min [65]. Also, Li et al. studied the degradation of 

dibutyl phthalate (DBP) through peroxymonosulfate (PMS) activation by cobalt-based 

MOF [66]. Co-BTC (A) and Co-BTC (B), were synthesized by two different methods using 

trimesic acid (BTC) as a linker. With Co-BTC (A), a higher [DBP] degradation rate was 

reached compared to Co-BTC (B) [66]. MOF’s recyclability was also established for five 

times where no remarkable reduction in the degradation rate of [DBP] [66]. Nevertheless, 

as Co is considered as one of the toxic heavy metals, its use may not be favorable to both 

human health and the quality of the environmental systems established [10]. For instance, 

iron based MIL88-A was used by Yi et al. to activate persulfate successfully decolorizing 

Rhodamine B (RB) in water [37]. Results showed that MIL88-A can be used as an efficient 

recyclable heterogeneous catalyst for decolorizing RB in water [37].  

 Sulfamethoxazole as a Target/model molecule  

In this study SMX (Fig.1) was the probe selected for the degradation process. It is an 

antimicrobial agent, which is used to treat a variety of bacterial infections such as middle 

ear, urine, and respiratory infections. Due to its overuse, its active molecules reach the 

surface and ground water due to different industrial and domestic activities. Studies showed 

that it is present at low concentrations in surface water around the globe (e.g. 21 ng L-1) 

[67], nevertheless, this low concentration cause certain modifications in the microbial 

community structure leading to antibiotic resistance in environmental microbial 

communities [68–70]. This necessities its elimination at its point sources. Traditional waste 

water treatment methods have been proven to be insufficient for its the elimination due to 
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its high chemical stability and resistance to biodegradation [3]. Several research groups 

have investigated the elimination of SMX from waste water by chlorination [71], ozonation 

[72] photo-Fenton and solar photo-Fenton [73,74], and photo-catalysis [75–77]. All the 

mentioned treatment methods are energy and catalyst consuming, sometimes leading to 

stable and toxic metabolites. Accordingly, advanced oxidation processes using PS have 

been widely investigated due to their advantages in terms of non-toxic byproducts 

formation (sulfates) and low cost [23]. For instance, SMX removal was demonstrated by 

Ghauch et al. and Ayoub and Ghauch through PS assisted micrometric Fe0 as well as 

bimetallics and trimetallics iron-based particles in aqueous solution [34,78]. Results 

showed that chemical activation of PS through Fe0 particles is an effective way for SMX 

complete degradation in less than two hours [34]. However, all the above mentioned 

systems lack the option of recyclability and reproducibly rendering the systems to be 

relatively expensive and can generate some sludge due to iron corrosion products (ICPs) 

formation. So, in this paper a heterogeneous catalyst (MIL88-A) will be used to activate 

PS. 

H2N S
H
N

O

O

ON

CH3 

Fig. 1. Chemical structure of Sulfamethoxazole. 

 The choice of MILL88-A in the study  

First, the choice of MOF in this study was based on several factors. It must contain an 

activator for PS such as a metal. Iron is considered one of the most suitable metals for PS 

activation since it is abundant, relatively safe, easy, and affordable to produce. On the other 
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hand, the choice of ligand, the MOF’s second component, is also based on similar criteria 

such as affordability, safety, and abundance on which MIL88-A fits both requirements. 

MIL88-A is composed of ferric chloride as a metal source and fumaric acid  (Fig.2) as a 

ligand. The synthesis of MIL88-A is based on water as a solvent in contrary to most other 

MOFs that require organic solvents [66,79].   

Second, we tried to find a low-cost ligand which is fumaric acid in our case and a 

green synthesis method which is based on water as a solvent not an organic one. In fact, 

Wang et al. studied the catalytic activity of MIL88-A with PS for the degradation of orange 

G (OG), where MIL88-A synthesized at 85ºC for two hours gave the highest degradation 

rate of OG that reached 96.4% [42].These results drove our attention of the use of MIL88-

A as PS activator in this study. 

C C

HOOC H

H COOH 

Fig. 2. Chemical structure of fumaric acid 

 Structure and porosity of MIL88-A 

The three dimensional framework of MIL88-A are built up from oxo-centered trimers 

of Fe 3+ in an octahedral coordination with the ligand: fumaric acid as shown in the 

below model (Fig. 3). This framework is formed of trigonal bipyramidal cages of 

trimers between which microporous channels are lying along the c-axis. The absence of 

any linkages between the trimers within the (ab) plane is at the reason behind the 

flexible character of these crystals . 
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Fig. 3  MIL88-A structure in its open form.  

 Objective 

 We tried in this work to explore additional factors that can improve the properties of 

MIL88-A in aqueous solutions and play the role of PS activator in a heterogeneous medium 

with the possibility of showing some synergistic effect. For example, we investigated the 

combination of PS activators in systems such as UVA/MIL88-A/PS or solar /MIL88-A/PS 

and monitored the impact on SMX removal in terms of degradation rate and transformation 

products nature and persistence using Time of Flight high resolution mass spectrometry 

(ToF HRMS). Moreover, we studied the effect of various factors such as salinity, 

carbonates and phosphates on the performance of both systems UVA/MIL88-A/PS/SMX 

and solar/MIL88-A/PS/SMX toward PS degradation and the potential application of this 

system on real pharmaceutical industry effluents.  
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CHAPTER 2 

2.MATERIALS AND METHODS 

 Chemicals  

Sulfamethoxazole (SMX) (C10H11N3O3S) was obtained from Sigma Aldrich (USA), 

sodium persulfate (PS) (Na2S2O8, purity ≥ 99%). Potassium iodide (KI) (puriss, 99.0-

100.5%) used for PS quantification and phosphate buffer monobasic (H2NaO4P assay ≥ 

99.0%) and dibasic (HNaO4P assay: 98-100.5%) used to study the effect of phosphate were 

purchased from Sigma-Aldrich (China, France, and Germany, respectively). Fumaric acid 

(C4H4O) and iron (III) chloride (FeCl3) (both reagent grade >97%) used in the synthesis of 

MIL88-A were acquired from Sigma-Aldrich (France and Switzerland respectively). 

Ethanol (absolute) was purchased from Scharlau (Spain). Formic acid and methanol used as 

HPLC mobile phase were acquired from Loba Chemie (India) and Honeywell (Germany) 

respectively. Millipore deionized water (DI) was used in the preparation of all solutions. To 

evaluate the matrix effect, sodium bicarbonate (NaHCO3) and sodium chloride (NaCl) were 

acquired from Fluka (Netherlands). Furthermore, hydrochloric acid (HCl) and sodium 

hydroxide used to modify the pH were purchased from Fluka (Switzerland, 

Germany, respectively). 

 Synthesis of MIL88-A 

MILL-88-A was synthesized using the hydrothermal synthesis technique as previously 

reported by several researchers [37,62,80], this method was selected since it is greener than 
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the conventional solvothermal method. It was done by adding 1,949 mg of fumaric acid and 

4,544 mg of ferric chloride to a beaker containing 84 mL of DI water. The solution was 

stirred to homogenize for an hour using a magnetic stirrer at 300 rpm. Later, the solution 

was transferred to a 100 mL Teflon-lined stainless steel autoclave bomb and heated in an 

oven at 85ºC for 24 hours. The autoclave bomb was then removed and left to cool passively 

before opening. After which, the solution containing suspended MIL88-A crystals was 

transferred to two 50 mL Falcon tubes to be centrifuged at 4000 rpm (G-force = 2200) for a 

period of 10 min. The crystals were then collected, transferred to a 400 mL beaker and then 

washed three times with 390 mL of ethanol/DI 1:1 solution followed by two consecutive DI 

washes. This washing process was followed to insure the complete removal of all unreacted 

fumaric acid and ferric chloride. The precipitate was recovered after each wash by 

centrifugation using the aforementioned conditions. Finally, the precipitate was dried in a 

vacuum oven at 100ºC for no less than 10 hours. Each synthesis yielded 2,350 ± 220 mg of 

MIL-88-A powder which was characterized to insure its purity. 

 Characterization of MIL88-A 

MIL88-A was characterized  according to the common techniques reported in literature 

[62]. First, to guarantee the crystallinity of the obtained crystals, a D8 Advance (Bruker) X-

ray diffractometer (XRD), equipped with copper anode material (40 mA, 40 kV) was used 

to determine the X-ray diffraction pattern. MIL-88-A was set on a zero-background holder 

and scanned with a scanning rate of 0.02º per second from 5º to 20º (2 ). To identify the 

morphology of the synthesized material a scanning electron microscope (SEM), Tescan, 

Mira III was used. Also, to determine accurate surface area and pore size of MIL-88-A a 
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Brunauer-Emmet-Teller (BET) surface area and pore size analyzer (Micromertics, 3 flex 

surface area characterization) was used Furthermore, a Micromeritics, Q2000 dynamic light 

scattering instrument (DLS) was used to calculate the hydrodynamic diameter, particle size 

distribution and zeta potential. In addition to that, MIL-88-A thermogravimetric analysis 

(TGA) was conducted in a nitrogen atmosphere with a heating frequency of 5° C min−1 and 

a temperature of 30 to 900 °C using a TG 209 F1 Iris (Netzsch, Germany). Finally, a 

Bruker Tensor 27 IR was used to determine the Fourier Transform Infrared Spectroscopy 

(FTIR) of the TGA analyzer exhaust under nitrogen. The XPS measurements were 

performed with a VG ESCALAB 220iXL spectrometer (Thermo Fisher Scientific) utilizing 

focused mono-chromatized Al Kα radiation (1486.6 eV) of a beam size of ∼500 μm2 

(power of 150 W). The measurements were done on the MOF crystals being mixed with 

10% conductive carbon (Super-C 65, Timcal). The pressure in the analysis chamber was 

approximately 2 × 10−9 mbar. The spectrometer was calibrated on the clean silver surface 

by measuring the Ag3d5/2 peak at a binding energy (BE) of 368.25 eV with a full width at 

half maximum (FWHM) of 0.78 eV. All the spectra were recorded under the conditions of 

30 eV pass energy and 50 eV for the surveys in steps of 50 meV and dwell time of 50 ms. 

The calibration of the binding energy peak positions is applied on the C1s located 284.6 eV 

[81].  

 Experimental conditions and procedures  

All solutions were prepared on daily basis using DI water. SMX stock solution (100 

ppm) was prepared by dissolving 100 mg of SMX in 1000 mL volumetric flask. The 
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solution was stirred overnight away from light. PS stock solution (100 mM) was prepared 

by dissolving 2,381 mg of sodium persulfate in a 100 mL volumetric flask.  

For all the experiments that were carried out in the laboratory in the presence of UVA, 

the required volume of SMX stock solution was added to a 400 mL beaker along with a 

specific volume of DI. After which, at t0, the essential amount of MIL88-A was added and 

left to stir for one minute. The reaction was initiated by the addition of PS solution and 

turning on the UVA lamps. In order, to ensure consistent mixing and accumulation of 

MIL88-A, continuous stirring was established throughout the 120 min reaction time. 

Samples were taken immediately before and after the addition of MIL88-A as well as 

before and after spiking with persulfate. After which samples were taken every 20 min till t 

= 120 min. All samples were filtered using 0.45 μm PTFE 13 mm disc filters (Jaytee 

Biosciences Ltd., UK) and later stored at 4ºC in amber HPLC vials for a maximum period 

of 12 hours before analysis. 

On the other hand, for the experiments that were carried out through this work under 

solar irradiation, a definite amount of MIL88-A was added to a home built rotisserie shaker 

that was placed directly under the sun light as shown in the figure below, then a required 

volume of SMX was added along with a specific volume of DI water. The reaction was 

initiated by the addition of PS solution, reaction time was set to be 120 minutes whereby 

samples were taken immediately before and after the addition of MIL88-A as well as before 

and after spiking with PS. A sample was taken at t = 5 min after which samples were taken 

every 20 min till t = 120 min. All samples were filtered using 0.45 μm PTFE 13 mm disc 
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filters (Jaytee Biosciences Ltd., UK) and later stored at 4 ºC in amber HPLC vials for a 

maximum period of 12 hours  before analysis.  

The timing of the sample collection was varied by different experimental criteria.  

Control experiments were done either without PS and /or MIL88-A and/or UVA. 

Experiments were conducted in triplicates and each sample was analyzed twice for 

uncertainty measurements.  

 Reaction setup 

  
 

Fig. 4. Experimental Setup: six beakers are used as reactors for the performance of SMX removal in 

UVA/MIL-88-A/PS system where two UVA mosquito lamps are used for irradiating the solution from the 

top. 
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Fig. 5. Emission spectrum of the UVA mosquito lamps used in the experiment. 

 

Fig. 6. (a) Reactors used in the solar/MIL88-A/PS/SMX system (b) top view of experimental 

setup of experiments done under solar irradiation and a single reactor from the rotisserie shaker 

irradiated system with the syringe showing the sample collecting process.  

 Chemical analysis  

For the quantification and identification of SMX and its degradation byproducts, a 

high-performance liquid chromatography device (Agilent 1100 HPLC) equipped with a 

quaternary pump, a vacuum degasser, an auto sampler with cooling maintained at 4°C, and 

a thermally controlled column compartment set at 30°C and a DAD detector was used. The 
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elution process was carried out on a C-18 reverse phase column (5 µm; 4.6 mm internal 

diameter x 250 mm in length) connected to a security guard column HS C-18 (5 µm; 4.0 

mm internal diameter 20 mm long). SMX was quantified at its maximum absorbance 

wavelength λ = 263 nm. The mobile phase consisted of methanol: 0.1 % formic acid 

solution of (50:50) (v/v) and was kept under constant flow rate of 0.5 mL min-1. The 

injection volume was set to 25 µL. Under these conditions, SMX was eluted at a retention 

time of 6.3 min. The linear dynamic range (LDR) obtained was between 0.1 and 10 mg L-1 

with limit of detection = 0.0009 mg L-1 as it appears in Fig. 7. According to the methods 

developed by Baalbaki et al [82]. 

 

 

(a) (b) 

Fig. 7. (a) Calibration curve of SMX. The error bars are calculated at 95% confidence level. 

Absorbance = A (mean)  ±
𝒕𝒔

√𝒏
, where t is the student value (t = 2.447 for 6 degrees of freedom at 95% 

confidence level) and s the standard deviation of 8 replicates. (b) The LINEST output calculated through 

Excel provided the slope, y intercept, the regression coefficient and all statistical data including standard 

deviations on variables.  
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    CHAPTER 3 

3.RESULTS AND DISCUSSION 

 Characterization of MIL88-A 

3.1.1 XRD pattern of MIL88-A 

The XRD pattern of MIL88-A showed well-resolved peaks at 2θ positions of 7.7˚, 

10.6˚ and 12.9 ˚ (Fig. 8a). These peaks, although they don’t exactly confine with what was 

reported experimentally  in the literature [62,83]; are consistent with the theoretical 

simulated ones, indicating the crystalline nature of MIL88-A. 

3.1.2 SEM images of MIL88-A  

SEM images showed hexagonal crystals having single phase morphology typical of 

MIL88-A, with sizes ranging from 100 to 800 nm (Fig.8 c,d)  similar to what was obtained 

with other researchers.[62,83]. This was further verified by dynamic light scattering 

analysis that revealed an average hydrodynamic diameter of 411 nm with the distribution 

profile of the hydrodynamic diameter presented in Fig. 9. In the DI matrix, zeta potential 

analysis was carried out as well. The values obtained ranged from -5 mV to + 5 mV, 

suggesting that MIL-88-A crystals are vulnerable to settling and require continuous stirring 

in order to remain suspended. 
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3.1.3 BET analysis of MIL88-A  

 BET analysis showed good adsorption and desorption phenomena as presented in the 

isotherms of Fig. 8b. The surface area of MIL88-A was calculated equal to 41.44 m2/g 

which is slightly higher than that reported in literature ranging from 19 to30 m2/g [62]. 

3.1.4 TGA and FTIR analysis of MIL88-A  

 The TGA analysis (Fig. 8e) revealed a 6 % weight loss at furnace temperature below 

100 ºC. This is mostly due to water evaporation from MIL88-A sample. Then, a second 

weight loss (14.7%) was observed and attributed to the dissociation of the organic linker 

(fumaric acid) that is used in the synthesis process of MIL88-A sample, which proceeded 

till 400 °C, where a significant weight loss of 30% is detected, after which a complete 

breakdown of fumaric acid is observed at around 600 °C resulting in a final weight loss of 

14% before ash remains. A different pattern of total dissociation was observed with pure 

fumaric acid at around 300 °C and was reported before in literature [84]. It is suggested that 

the thermal stability of fumaric acid increases when it is entrapped within MIL88-A 

framework, requiring a higher temperature for its dissociation, which was then validated by 

the FTIR analysis (Fig. 10). Results showed three significant signals at 3 different 

temperatures (316, 445 and 613 °C). In fact, the obtained spectra showed bands 

characteristic of the following functional groups: (i) O = C = O stretching at 2350 cm−1 at 

all temperatures; (ii) C = C = O stretching at 2100–2150 cm−1 at temperature 613 °C 

confirming the existence of fumaric acid residues at t ≥ 300 °C. 
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3.1.5 XPS analysis of MIL88-A 

 XPS analysis of MIL88-A was conducted before and after experiment, as it can be 

noticed from Fig. 11 that the oxidation state of the Fe within the MOF powders on the three 

prepared samples (as synthesized, after experience without UV, after experience with UV) 

were examined by XPS, the Fe 2p3/2-1/2 and O 1s core levels are presented showing the 

same features confirming that the oxidation state of the Fe remains the same after the 

experience. The Fe 2p3/2 and Fe 2p1/2 binding energy are measured at 712.4 eV and 726 eV 

respectively. The binding energy position as well as the presence of a satellite peak at 719.4 

eV are characteristic of Fe in oxidation state of +3 like in Fe2O3. 
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(c) (d) 
 

(e) 

Fig. 8 Characterization of synthesized MIL-88-A: (a) XRD diffraction pattern SEM of crystals 

at different magnifications (b) BET adsorption/desorption isotherms [85], (c,d) SEM of crystals at 

different magnifications and (e) TGA analysis [85]. 
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Fig. 9 Hydrodynamic diameter distribution profile of the synthesized MIL-88-A determined 

using DLS [85]. 
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Fig. 10 TGA-FTIR analysis of the synthesized MIL-88 [85].
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(a) (b) 

  

(c) (d) 
Fig. 11 XPS analysis of pristine MIL-88-A and used MIL-88-A in UVA-free and UVA-

irradiated systems after the oxidation reaction. (a) XPS survey spectra, (b) Fe2p3/2-1/2 spectra, (c) 

O1s spectra and (d) C1s spectra. XPS spectra of all samples are almost overlapping everywhere 

with no significant difference. 
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 MIL88-A/PS/SMX system in the absence of UV 

A preliminary experiment was conducted to test the capability of MIL88-A for 

activating PS in the absence of illumination (in dark). 50 mg of MIL88-A was added to a 

200 mL solution containing [SMX]0 = 10 ppm and [PS]0 = 2 mM. The reaction time was 

set to be 2 hours whereby samples were taken every ten minutes for the first hour followed 

by a single sample at t = 120 min. Control experiments were also conducted, in which SMX 

degradation was tested in the presence of MIL88-A as well as PS only under the above 

mentioned conditions. Both controls showed a sudden drop of a 10% and 12% at t = 0 min 

respectively, after which the [SMX] remained constant. This shows that PS only and 

MIL88-A only are not effective in the degradation of SMX. For the case where MIL88-A 

and PS are combined the % degradation of [SMX] was around 21% after a period of 2 

hours. This indicates that MIL88-A/PS system requires assisting agent for the effective 

elimination of SMX as shown in Fig. 12. 

 
Fig. 12 Elimination of SMX by MIL88-A in the presence and absence of PS as well as with PS 

only in beakers on top of a multi-stirrer. Experimental conditions: [SMX]0  = 10 ppm, [PS]0 = 2 

mM, [MIL88-A]0 = 250 mg L-1.  Vertical bars represent standard deviations of the means; absent 

bars fall within symbols. Sample before t = 0 min was taken before the addition of PS, PS addition 

at t0. 
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 UVA/MIL88-A/PS/SMX system 

In an attempt to improve SMX degradation process in MIL-88-A/PS system, 

experiments were carried out under UVA irradiation. The latter has been demonstrated by 

different studies [37,86], an effective factor  to enhance the activation of PS initiated by an 

iron-based system, which is the case here. Reconversion of Fe (III) into Fe (II) species 

takes place upon UVA irradiation, therefore forming a redox cycle for a sustained PS 

activation in the reactive medium (Eq. (4)).The UVA/MIL88-A/PS/SMX system was tested 

against two control experiments: MIL88-A/UVA/SMX and PS/UVA/SMX systems. The % 

degradation of [SMX] was around 15% with MIL88-A alone after 120 min reaction time, 

which implies that no significant adsorption of SMX on MIL88-A took place (upper curve). 

The rate of [SMX] degradation increased to reach around 20% in the UVA/PS/SMX 

system. This is mostly due to the generated SRs generated upon PS photolysis. However, 

[SMX] degradation almost tripled when the MIL88-A/PS system was irradiated with UVA 

to reach 60% after 120 min of experiment time, with MIL88-A playing an additional role as 

a heterogeneous catalyst in the reaction medium as shown in Fig. 13. 
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Fig. 13 The % degradation of SMX irradiated with UVA lamps as function of time (min) in 

three reactions under different conditions: PS only, MIL88-A only, and MIL88-A with PS. Reactors 

were irradiated by the UVA lamps placed on the side. Experimental conditions: [SMX]0  = 10 ppm, 

[PS]0 = 2 mM, [MIL88-A]0 = 250 mg L-1.  Vertical bars represent standard deviations of the means; 

absent bars fall within symbols. Sample before t = 0 min was taken before the addition of PS, PS 

addition at t0. 

 UVA/MIL88-A/PS/SMX system experiments and optimization 

3.4.1  Optimization of the UVA irradiation  

In this part, the distribution of the UVA irradiation was adjusted. The first experiment 

was accustomed in a way that the UVA lamps are placed on the side of the reactors. The 

results obtained showed lower degradation rate (Fig. 12) than when the lamps were placed 

on the top of the reactors (Fig. 14); in the latter case the reactors were subjected to the 

highest UVA intensity, thus a higher number of SRs are produced as well as more 

reconversion of Fe(III) into Fe (II) species is possible. 
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Fig. 14 SMX elimination by MIL88-A/PS/UVA system as function of time (min). 

Experimental conditions: [SMX]0  = 10 ppm, [PS]0 = 2 mM, , [MIL88-A] = 250 mg L-1. Reactors 

were irradiated by the UV lamps placed on the top. Vertical bars represent standard deviations of 

the means; absent bars fall within symbols. Sample before t = 0 min was taken before the addition 

of PS, PS addition at t0. 
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was witnessed that 125 mg/L of MIL88-A showed the highest rate, so this concentration 

will be adopted to carry out the rest of the experiments as shown in Fig. 15.  

Fig. 15 The % degradation of SMX as function of time (min) using three different masses of 

MIL88-A (50 mg, 25 mg and 10 mg) are plotted against the control experiment (UVA/PS/SMX 

system). Experimental conditions: [SMX]0  = 10 ppm, [PS]0 = 2 mM, Vertical bars represent 

standard deviations of the means; absent bars fall within symbols. Sample before t = 0 min was 

taken before the addition of PS, PS addition at t0. 

3.4.3 Recyclability 

Throughout the scope of catalytic materials such as MIL-88A, recyclability is an 

important variable for assessing its cost / commercial value since a heterogeneous catalyst 
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successive cycles, however the catalytic activity of MIL88-A improved after each cycle 

(Fig. 11). For every next cycle the volume of SMX solution (5 ppm) was adjusted in a way 

to keep the concentration of MIL88-A constant equal to 125 mg/L, in order to do an 

accurate comparative study of the results obtained from each cycle. The results obtained 

may be explained first, by the fact that the more the defects in a heterogeneous catalyst the 

better its catalytic activity and that was clearly inferred from the data shown in Fig. 16 

where the first cycle showed around 58% degradation within the first 20 min reaction time 

compared to cycle 2 and cycle 3 where it reached 65% and 68% respectively. Second, these 

results demonstrated the high potential of PS in reactivating MIL88-A surface. In order to 

confirm this hypothesis, SEM images were taken after each cycle, MIL88-A showed rod-

like morphology similar to that obtained with freshly synthesized MIL88-A, however 

MIL88-A crystals lost some of its homogeneity were the crystals were elongated. The XRD 

pattern of MIL88-A conducted after experiment showed peaks at two theta positions that 

complies with the freshly prepared MIL88-A. 
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Fig. 16 Recyclability experiments of MIL88-A in the UVA reactors. [SMX]0= 5 mg L-1. [PS]0 

= 2 mM, [MIL88-A] = 125 mg L-1. Error bars are calculated as 
𝑡𝑠

√𝑛
, where absent bars fall within the 

symbols.  

                                (a)                               (b) 
Fig. 17.  SEM images of recycled MIL88-A 
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Fig. 18.  XRD pattern of newly synthesized and recycled MIL88-A 

 Solar/MIL88-A/PS/SMX system 

As it can be noticed from Fig. 19, different controls were done to assist the 

effectiveness of solar/ MIL88-A/PS/SMX system. We witnessed that solar energy kept the 

medium unchanged whereby the degradation of SMX reached 10% only after 2h. It was 

clear that solar energy needs an assisting agent to degrade SMX, so PS and MIL88-A were 

added separately to the system and showed similar trend in the variation of the elimination 

of SMX reaching 82% and 78 % after 120 min reaction time. This was also suggested by 

similar AOPs using PS as an oxidant for the degradation of SMX by Ghauch et.al [34] 

whereby the rate of SMX degradation reached around 20 % in the presence of PS only; this 

verifies the imperative role of solar power in the generation of more SRs in the system. It is 

important to mention that the solar flux reached a maximum of 3900 uW/cm2 initially and 
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decreased to reach a minimum of 1600 uW/cm2 at the end of the reaction as the reaction 

started at 11:00 am and ended by 1.00 pm. For instance, throughout the day, the sun rays 

intensity increases gradually to reach its maximum at noon (12: pm), then decreases at 

dawn and dusk, and in between at other hours of the day. Other parameters such as cloud 

cover being equal, a solar panel's output is highest at noon because the sun's rays are more 

direct than at other times. For example , several studies have also investigated the use of 

solar power with H2O2 as an oxidant in catalysis and showed promising results of TOC 

removal in waste water treatment [87]. All these control experiments proved that 

Solar/MIL88-A/PS/SMX is the most effective system in the degradation of SMX reaching 

100% after 5 min of reaction time only.  

 

Fig. 19. The % degradation of SMX irradiated with solar energy as function of time (min) 

under different conditions: PS only, MIL88-A only, and MIL88-A with PS. Reactors were put 

under sunlight in a rotisserie shaker Experimental conditions: [SMX]0  = 5mg L-1, [PS]0 = 2 mM, 

[MIL88-A]0 = 125 mg L-1. Vertical bars represent standard deviations of the means; absent bars fall 

within symbols. Sample before t = 0 min was taken before the addition of PS, PS addition at t0. 
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 Matrix effect  

3.6.1  Case of chlorides  

The influence of common anions in natural water were conducted on SMX degradation 

in both UVA/MIL88-A/PS/SMX and solar/MIL88-A/PS/SMX systems. Three different 

concentrations of chlorides corresponding to fresh water ([NaCl] = 200 mg L-1), brackish 

water ([NaCl] = 2,000 mg L-1), and saline water ([NaCl] = 20,000 mg L-1) were tested to 

mimic natural water conditions [88]. It was witnessed that in/UVA/MIL88-A/PS system, 

both fresh water and brackish water show similar trend of the variation in the % 

degradation of SMX with slight enhancement of the process whereby SMX degradation 

reached 100% after 80 min similar to that obtained with [NaCl] free experiment. This is 

mainly due to the formation of chlorine radicals (Cl•) which has a redox potential close to 

that of SRs (E0 = 2.4 V) in addition to the formation of reactive hydroxyl radical (HO•) as 

shown in the below equations. However, SMX degradation was accompanied by a slight 

inhibition in saline water whereby it reached around 90% after 2h (Fig. 20a). This was not 

the case in MIL88-A/PS/solar system were the three different concentrations of NaCl had 

no significant effect on the degradation of SMX (Fig. 20b). These results are in accordance 

with previous research done on UV/PS activated systems demonstrated by Ghauch et al. 

[30,32]. In these systems the degradation of ketoprofen was inhibited in brackish and more 

significantly in saline water where the concentration of Cl- ions is above 10 mM (584 mg L-

1 of NaCl) and chloride quenching effect is more evident in the media. 

SO4
−• + 𝐶𝑙− → 𝐶𝑙• + 𝑆𝑂4

2−           (6)  
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𝐶𝑙• + 𝐶𝑙−  →  𝐶𝑙2
•− + 𝑆𝑂4

2−           (7) 

𝐶𝑙2
•− + 𝐶𝑙2

•−  → 2 𝐶𝑙− + 𝐶𝑙2           (8) 

 
(a) 

 
(b) 

Fig. 20 Effect of [NaCl] = 200 - 20,000 mg L-1 on the degradation of SMX as function of 

time (min): (a) in the UVA/ MIL88-A/PS/SMX system and (b) in the solar/MIL88-A/PS/SMX 

system. Experimental conditions [SMX]0= 5 ppm [PS]0 = 2mM, [MIL-88-A]0= 125 mg L-1. Error 

bars are calculated as 
𝑡𝑠

√𝑛
 where absent bars fall within the symbols. 
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3.6.2  Case of carbonates 

The effect of bicarbonate was also demonstrated on both systems UVA/MIL88-

A/PS/SMX and solar/MIL88-A/PS/SMX. It is evident that in the first system, the addition 

of NaHCO3 inhibited greatly the degradation process. In fact, the drop of [SMX] within the 

first 20 min, with the three tested bicarbonate concentrations (1,50, and 100 mM) decreased 

from 80.4% to 11.7% keeping around 90 % of SMX in the reactive medium and that after 

120 min compared to the NaHCO3 free system where complete degradation was achieved 

within 80 min (Fig. 21a). However, in the solar/MIL88-A/PS/SMX system, the SMX 

degradation rate decreased gradually when bicarbonate ions were added to the system 

regardless its concentration, but a complete degradation of SMX was reached as shown in 

Fig. 21b. This inhibitory effect of NaHCO3 can be explained by the reaction of SRs 

with 𝐻𝐶𝑂3
− yielding 𝐶𝑂3

•− which have moderate oxidative properties (E° = 1.59 V) 

compared to that of SRs toward SMX (Eq.6). It is important to mention that the pH of the 

reactive medium increased from 3.53 to 8.66 in the reactor of 100 mM NaHCO3 which 

played a major role in ceasing the degradation process.  

𝑆𝑂4
−• + 𝐻𝐶𝑂3

− → 𝑆𝑂4
2− + 𝐶𝑂3

−• + 𝐻+                                                               (9) 

Table 1. (a) pH values of the different reaction system during the experiment in the 

UVA/MIL88-A/PS/SMX system and (b) pH values of the different reaction system during the 

experiment in the Solar/MIL88-A/PS/SMX system   

 pH initial pH final 

[HCO3
-]  free 5.63 3.29 

[HCO3
-] = 1 mM 6.46 5.31 

[HCO3
-] = 50 mM 8.57 8.87 

[HCO3
-] = 100 mM 8.66 8.86 

(a) 
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 pH initial pH final 

[HCO3
-]  free 3.52 3.15 

[HCO3
-] = 1 mM 6.18 3.61 

[HCO3
-] = 50 mM 8.31 8.37 

[HCO3
-] = 100 mM 8.40 8.42 

(b) 

 

 
(a) 
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(b) 

Fig. 21 Effect of different carbonate concentration [CO₃2⁻] = 1 - 100 mM on the degradation of 

SMX as function of time (min): (a) in the UVA/ MIL88-A/PS/SMX system and (b) in the 

solar/MIL88-A/PS/SMX system. Experimental conditions [SMX]0 = 5 ppm [PS]0 = 2mM, [MIL-

88-A]0= 125 mg L-1. Error bars are calculated as 
𝑡𝑠

√𝑛
 where absent bars fall within the symbols 

3.6.3  Case of phosphate 

The effect of phosphate on the degradation of SMX was demonstrated for two main 

reasons. First of all, to account for phosphate residues that may escape from conventional 

wastewater treatment methods, second to study the pH effect on the degradation of SMX. 

As we notice from Fig. 22a, the kinetics of the reaction changed after the addition of 

phosphate buffer (PB) to the system which leads to an instant drop in SMX degradation by 

70 % upon addition of PS after which it remained constant through the 120 min reaction 

time. This was not the case in the solar/MIL88-A/PS system where the degradation rate of 

SMX reached around 80 % at the end of the reaction with the different concentrations of 

PB (5, 10 and 20 mM) ( Fig. 22b). We can assume that PB has an inhibitory effect on the 

degradation process of SMX, but it varied differently with the two studied systems. This 
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can be attributed to the fact that phosphate species form stable complexes with Fe2+ ions 

and accumulate on the surface of MIL88-A, thus preventing the chemical activation of PS 

that is accomplished by free Fe2+ ions in solution or adsorbed on the surface of the MOF. 

This hypothesis was also verified in two independent studies on SMX and ranitidine 

removal in Fe/PS systems [34,35].   

 

 
(a) 

 
(b) 

Fig. 22 Effect of different carbonate concentration [PO₄³⁻]= 5 - 20 mM on the degradation of 

SMX as function of time (min): (a) in the UVA/ MIL88-A/PS/SMX system and (b) in the 

solar/MIL88-A/PS/SMX system. Experimental conditions [SMX]0= 5 ppm [PS]0 = 2mM, [MIL-

88-A]0= 125 mg L-1. Error bars are calculated as
𝑡𝑠

√𝑛
 where absent bars fall within the symbols. 
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3.6.4  EPR measurements 

Since we are using MIL88-A as a heterogeneous catalyst to activate PS for the 

degradation of SMX, it is suggested that SRs and HRs are generated to react with the target 

molecule (SMX) in an oxidative mechanism to fully degrade it and transform it to harmless 

species. In such a heterogeneous system, it was challenging to identify the presence of 

these species with the techniques that were used before with homogenous catalysts such as 

Fe2+ ions in PS- based AOPs [30,89]. In fact, identification of radicals relies on the use of 

quenchers such as MeOH and TBA however those may highly interfere with MIL88-A 

active sites. Thus, EPR technique was selected as a proper analytical method to hunt for the 

presence of these radicals in the system, this was accomplished by the use of 5,5-dimethyl-

L-pyrroline N-oxide (DMPO) as a free radical targeting molecule [90–92]. 

The EPR analysis in this study was done on four different systems: System 1 (MIL88-

A), System 2 (PS), System 3 (MIL88-A/PS) and System 4 (MIL88-A/PS/SMX) in order to 

conduct a reliable comparative study. As it can be noticed from Fig. 24 there are no 

detectable signals in System 1 compared to the peaks that are shown in the three studied 

systems (2-4). To better understand the results of the EPR spectra obtained, a simulation on 

the EPR spectra was conducted via the Easyspin library for MATLAB, whereby the 

rotational tumbling (5×10-11 s) and the ‘chili’ functions were used [93]. The results showed 

the presence of DMPO-OH adducts of intensity 1:2:2:1 and a hyperfine splitting constant of 

aN =  aH = 1.49 mT and another series of six peaks with intensities 1:1:1:1:1:1 that account 

for DMPO-CH3 adduct and a hyperfine splitting constant aN = 1.58 mT and aH = 2.58 mT 

(Fig.23). The obtained alkyl radical may be generated from the alkyl leaching from the 
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organic linker used in the synthesis process of MIL88-A (e.g. fumaric acid) or from ethanol 

solvent which is used in the washing process. For system 1, one can estimate that the OH 

radicals present may be generated from the photo activation of MIL88-A under the day 

light as previously investigated. Moreover, the EPR spectrum of DMPO solution in system 

2 shows four peaks attributed to the DMPO-OH adduct with an intensity of 1:2:2:1and a 

hyperfine splitting constant of aN = aH = 14.9G that are much resolved than the ones 

obtained in system 1 that accounts for the pure formation of HRs. It is important to mention 

that with time as the measurements are taking place, activation of PS is possible at room 

temperature, thus unstable, very short lifetime DMPO-𝑆𝑂4
−  adducts are formed. 

Accordingly, following a rational expectation the production of DMPO-OH adducts are 

favored in aqueous medium. This could happen either by nucleophilic substitution of 

DMPO-𝑆𝑂4
− (Eq. (7)) or by the trapping of OH• formed (Eq.(8)) as already investigated 

[94]. Upon spiking with PS (System 4), one can notice, in addition to the DMPO-OH four 

split lines, six peaks with an intensity of 1:1:1:1:1:1 corresponding to the DMPO-SO4
- 

adduct with hyperfine splitting constants of aN = 13.9G, aH = 10G, aH = 1.48F, aH = 0.78G. 

It is worth noting to mention that measurements done on the same system in the presence of 

SMX (System 3), showed the presence of the same DMPO adducts however with less 

improved DMPO-SO4
- adduct. This can be attributed to the fact that some of the 

catalytically generated radicals reacted with SMX probe rather than with DMPO resulting 

in lesser trapping probability. Accordingly, the use of EPR technique helped in identifying 

the presence of HRs and SRs and their coexistence in solution. Recall that some of the SRs 

are being converted into HRs upon reaction with water as previously demonstrated. This is 
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the reason why the intensity of the DMPO-OH adduct are always showing greater 

amplitude than that of DMPO-SO4
- adducts in aqueous systems.  In conclusion, one can 

conclude that the degradation process of SMX takes place through radical mechanism since 

we are able to see both SRs and HRs through the EPR measurements that were 

demonstrated.  

𝑆𝑂4
−• + 𝐻2𝑂 → 𝑂𝐻

• + 𝐻+ + 𝑆𝑂4
2−                                                            (10) 

𝐷𝑀𝑃𝑂 − 𝑆𝑂4
−+𝐻2𝑂 → 𝐷𝑀𝑃𝑂 − 𝑂𝐻 + 𝐻

+ + 𝑆𝑂4
2−                          (11)   

 

Fig. 23 EPR spectra. Green – simulated EPR spectrum for trapped methyl radicals. aN =1.58 

mT, aH =2.28 mT. Blue – simulated EPR spectrum for trapped hydroxyl radicals. aN = 1.49 mT, aH 

= 1.49 mT. Red – the sum of the above two simulated trapped radical spectra. Black – experimental 

EPR spectrum under the following Experimental conditions: [PS] = 2.5 mM, [MIL-88-A] = 12.5 

mg L-1, [DMPO] = 100 mM. 
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Fig. 24 . EPR spectra of DMPO-radical adducts in different reaction systems. Experimental 

conditions: [PS] = 2.5 mM, [MIL-88-A] = 12.5 mg L-1, [DMPO] = 100 mM. The acquisition 

duration of EPR spectra is about 100 min for all systems. 
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3.6.5 Degradation mechanism  

a. Identification of degradation products 

Under the current experimental conditions, SMX showed through its degradation in 

MOF-activated PS system the presence of three byproducts as it can be shown in Fig. 25. 

The identity of these byproducts is further investigated in section 5.3 using high-resolution 

mass spectrometry.  

 

Fig. 25. HPLC chromatogram at T = 25 °C showing SMX and its byproducts at reaction time t= 40 

mins. 
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Fig. 26. Mass spectrum fragmentation pattern under oxygen conditions of BP1. 

 

Fig. 27. Mass spectrum fragmentation pattern under oxygen conditions of BP2. 
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Fig. 28. Mass spectrum fragmentation pattern under oxygen conditions of BP3.  

b. Proposed mechanism Surface based activation of PS on MIL-88A  

Based on the EPR measurements, the elimination of SMX in UVA/MIL88-A/PS system 

was mainly due to a radical process. For instance, Fe active species present in the MIL88-A  

are trivalent since they originate from the ferric chloride salt used in the synthesis process 

of MIL88-A through which PS chemical activation may occur by one-electron reduction 

mechanism (Eqs. (12) and(13)) as it was previously proven [37,85,95]  

≡ 𝐹𝑒3+ + 𝑆2𝑂8
2− → 𝐹𝑒2+ + 𝑆2𝑂8

−•        (12) 

≡ 𝐹𝑒2+ + 𝑆2𝑂8
2− → 𝐹𝑒3+ + 𝑆𝑂4

−• + 𝑆𝑂4
2−       (13) 

For instance, XPS analysis was demonstrated on three different samples: pristine MIL88-A, 

after experiment in the absence of UVA and after experiment in the presence of UVA. As it 

can be inferred from Fig. 11, the Fe2p3/2-1/2 and O1s core levels of the three tested samples 

showed the same structures approving that Fe oxidation state remains the same after the 
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reaction. Results showed binding energy values at 712.4 eV and 726 eV for Fe2p3/2-1/2 and 

O1s respectively. A satellite peak at 719.4 eV was observed also, the presence of this peak 

and the position of the binding energy are considered as characteristics of Fe in + III 

oxidation state, which is the case in Fe2O3 [96,97]. It is important to mention that Fe in + II 

oxidation state could be present however it is quickly oxidized to Fe3+ in the presence of air 

or oxygen. Moreover, the hydrolysis of PS and SRs may occur in the reactive medium in 

the presence of water to generate SO4
-•, O2

-• and OH• in the absence of UVA (Eqs. (14-16)), 

Fe2+ is formed as stated in eq.1, generate unstable PS radicals that undergo oxidative 

reactions quickly in the medium. After that, Fe3+ is generated back through PS activation. 

So, SRs are produced and effectively degrade SMX through oxidative mechanisms yielding 

less stable molecules potent to further transformation. Furthermore, in the presence of UVA 

irradiation, ≡Fe3+ undergo photochemical conversion into Fe2+ (Eq.17) on the surface of 

MIL88-A [98]. As a result, HRs are produced attack SMX allowing its degradation. This 

was clearly noticed by the complete degradation of SMX in the UVA/MIL88-A/PS system 

compared to 12% degradation in the MIL88-A/PS system. 

𝑆2𝑂8
2− + 2𝐻2 𝑂 → 2𝑆𝑂4

2− + 𝐻𝑂2
− + 3𝐻+                         (14) 

𝑆2𝑂8
2− + 𝐻𝑂2

− → 𝑆𝑂4
2− + 𝑆𝑂4

−• + 𝑂2
−• + 𝐻+     (15)   

𝑆𝑂4
−• + 𝐻2 𝑂 → 𝑆𝑂4

2− + 𝑂𝐻• + 𝐻+                               (16) 

 Fe(III)OH2+ + hσ → Fe(II) +  HO•                                      (17) 

 

 



 58 

c. Proposed SMX degradation mechanism 

In order to get more insight, the SMX removal mechanism, mass spectrometry (MS) was 

conducted in the present study. It is important to mention that some studies worked on 

identifying SMX degradation products [34,78,99], however, the results obtained varied 

from one system to another. In this study SCIEX X500R QTOF was used to detect and 

identify SMX degradation products in the UVA/MIL88-A/PS/ SMX system. This machine 

allows accurate determination of the byproducts obtained with the designed structures 

(error ≤ 2 ppm). In the above mentioned system three byproducts (BP) were obtained and 

identified by the HPLC and MS analysis. In pathway 1, the sulfonamide moiety was 

susceptible to an electrophilic attack by OH• or SO4
• leading to S-N bong cleavage, thus 

BP1 is formed (m/z = 99) represented in Fig 26. In pathway 2, intermolecular Smiles-type 

rearrangement of the anilino radical took place by SRs attack through electron transfer 

mechanism producing SO2 extrusion product (SEP) (m/z = 190) shown in Fig. 27. Finally, 

in pathway 3, SMX undergoes oxidation to give BP1, specifically SRs and/or HRs attacked 

N7 of SMX which is the most electronegative nitrogen in SMX structure (m/z = 284) (Fig, 

28).. 
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Table 2. SMX and byproducts identified by MS. 

Compound 
Molecular 

formula 

ESI 

mode 
m/z 

Error 

(ppm) 

R.T. 

(min) 
Proposed structure 

SMX C10H11N3O3S Positive 254.0593 -0.3 5.92 H2N S
H
N

O

O

ON

CH3 

BP1 C4H6ON2 Positive 99.055 0.8 2.16 H2N
ON

CH3   

BP2 C10H11N3O Positive  190.097 -0.2 5.93 
H2N N

O

HN

CH3

 

     BP3 
C10H9O5N3S 

 
Positive  284.034 -1 8.63 NO2 S

H
N

O

O

ON

CH3 

 

 

Fig. 29. Activation mechanism of PS in the UVA/MIL88-A system 
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Fig. 30. Formation mechanism of BP1.  
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Fig. 31. Formation mechanism of BP2. 
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Fig. 32. Formation mechanism of BP3. 
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Fig. 33. Overall degradation mechanism of SMX in the UVA/MIL88-A/PS system. 
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    CHAPTER 4 

4.CONCLUSION 

In this study, PS- based AOPs proved to be highly efficient in the degradation of 

hazardous pharmaceuticals like SMX. Herein, a heterogeneous catalyst, MIL88-A was 

synthesized with the advantage of using low-cost, simple and organic solvent free process. 

The elimination of SMX was demonstrated in two different systems: UVA/MIL88-A/PS 

and solar/MIL88-A/PS systems. Several parameters were considered to reach a higher 

efficiency for the degradation process. [MIL88-A] alone showed no significant effect on 

the degradation of SMX in the absence and in the presence of irradiation (UVA or solar). 

The combined effect of UVA or solar /MIL88-A/PS showed promising results, whereby 

total degradation of SMX was reached within 80 min and 5-20 min in the 

UVA/MIL88A/PS and solar/MIL88-A/PS  systems, respectively. The results also 

demonstrated that MIL88-A may be used for three successive cycles of activation 

experiments with PS without showing a decrease in the catalytic activity of the MOF. 

Moreover, MS analysis were conducted to identify the degradation products of SMX, three 

different byproducts were identified with the proposed formation mechanism of each. EPR 

analysis showed the presence of HRs as well as SRs to better understand the activation 

mechanism of PS on the surface of the MOF. Future directions to consider under this work 

are the investigation of parameters like the reaction stoichiometric efficiency (RSE) along 

with the TOC so as to improve the mineralization rate while keeping significant RSE to 

compete with existing PS-activated AOP systems.  
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