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Title: The study of a novel PS-based degradation system: MIL-88-A as a heterogeneous 

activator, application on Naproxen and comparison with H2O2 using a newly developed 

analytical technique 

 

 

The thesis work is divided into two parts: 

In the first section, MIL-88-A, an iron based MOF (Fe3+/Fumaric acid), was synthesized 

in aqueous medium without the use of an organic solvent, then characterized and tested 

as a heterogeneous persulfate activator for the elimination of naproxen. A solution 

containing naproxen simulating the waste water effluent of a production facility was 

placed in continuously stirred reactors and spiked with MIL-88-A/sodium persulfate 

mix. The system was optimized in terms of MIL-88-A and persulfate dosages where 65-

70% degradation of [Naproxen]0 = 50  mg L-1 occurred in a period of two hours in 

conditions of [MIL-88-A]0 = 25 mg L-1 and [PS]0 = 5 mM spiked at t = 60 min. MIL-

88-A was proved to be recyclable for at least 4 cycles and the introduction of UV-A 

irradiation to the system enhanced degradation to reach complete removal of naproxen 

within two hours reaction time . The effect of various factors on the system was studied. 

Chlorides and phosphates had no effect on the activation/degradation process. On the 

other hand, bicarbonates exhibited a strong inhibition effect and degradation process 

was optimal at acidic conditions (pH = 4). The system was also tested against another 

oxidant, H2O2, and the results showed that PS has higher efficiency in naproxen 

degradation.  

In the second section, for the sake of comparing MIL-88-A/PS and MIL-88-A/H2O2 

systems, [H2O2] quantification method was developed by simple modifications to an 

HPLC-DAD setup. The modifications included the use of acidified potassium iodide 

solution as a mobile phase and a series of capillary columns instead of the reverse phase 

column usually used. The method’s LDR ranged from 0.01-150 nm with LOD and LOQ 

8.29 × 10−4 mM and 2.76 × 10−3 mM respectively. The method was proven to be cost 

effective where the cost per analysis ranged between 0.8 and 1.8 USD cents depending 

on the concentration of the sample tested. Validation of the proposed method was based 

on statistical comparison applied to a commonly used titrimetric method. Finally the 

method was tested in different water matrices (spring, seawater, media containing high 

concentrations of: chlorides, bicarbonates, humic acids and micro pollutants) which 

showed high regression coefficients and sensitivity in all calibration curves using 

different matrices.  
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CHAPTER I  

INTRODUCTION 

A. PPCPs as emerging contaminants  

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

that include but are not limited to antibiotics, hormones, antimicrobial agents, 

cosmetics, fragrances, etc. The continuous discharge of PPCPs into waste water lead to 

their presence in trace amounts in both surface and ground water. This issue became the 

research focus of many laboratories due to the threats such contaminants carry to the 

environment and the potential dangers to public health [1–3].  

PPCPs enter the environment through several ways and usually end up as trace 

contaminants. Their presence is mainly attributed to the direct disposal of expired 

pharmaceuticals to landfills and/or indirectly to waste water treatment plants (WWTPs) 

[4,5], in addition to the effluents from the pharmaceutical industries and hospitals [6]. 

Pharmaceutical industries form a point source pollution of which high concentration of 

PPCPs enter the environment. 

In most cases, these PPCPs are of two components: excipients and active 

pharmaceutical ingredients (AIPs). The  presence of APIs in waste water plants had 

been reported, in different counties over the world, in the levels of ng L− 1 to μg L− 1 [1], 

such as USA [7], UK [8], Spain [9], Finland [10], and Japan [11]. One main category of 

these pharmaceuticals is the nonsteroidal anti-inflammatory drugs (NSAIDs) such as 

acetylsalicylic acid, diclofenac, ibuprofen, ketoprofen, and naproxen [2]. Their low 

cost, over the counter availability, in addition to their relatively minor side-effects made 
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them among the most widely used pharmaceuticals. Consequently, considerable amount 

of these APIs and their metabolites reach groundwater, and even surface and drinking 

water [3,12]. 

 

B. Advanced oxidation processes  

 AOPs are based on activating oxidants to produce, directly or indirectly, hydroxyl 

radicals that are able to oxidize organic contaminants in the medium [13]. Common 

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

Fenton reaction (Fe2+/H2O2) are currently applied in industrial WWTPs [14–16].  

 

C. Hydrogen peroxide (H2O2) based AOPs  

 H2O2 is one of the most commonly used oxidants in AOPs. It has a relatively high 

oxidation/reduction potential of 1.8 V [17]. Several radicals are produced upon the 

activation of H2O2 of which hydroxyl radicals (𝑂𝐻•) are the most dominant ones [18].  

𝑂𝐻•s have a high oxidation/reduction potential of 2.7 in acidic media and 1.8 in neutral 

ones [19] which make them excellent oxidants in AOPs applied for the degradation of 

numerous organic contaminants [20,21]. H2O2 is activated by ozonation [22] (eq. 1), 

photo-irradiation [22] (eq. 2),  ultra-sonication [22] (eq. 3), or by chemical activation 

[15] (eq. 4). 

𝐻2O2 + 2𝑂3 → 2 OH
 + 3𝑂2  (Ozonation)    (1) 

𝐻2O2
ℎ(254 nm)
→         2 OH (UV activation)     (2) 

𝐻2O2
𝑢𝑙𝑡𝑟𝑎𝑠𝑜𝑛𝑖𝑐𝑎𝑡𝑖𝑜𝑛
→             2 OH (ultrasonication activation)   (3) 
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𝐻2O2 + 𝐹𝑒
2+ + 𝐻+ → H2O +  OH

 + 𝐹𝑒3+  (Chemical activation) (4) 

 

D. Persulfate based AOPs 

 PS (S2O8
2-) (E0 = 2.1 V) is one of the oxidants used in AOPs which upon its 

activation generates sulfate radicals (SO4
-•) (E0 = 2.6 V) [23]. Sulfate radicals hold a 

strong oxidation potential under a wider pH range than hydroxyl radicals [24], produce 

less disinfection byproducts [25], and is also considered to be non-selective and thus 

degrade a wider range of contaminants [23]. PS is activated by physical methods such 

as UV-irradiation (eq.5), ultra-sonication (eq.6), heating (eq.7), or by chemical 

activation techniques such as homogeneous metal catalysis (eq.8) and heterogeneous 

photocatalysis [20]. 

𝑆2O8
2−  

ℎ
→  2 SO4

−   (UV activation)     (5) 

𝑆2O8
2−  

𝑢𝑙𝑡𝑟𝑎𝑠𝑜𝑛𝑖𝑐𝑎𝑡𝑖𝑜𝑛
→             2 SO4

−   (ultrasonication activation)  (6)  

𝑆2O8
2−  →  2 SO4

−   (Thermal activation) with 30𝑜 𝐶 < 𝑇 < 99𝑜    (7) 

𝑆2O8
2− + 𝐹𝑒2+ → SO4

2− +  SO4
− + 𝐹𝑒3+  (Chemical activation)    (8) 

 

E. Metal organic frameworks as iron-based catalyst for AOPs  

 Iron-based catalysts are vastly studied and applied due to the abundance and low 

cost, non-toxic nature, and high efficiency of iron. Nonetheless, iron catalysts are rarely 

reusable. For this reason, it is important to develop iron-based catalysts for the 

activation of PS that are heterogeneous and can be reclaimed. The applicability of 

entrapping iron using metal organic frameworks (MOFs) to be used as a heterogeneous 
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catalyst for the activation of PS is being explored recently for the use in water 

treatment. 

 MOFs are a novel class of porous materials, synthesized from a metal salt, 

providing metal ions, and organic ligands. MOFs exhibit special structural properties, 

such as high surface area, thermal stability, porosity, variability in pore structure, 

abundance of open metal sites and photosensitivity [26]. Such properties render it vastly 

studied for use in various applications [26,27]. Such applications include CO2 capture 

[28,29] storage of hydrogen [30], adsorption of harmful gases, hydrocarbons, water 

vapor and alcohols [27,31,32]. MOFs are also researched and developed for use in drug 

delivery [33,34], magnetism [35], polymerization [36], catalysis [37], and many other 

applications.  

 MOFs are mainly stable in water when they are a combination of Ti, Zr, Fe, Al 

and/or Cr with carboxylate-based ligands [38]. Water-stable MOFs have been recently 

investigated for their adsorptive properties towards hazardous organic compounds in 

waste water [26,39–43]. Other than adsorption, MOFs, mostly Fe-based MOFs, were 

proven to have an effective photocatalytic activity for the removal of organic 

contaminants. Such activity can be direct through transforming energy from the MOF 

into the compound or indirect through a homogeneous mediator such as PS or H2O2 

[44–48]. 

 

F. Objectives 

 The aim of this research is to synthesize an iron-based MOF using an 

environmentally friendly method. For the best of our knowledge, MIL-88-A is the only 
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iron based MOF found in literature that can be easily synthesized using water. It was 

also used in several AOPs studies and showed promising results [49–51]. However, the 

existing studies were conducted using relatively high concentration of MOF [50,51] and 

were all performed only for the degradation of dyes [39,52] and in presence of photo-

irradiation [50,51]. This research is conducted on the degradation of naproxen using a 

MIL-88-A/persulfate system with an evaluation the effect of different parameters on the 

performance of the system. The system was also tested using H2O2 for which a new 

analytical technique for the quantification of [H2O2] was developed to serve the purpose 

of comparing MIL-88-A/PS versus MIL-88-A/H2O2 activated systems. 
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CHAPTER II 

PROJECT 1 

A. MIL-88-A for the Degradation of Naproxen through Persulfate Activation  

As mentioned in the introduction, traditional waste water treatment has been 

proven to be insufficient for the elimination of organic contaminants that are highly 

stable and resistant to biodegradation. Thus coming up with an advanced technology 

became crucial. MOF/PS based AOPs is one of the novel technologies in which the 

catalyst is heterogeneous and in many cases is reusable.  

Among these contaminants is naproxen which its degradation was studied in a 

system of PS activated by an iron-based MOF, MIL-88-A. MIL-88-A was 

synthesized hydrothermally and characterized using available characterization 

techniques. The system was optimized and tested for its recyclability, matrix 

variations, and efficiency against other oxidant (H2O2). Effect of UV-A irradiation 

on the system was also studied. 

The results of this project are presented in the form of a paper to be submitted to 

Industrial and Environmental Chemistry Research. 
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A. Iron-Based Metal Organic Framework MIL-88-A for the 

Degradation of Naproxen in Water through Persulfate 

Activation  

American University of Beirut, Faculty of Arts and Sciences, Department of Chemistry 

P.O. Box 11-0236 Riad El Solh – 1107-2020 Beirut – Lebanon 

Rime El Asmar, Abbas Baalbaki, Zahraa Abou Khalil, Antoine Ghauch* 

Metal Organic Frameworks (MOFs) are a relatively new class of porous 3d material that 

is being researched for its possible applications in environmental remediation and waste 

water treatment. It has also been investigated for the use in catalysis and AOP. The 

challenges of applying MOF-based catalysis lies in its stability, reusability, and 

environmentally friendly synthesis process. MIL-88-A, an iron based MOF 

(Fe3+/Fumaric acid), can be synthesized in aqueous medium which is an advantage over 

other MOFs that require hazardous organic solvents. In this paper, MIL-88-A was 

synthesized, characterized, and used as a catalyst for the degradation of naproxen using 

AOPs. A solution containing naproxen simulating the waste water effluent of a 

pharmaceutical production facility was placed in continuously stirred reactors and 

spiked with MIL-88-A/sodium persulfate. The system was optimized and tested for its 

recyclability and matrix variations (salinity, phosphates, pH, and bicarbonates). The 

system was tested against another oxidant, H2O2 and finally under UV-A irradiation to 

remove any residual naproxen. Results showed that MIL-88-A is an activator of 

persulfate where 65-70% degradation of [Naproxen]0= 50  mg L-1 occurred in a period 
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of two hours. MIL-88-A was proved to be recyclable for at least 4 cycles. Salinity and 

phosphate had no effect on the degradation; however, bicarbonates exhibited a strong 

inhibition. The activation/degradation process was optimal at acidic conditions (pH = 

4). PS was shown to be superior oxidant over H2O2 when using MIL-88-A. And lastly, 

UV-A lead to complete degradation within two hours of reaction time implying that the 

proposed system is successful for the elimination of organic pollutants from water. 

Keywords: MOF, AOPs, Naproxen, MIL88-A, persulfate 
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1. Introduction 

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

that include but are not limited to antibiotics, hormones, antimicrobial agents, 

cosmetics, fragrances, etc. The continuous discharge of PPCPs into waste water lead 

to their presence in trace amounts in both surface and ground water. This issue 

became the research focus of many laboratories due to the threats such contaminants 

carry to the environment and the potential dangers to public health [1–3]. PPCPs 

enter the environment through several ways and usually end up as trace 

contaminants. Their presence is mainly attributed to the direct disposal of expired 

pharmaceuticals to landfills and/or indirectly to waste water treatment plants 

(WWTPs) [4,5], in addition to the effluents from the pharmaceutical industries and 

hospitals [6]. Pharmaceutical industries form a point source pollution of which high 

concentration of PPCPs enter the environment, this paper address treatment at these 

sources and thus it deals with realistically high concentration. In most cases, these 

PPCPs are of two components: excipients and active pharmaceutical ingredients 

(AIPs). The  presence of APIs in waste water plants had been reported, in different 

counties over the world, in the levels of ng L− 1 to μg L− 1 [1], such as USA [7], UK 

[8], Spain [9], Finland [10], and Japan [11]. One main category of these 

pharmaceuticals is the nonsteroidal anti-inflammatory drugs (NSAIDs) such as 

acetylsalicylic acid, diclofenac, ibuprofen, ketoprofen, and naproxen [2]. Their low 

cost, over the counter availability, in addition to their relatively minor side-effects 

made them among the most widely used pharmaceuticals. Consequently, 

considerable amount of these APIs and their metabolites reach groundwater, and 
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even surface and drinking water [3,12]. Traditional waste water treatment has been 

proven to be insufficient for the elimination of these compounds due to their high 

chemical stability and resistance to biodegradation [2]. Alternative methods such as 

advanced oxidation processes (AOPs) are the currently studied solutions for the 

effective elimination of pharmaceuticals in water. AOPs are based on activating 

oxidants to produce, directly or indirectly, hydroxyl radicals that are able to oxidize 

organic contaminants in the medium [13]. Common AOPs include ozonation, UV-

based processes (UV/H2O2, UV/H2O2/O3, etc.) and Fenton reaction (Fe2+/H2O2) 

currently applied in industrial WWTPs [14–16]. AOPs that are in the research and 

development phase include electrochemical-based, ultrasonic-based, Persulfate 

(PS)-based, and photocatalytic-based processes. PS (S2𝑂8
2−) (E0 = 2.1 V) is one of 

the oxidants used in AOPs which upon its activation generates sulfate radicals 

(S𝑂4
−.) (E0 = 2.6 V) [17]. Sulfate radicals hold a strong oxidation potential under a 

wider pH range than hydroxyl radicals [18], produce less disinfection byproducts 

[19], and is also considered to be non-selective and thus degrade a wider range of 

contaminants [17]. PS is activated by physical methods such as UV-irradiation 

(eq.1), ultra-sonication (eq.2), heating (eq.3), or by chemical activation techniques 

such as homogeneous metal catalysis (eq.4) and heterogeneous photocatalysis [20]. 

𝑆2O8
2−  

ℎ
→  2 SO4

−   (UV activation)      (1) 

𝑆2O8
2−  

𝑢𝑙𝑡𝑟𝑎𝑠𝑜𝑛𝑖𝑐𝑎𝑡𝑖𝑜𝑛
→             2 SO4

−   (ultrasonication activation)   (2) 

𝑆2O8
2−  →  2 SO4

−   (Thermal activation) with 30𝑜 𝐶 < 𝑇 < 99𝑜     (3) 

𝑆2O8
2− + 𝐹𝑒2+ → SO4

2− +  SO4
− + 𝐹𝑒3+  (Chemical activation)   (4) 
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Iron-based catalysts are vastly studied and applied due to the abundance and low 

cost, non-toxic nature, and high efficiency of iron. Nonetheless, iron catalysts are 

rarely reusable. For this reason, it is important to develop iron-based catalysts for 

the activation of PS that are heterogeneous and can be reclaimed. The applicability 

of entrapping iron using metal organic frameworks (MOFs) to be used as a 

heterogeneous catalyst for the activation of PS is explored in this paper. MOFs are a 

novel class of porous materials, synthesized from a metal salt, providing metal ions, 

and organic ligands. MOFs exhibit special structural properties, such as high surface 

area, thermal stability, porosity, variability in pore structure, abundance of open 

metal sites and photosensitivity [20]. Such properties render it vastly studied for use 

in various applications [20,21]. Such applications include CO2 capture [22,23] 

storage of hydrogen [24], adsorption of harmful gases, hydrocarbons, water vapor 

and alcohols [21,25,26]. MOFs are also researched and developed for use in drug 

delivery [27,28], magnetism [29], polymerization [30], catalysis [31], and many 

other applications.  

MOFs are mainly stable in water when they are a combination of Ti, Zr, Fe, Al 

and/or Cr with carboxylate-based ligands [32]. Water-stable MOFs have been 

recently investigated for their adsorptive properties towards hazardous organic 

compounds in waste water [20,33–37].  

The studies on the removal of contaminants via adsorption using water stable MOFs 

are summarized in Table 1. Most of the MOFs in these studies are synthesized using 

organic solvents with moderate to high toxicity [38]. Using MOFs that can be 

synthesized using water as a solvent  are a more sustainable option and 
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recommended according to the first, third and fifth principles of the 12 principles of 

green chemistry  which are summarized in Table 1S [39].  

Moreover, MOFs, most of the time, should be subjected to functionalization and 

post synthetic treatment for an efficient adsorption to take place increasing the entire 

synthesis process time, cost, and labor demands. Adsorption in these studies are 

mostly attributed to hydrogen bonding or electronic interactions between the 

functional groups of the MOFs and the adsorbed compound, which renders the 

process to be selective and not efficient for a wide range of contaminants. 

Furthermore, the majority of the conducted studies lack recyclability and desorption 

analysis which doesn’t provide a sustainable solution for the effective degradation 

and/or removal of contaminants. Such techniques are not considered effective 

especially that relatively high concentrations of MOFs are being used, where the 

adsorption capacity in these studies ranged between 16 and 1450 mg/g (Table 1).  

 

 

Table 1: Adsorption of organic and inorganic compounds on different MOFs 

 

MOFs Adsorbed Compound Reference Adsorption 

Capacity 

(mg/g) 

Drawbacks 

MIL-101-Cr  

 

 

 

 

 

 

MIL-101-Cr 

functionalized  

Methyl orange (MO)  

Uranine  

Xylon orange (XO)  

 

Clofibric acid  

Naproxen  

 

Bisphenol A  

MO  

Clofibric acid  

Hg (II)  

[33] 

[34] 

[35] 

 

[36] 

 

 

[40] 

[33] 

[41] 

[42] 

114  

126  

311  

 

315  

119  

 

156  

194 

347 

51.27 

Use of Hydrofluoric 

acid (HF) in 

synthesis which is 

highly toxic and 

corrosive [43,44]  

Chromium is toxic, 

especially in its 

hexavalent state 

[45] 

Functionalization 

and post synthetic 
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steps are highly 

demanding 

MIL-235 MO  

Methylene blue (MB)  

 

[46] 

 

477 

187 

Use of HF in 

synthesis 

Use of N,N-

Dimethylformamide 

(DMF) in synthesis 

MIL-100-Fe MO  

MB  

Malachite green (MG)  

Naproxen  

Bisphenol A  

[47] 

 

[48]  

[36] 

[40] 

1045.2 

645 

141 

104 

26 

Adsorption didn’t 

work for trace 

amounts 

No studies for 

desorption or 

recyclability were 

conducted 

MIL-100-Cr MO  

MB  

[47] 

 

211.8 

645.3 

Chromium is toxic, 

especially in its 

hexavalent state 

Selective adsorption 

of MB from  MO–

MB solutions [47] 
NH-MIL-101-

Al 

 

NH2-MIL-

101-Al 

p-Nitrophenol  

 

 

MB  

MO  

[49] 

 

 

[50] 

192 

 

 

762 

188 

Functionalization 

and post synthetic 

steps are highly 

demanding  

Use of DMF in 

synthesis 

UiO-66 

 

 

NH2-UiO-66 

Phthalic acid  

Sulfachloropyradazine 

(SCP)  

Arsenic  

Phthalic acid  

[51] 

[52] 

[53]  

[51] 

187 

417 

303 

224 

Use of DMF and 

HCl in synthesis 

[53] 

Optimal pH is 

highly acidic 

(pH=2) [53] 

Functionalization 

and post synthetic 

steps are highly 

demanding 

HKUST-1  Benzothiophene (BT)  

Dibenzothiophene 

(DBT)  

Dimethyldibenzothiophe

ne (DMDBT)  

MO  

 

Pb (II)  

Cd (II)   

 

[54] 

 

 

[55] 

 

 

[56] 

 

25 

45 

16 

 

4.7 

 

98.17 

32.45 

38.25 

Removal from 

isooctane matrix not 

water [54] 

Copper is toxic, 

being a catalyst of 

processes 

generating reactive 

oxygen 

intermediates and 



 

 

 

 

 

 

 

22 

 

 

 

 

 

 

 

Cr (III)  thus causes cell 

damage when 

present in high 

concentration 

[57,58] 

No adsorption of 

Hg2+ and heavy 

metals under the 

same experimental 

conditions [56] 

UMCM-150  BT  

DBT  

DMDBT  

 

[54] 

 

40 

83 

41 

 

 

Removal from 

isooctane matrix 

and not water [54] 
MOF-505 BT  

DBT  

DMDBT  

 

[54] 

 

51 

39 

27 

PCN-222-Fe Brilliant green (BG)  

Crystal violet (CV)  

Acid red  

Acid blue  

 

[59] 

854 

812 

371 

417 

Limited to dyes  

MIL-101-SH 

 

Hg (II)  

 

 

 

[60] 250 

 

110 

Functionalization 

and post synthetic 

steps are highly 

demanding 
UiO-66-SH 

MOF-808 Arsenic  [61] 24.83 Synthesis 

necessities 

microwave 

irradiation or using 

solvothermal 

method under high 

temperatures (150 

°C) and long 

reaction times (3–

7days) 

Solvents used in 

synthesis are DMF 

and formic acid 

Crystals exhibit 

high superacidity 

Specific to Arsenic 

MIL-53-Fe  Arsenic  [62] 21 Synthesis require 

DMF 

Adsorption was 

suggested to be due 

to lewis acid-base 
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interaction between 

the anionic H2AsO4
 - 

species and the 

MOF node which 

makes it applicable 

only for a selective 

range of adsorbents 

 

 

 

MIL-53-Al Arsenic  [63] 106 Synthesis needs 

DMF  

Adsorption was 

attributed the 

hydrogen bonding 

occurring between 

the MOF and the 

adsorbent  

MOF-5-Zn Pb (II)  [64] 658.5  Synthesis using 

DMF solvent 

 

Other than adsorption, MOFs, mostly Fe-based MOFs, were proved to have an 

effective photocatalytic activity for the removal of organic contaminants. Such 

activity can be direct through transforming energy from the MOF into the compound 

or indirect through a homogeneous mediator such as PS. Du et al. studied the 

photocatalytic decolorization of MB on MIL-53-Fe under 500 W Xe lamp 

irradiation [65]. MIL-53-Fe concentration used in the study was 10 mg L-1, knowing 

that at higher concentrations, total adsorption of MB dye occurred. Slight photo-

degradation was initiated under UV–Vis light irradiation in the absence of MIL-53-

Fe and was slightly enhanced in the presence of MIL-53-Fe. Such low efficiency 

was promoted by introducing a mediator such as hydrogen peroxide, potassium 

bromate and ammonium persulfate. Considerable degradation occurred under light 

irradiation in the absence of MIL-53-Fe indicating that light alone was sufficient for 
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activating the mediators. The degradation was enhanced, under irradiation, in the 

presence of both MIL-53-Fe and mediators. 

Hu et al. studied MIL-101-Fe effect on the photo activation of persulfate for the 

degradation of organophosphorus flame retardant, tris(2-chloroethyl) phosphate 

(TCEP) [66]. As proposed in their study, as well as other studies utilizing iron-based 

MOFs, the mechanism of photo-catalysis reaction is based on the transformation of 

Fe(III) to Fe(II) (eq. 5), which further transform PS into sulfate radicals (eq. 6) 

allowing the degradation process to occur by radical oxidation as shown in the 

following reactions [66].  

≡ 𝐹𝑒3+
𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛
→          ≡ 𝐹𝑒2+       (5) 

𝑆2O8
2− + 𝐹𝑒2+ → SO4

2− +  SO4
− + 𝐹𝑒3+    (6) 

 SO4
− + conaminant → byproducts      (7) 

Lv et al. conducted their study on degrading MB by heterogeneous Fenton process 

using MIL-100-Fe [67]. In their study, it was shown that the electrostatic attraction 

influenced MB adsorption over different MOFs and that MIL-100-Fe(II) exhibited 

highest Fenton catalytic ability compared to MIL-100-Fe. Moreover, some studies 

developed modified iron-based MOFs to increase their efficiency. For example, 

Duan et al. applied cobalt and copper doping on MIL-101-Fe [68]. Tang and Wang 

synthesized graphene oxide-MIL-101-Fe to enhance the electron transfer process for 

efficient Fenton degradation of MO [69]. All of the above mentioned iron-based 

MOFs are synthesized using DMF, a carcinogenic organic solvent. Therefore, it was 

essential to consider an iron-based MOF that can be synthesized using a greener 

environmentally friendly method. For the best of our knowledge, MIL-88-A is the 
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only MOF found in literature that can be easily synthesized using water and no 

organic solvent. For this reason, MIL-88-A was used in several studies for the 

photocatalytic activation of persulfate [70–72]. However, the existing studies were 

conducted using relatively high concentration of MOF, 300 mg L-1 [71] and ranging 

from 100 to 1500 mg L-1 [72] and were all performed only for the degradation of 

dyes. Due to the fact that dyes already have high susceptibility to adsorption on 

MOFs [66], and that the degradation mechanism and byproducts in these studies 

were unclear, this research is conducted on the degradation of naproxen using a 

MIL-88-A/persulfate system with an evaluation of the effect of different parameters 

on the performance of the system. 

2. Materials and methods 

2.1. Chemicals 

Naproxen sodium (C14H14NaO3), sodium persulfate (PS) (Na2S2O8, ≥ 99.0%), 

hydrogen peroxide (H2O2, 30% w/w), phosphate buffer (monobasic and dibasic), and 

potassium iodide (KI) (puriss, 99.0-100.5%) were purchased from Sigma-Aldrich 

(China, France, and Germany, respectively). Iron (III) chloride (FeCl3) (reagent 

grade>97%) and fumaric acid (C4H4O) were acquired from Sigma-Aldrich (France 

and Switzerland respectively). Ethanol (absolute) was purchased from Scharlau 

(Spain). Formic acid and acetonitrile used for the HPLC mobile phase were 

purchased from Loba Chemie (India) and Honeywell (Germany) respectively. 

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

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

purchased from Fluka (Netherlands).  
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2.2. Synthesis of MIL-88-A 

Hydrothermal synthesis was performed in accordance with previously reported 

procedures [71–73], where 1,949 mg of fumaric acid and 4,544 mg of ferric chloride 

were added to a beaker filled with 84 mL of DI water. The solution was then stirred 

for an hour using a magnetic stirrer at 300 rpm to homogenize. It was later 

transferred into a 100 mL PTFE-lined stainless steel autoclave bomb and heated in an 

oven at 85ºC for a period of 24 hours. After removing the autoclave bomb from the 

oven, it was passively left to cool to room temperature. The formed solids were then 

decanted, collected, washed three times with 1:1 ratio of ethanol and DI and two 

times with DI. This washing process was optimized to remove all the extra unreacted 

fumaric acid and metal. The precipitate was recovered each time by centrifugation at 

4000 rpm (G-force = 2200) for 10 minutes. The obtained precipitate was then dried 

in a vacuum oven at 100 ºC for no less than 10 hours yielding 2,350 ± 220 mg of 

pure MIL-88-A powder.  

2.3. Characterization of MIL88-A 

The powder X-ray diffraction pattern of MIL-88-A was determined by a D8 Advance 

(Bruker) X-ray diffractometer (XRD), equipped with copper anode material (40 mA, 

40 kV). MIL-88-A powder was placed on a zero-background holder and was scanned 

from 5º to 15º (2 ) at a scan speed of 1 step of 0.02º per second. The morphology of 

the synthesized material was determined using a scanning electron microscope 

(SEM), Tescan, Mira III. Specific surface area of MIL-88-A were obtained using a 

BET surface area analyzer (Micromeritics, 3 flex surface characterization). 

Thermogravimetric analysis (TGA) of MIL-88-A was performed under nitrogen 
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atmosphere with a heating rate of 5 °C min−1 and a temperature ranging from 30 to 

900 °C using a TG 209 F1 Iris (Netzsch, Germany). 

2.4. Experimental procedures and conditions 

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

ppm) was prepared under dark by dissolving 109.5 mg of naproxen sodium salt in 1 

L volumetric flask and kept stirring using a magnetic stirrer overnight. NAP physical 

properties are summarized in Table 2S. PS stock solution (100 mM) was prepared by 

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

experiment, a specific volume of the NAP stock solution was added along with a 

corresponding amount of DI water and MIL-88-A to a 200 mL reactor and left 

stirring for a period of 1 hour to reach adsorption equilibrium according to the 

conducted adsorption isotherms in section 3.2. After which, the reaction is initiated 

by spiking with the required volume of PS stock solution. Continuous stirring was 

maintained to ensure uniform mixing and suspension of MIL-88-A particles. Samples 

of 2 mL were collected 30 sec before and after the addition of MIL-88-A as well as 

before and after the addition of PS and every 10 min for the next 40 min to reach a 

total reaction time of 100 min, the last sample was taken at t = 120 min. All samples 

were filtered using a 0.45 μm PTFE 13 mm disc filters (Jaytee Biosciences Ltd., UK) 

and stored in amber HPLC vials at 4°C prior to analysis. Sample withdrawal timing 

was varied according to specific experimental requirements. Control experiments 

were performed either in the absence of PS and/or MIL-88-A. All NAP degradation 

experiments were done in triplicates and each sample was analyzed twice for 

uncertainty determination. 
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2.5. Reaction setup 

For experiments in which UV was not used, reactions took place in 250 mL 

Erlenmeyer flasks placed on a solid state magnetic stirrer of capacity equal to six 

flasks (Fig. 1). 

                            

Fig. 1. Illustrations of experimental setups (a) reactors used when no UV was present 

(b) top view of experimental setup of experiments done under UV irradiation (c) side 

view of experimental setup of experiments done under UV irradiation (d) single 

reactor with the syringe showing the sample collecting process  

(a) 

(d) 

(b) 

(c) 

Power supply 
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For the experiments conducted under UV irradiation, 8 homemade watertight 110 mL 

borosilicate reactors were attached radially to a labquake shaker rotisserie of speed 8 

revolutions/min. This mixing setup was developed to maintain MIL-88-A in 

suspension during irradiation. The reactors were placed in a stainless steel reflector 

with 2 commercial T5 8 watts near-ultraviolet (UV-A) fluorescent lamps, of dosage 

450 uW/cm2 and 180 uW/cm2 on the nearest and farthest point to the system 

respectively, obtained from insects light traps. emission spectrum of the lamps 

presented in Fig. 2 was obtained using a modified spectrophotometer [74]. This 

spectrum shows main emission between 350 and 400 nm lying in the UV-A-Vis 

range.  

 

Fig. 2. Emission spectrum of the UV-A lamp 
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2.6. Chemical analysis 

Quantifying NAP was performed on an HPLC equipped with a quaternary pump, a 

vacuum degasser, an auto sampler unit with cooling maintained at 4°C, and a thermally 

controlled column compartment set at 30°C. A C-18 reverse phase column (5 µm; 4.6 

mm internal diameter x 250 mm in length) was used in addition to a security guard 

column HS C-18 (5 µm; 4.0 mm internal diameter 20 mm long) for the separation of 

NAP and its byproducts. The HPLC was equipped with a DAD detector (228 nm for 

NAP). The mobile phase consisted of acetonitrile: 0.1 % formic acid solution of 

(55:45) (v/v) and was kept under constant flow rate of 1 mL min-1. The injection 

volume was set to 100 µL. Under these conditions, NAP was eluted at a retention time 

of 6.9 min. The linear dynamic range (LDR) obtained was between 0.1 and 100 mg L-

1 with limit of detection = 0.0009 mg L-1 (Fig. 3). 
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Fig. 3. (a) Calibration curve of NAP. The error bars are calculated at 95% confidence 

level. Absorbance = A(mean) ± ts/(n)1/2 where t is the student value (t = 2.447 for 6 

degrees of freedom at 95% confidence level) and s the standard deviation of 7 

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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Persulfate and H2O2 concentrations were quantified using a novel flow 

injection/spectroscopy analytical technique according to the methods developed by 

Baalbaki et al. [75] and Tantawi et al. [76] respectively . The LDR of the used PS 

quantification method ranges between 0.1 and 50 mM with a limit of detection 

0.0066 mM and that of H2O2 ranges between 0.01–150 mM with a limit of detection 

0.00276 mM. 

3. Results and discussion  

3.1. Characterization of MIL-88-A: 

The XRD diffraction pattern (Fig. 4b) shows strong peaks at 2θ positions 7.7, 8.7, 

10.4 and 11 ensuring the crystalline nature of MIL-88-A synthesized. SEM images 

(Fig. 4a) showed that MIL-88-A crystals exhibit hexagonal rod-like morphology in 

the nanometer-scale, with sizes ranging from 100 to 800 nm typical to what is 

reported in literature [71,72]. BET analysis allowed to calculate the surface area of 

MIL-88-A which was found to be around 41.4408 ± 1.7570 m2/g complying with that 

published [71]. TGA analysis (Fig. 4c) illustrates a 20 % weight loss occurring below 

100 ºC attributed to the evaporation of moisture and desorption of other gases from 

the MIL-88-A sample. After which, the thermogravimetric stability remained 

constant till approximately 200 ºC. Thereafter, a major weight loss was observed 

probably due to the decomposition of fumaric acid.  
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Fig. 4. Characterization of synthesized MIL-88-A (a) SEM of crystals at different 

magnifications (b) XRD diffraction pattern (c) BET adsorption/desorption isotherms 

(d) TGA analysis. 

3.2. Adsorption experiments 

A series of adsorption experiments were performed. Quantity of adsorbed NAP was 

found to be directly proportional to MIL-88-A dose (Fig. 5). When the amount of MIL-
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88-A increased from 5 to 50 mg in 200 mL reaction volume, NAP adsorption increased 

from ~ 5 % to ~ 50 % indicating a constant adsorption capacity equal to 500 mg NAP /g 

of MIL-88-A. Adsorption equilibrium was achieved after one hour from the addition of 

MIL-88-A. 

To eliminate the possibility of interference on the adsorption process due to ionic 

strength added from the PS and its byproduct, sulfate, the system was either spiked with 

2 mM of sodium persulfate or 4 mM of sodium sulfate for control. Sodium sulfate was 

considered since it is the byproduct of PS oxidation. Each sodium persulfate molecule 

produces two sulfate ions; accordingly, the spiked concentration of sulfate was double 

that of PS. Results showed that increasing ionic strength: sulfate and PS ions caused 

partial desorption of the adsorbed NAP (Fig. 6) where ~ 35 % = 5.25 mg of NAP 

desorbed upon spiking with 4 mM sodium sulfate. 

 

Fig. 5. Adsorption of NAP vs [MIL-88-A]0. [NAP]0 = 50 mg L-1. Error bars are 

calculated as
𝑡𝑠

√𝑛
, where absent bars fall within the symbols. 
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Fig. 6. Effect of ionic strength on the adsorption of NAP. [NAP]0 = 50 mg L-1.[MIL-   

88-A]0 = 250 mg L-1. [PS]0 = 2 mM. [Sulfate]0 =  4 mM. Error bars are calculated as
𝑡𝑠

√𝑛
, 

where absent bars fall within the symbols. 

3.3.PS/MIL-88-A system degradation experiments and optimization 

To determine the optimal concentration of PS, spiked [PS]0 was varied between 0.25,  

1 and 5 mM. The strongest instantaneous drop occurred at the highest [PS]0 used = 5 

mM (Fig. 7) . The rebound observed between spiking at t = 60 min and t = 90 min in 

Fig. 7 is attributed to desorption due to the sudden increase in ionic strength after the 

addition of PS, the rebound effect is also noticed in all other experiments after the 

addition of [PS]0. 
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Fig. 7. Effect of [PS]0 on the degradation of NAP. [NAP]0 = 50 mg L-1. [ MIL-88-

A]0 = 25 mg L-1 . Error bars are calculated as
𝑡𝑠

√𝑛
, where absent bars fall within the 

symbols. 

To determine the optimal [MIL-88-A]0, it was varied between 25 and 250 mg L-1 using 

a fixed [PS]0 = 2 mM (Fig. 8). High [MIL-88-A]0 showed limited NAP degradation 

enhancement, thus 25 mg L-1 was chosen as the best [MIL-88-A]0 for cost optimization 

purposes. Since our objective is to degrade MIL-88-A and not to adsorb it, then a lower 

[MIL-88-A]0  better suits our purpose. 25 mg L-1 MIL-88-A was the lowest amount that 

could be added without sacrificing practicality in experimental procedure. PS was tested 

as successively spiked vs one time addition where a single spike with high 

concentration, up to 5 mM, showed the best results in the system proposed Fig. 9. Thus 

[MIL-88-A]0 = 5 mg L-1 and [PS]0 = 5 mM were adopted to study the matrix effect.  
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Fig. 8. Effect of [MIL-88-A]0  on NAP degradation. [NAP]0 = 50 ppm. PS spike at t = 

60 min with [PS]0 = 2 mM. Error bars representing standard deviation are calculated at 

95% confidence level. Error bars are calculated as
𝑡𝑠

√𝑛
, where absent bars fall within the 

symbols. 
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Fig. 9. Effect of [MIL-88-A]0 dosage in on NAP degradation upon spiking with [PS]0 = 

2 mM at t = 60 min and [PS]0 = 1 mM at t = 90, and 120 min. [NAP]0 = 50 mg L-1. Error 

bars are calculated as
𝑡𝑠

√𝑛
, where absent bars fall within the symbols. 

3.4. Recyclability 

Recyclability is an essential parameter when studying heterogeneous catalysis 

applications since the catalyst can be recovered and reused. An experiment was 

conducted by which the MIL-88-A was recycled in four successive cycles. The recovery 

process included separation using centrifugation and drying via a vacuum oven at 90OC. 

Recovered MIL-88-A decreases after each cycle due to the fact that lower amounts of 

MOF are always harder to collect. After the first cycle, 80% of MIL-88-A was 

0

0.2

0.4

0.6

0.8

1

0 20 40 60 80 100 120 140

[N
A

P
] t

/ 
[N

A
P

] 0

Elapsed Time (min)
[MIL-88-A]₀ = 25 mg L⁻¹ [MIL-88-A]₀ = 37.5 mg L⁻¹ [MIL-88-A]₀ = 50 mg L⁻¹

[MIL-88-A]₀ = 62.5 mg L⁻¹ [MIL-88-A]₀ = 125 mg L⁻¹ [MIL-88-A]₀ = 250 mg L⁻¹

: Spiking



 

 

 

 

 

 

 

39 

 

 

 

 

 

 

 

recovered. This percentage decreased to 53 and 47% after second and third cycles 

respectively. The adsorption of NAP on MIL-88-A was reduced in each cycle due to the 

decrease in the amount of MIL-88-A added to the solution (Fig. 10). The final 

concentration of NAP that is still available in the solution increased from 16 to 30 mg L-

1 (Fig. 10). A decrease in efficiency was observed after the second cycle and may be 

attributed to the full occupation of all the activation sites of MIL-88-A. SEM of MIL-

88-A after recycling showed that the crystals maintained rod-like morphology; however, 

lost homogeneity and changed in size, becoming thinner and more elongated (Fig. 11a). 

On the other hand, XRD diffraction pattern overlaps that of the initially synthesized 

MIL-88-A with differences in the intensity of the peaks (Fig. 11b). 

Fig. 10. Recyclability experiments. [NAP]0 = 50 mg L-1. [PS]0 = 5 mM. Error bars are 

calculated as
𝑡𝑠

√𝑛
, where absent bars fall within the symbols. 
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Fig. 11. Characterization of recycled MIL-88-A (a) SEM images (b) XRD diffraction 

pattern 
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3.5.Matrix effect 

3.5.1. Case of Chlorides 

The effect of common anions found in natural water samples on NAP degradation was 

examined. In order to mimic natural water conditions, three different concentrations of 

chloride ions [77] corresponding to freshwater ([NaCl] = 200 mg L-1), brackish water 

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

effect of chloride ions in its different concentrations had no significance on the 

degradation of NAP (Fig. 12). The effect of the increase in ionic strength on adsorption 

was not expressed clearly due to the low [MIL-88-A]0 used (25 mg L-1).  

 

 

Fig. 12. Effect of chloride concentration on the degradation of NAP. [NAP]0 = 50 mg L-

1. [PS]0 = 5 mM. [MIL-88-A] = 25 mg L-1. Error bars are calculated as
𝑡𝑠

√𝑛
, where absent 

bars fall within the symbols. 
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3.5.2. Case of phosphates 

The effect of phosphate concentration on the degradation of NAP was studied for two 

main reasons. First of all, to account for phosphate residues escaped from conventional 

water treatment processes [78]. Moreover, for the aim of choosing a buffer solution to 

study the effect of pH of the reaction system on the degradation of NAP. Therefore, a 

study on the effect of phosphate buffer was conducted at three different concentrations: 

1, 5, and 10 mM, of phosphate buffer (pH = 4), simulating the pH of the system with 

DI. The results shows that there was no significant effect of phosphate on NAP 

degradation (Fig. 13). 

Fig. 13. Effect of phosphate concentration on the degradation of NAP. [NAP]0 = 50 mg 

L-1. [PS]0 = 5 mM. [MIL-88-A]0 = 25 mg L-1. Error bars are calculated as
𝑡𝑠

√𝑛
, where 

absent bars fall within the symbols. 
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3.5.3. pH effect 

One major influence factor affecting NAP degradation is the pH value of the system. A 

study on the pH effect on the degradation of NAP in the MIL-88-A/ PS system was 

conducted in 10 mM phosphate buffered solutions of different pH values imitating 

acidic, basic, and neutral conditions (Fig. 14). The results showed that optimum 

degradation was perceived in acidic conditions (pH = 4) similar to that encountered in 

the control using DI where pH initial and final falls within the range of acidic conditions 

tested (Fig. 14). Neutral and basic pH equally inhibited the degradation by 90 %. This 

can be explained by the fact that fumaric acid, the linker, becomes neutral in acidic 

conditions, since it has a pka1 value of 3.03 and pka2 = 4.44. This induces a positive 

charge on the surface of MIL-88-A. Thus more attraction occurs between induced 

positive charged MIL-88-A and PS anions leading to better activation and thus higher 

degradation of NAP.  
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Fig. 14. Effect of pH value on the degradation of NAP. [NAP]0 = 50 mg L-1. [PS]0.= 5 

mM [MIL-88-A]0 = 25 mg L-1. Error bars are calculated as
𝑡𝑠

√𝑛
, where absent bars fall 

within the symbols. 

3.5.4. Case of bicarbonates 

The effect of bicarbonate in the reaction matrix was also examined. Bicarbonate 

presence led to a noticeable inhibition to the degradation of NAP (Fig. 15). At 

[NaHCO3] = 1 mM, the drop of [NAP] after 60 mins from spiking with PS decreased 

from 75 % to 30 %. The extent of decrease became more significant to reach 20 % and 

15 % at [NaHCO3] = 50 and 100 mM respectively. The inhibitory effect of HCO3
− could 

be attributed to the reaction between sulfate radicals and HCO3
− (Eq. 8) yielding CO3

•− (E

º = 1.59 V) [79] which has moderate oxidative properties compared to sulfate radicals 

towards NAP. 

 SO4
− + 𝐻𝐶𝑂3

− → SO4
2− +  CO3

− + 𝐻+     (8) 
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Also, in case of NAP, an increase in the pH of the solution is noticed with increasing 

HCO3
− (Table 2). The buffering at a basic pH induced by the addition of bicarbonate to 

the system is directly related to the inhibitory effect on the degradation of NAP as 

discussed in the study on the effect of pH above. 

Table 2 

pH values in the reaction systems at different times during the experiment 

 pH initial pH at 60 min pH at 120 min 

Control 5.21 4.96 3.95 

[HCO3
-] = 1 mM 7.98 7.31 5.20 

[HCO3
-] = 50 mM 8.51 8.50 8.34 

[HCO3
-] = 100 mM 8.54 8.52 8.44 

 

Fig. 15. Effect of bicarbonates concentration on the degradation of NAP. [NAP]0= 50 

mg L-1. [PS]0 = 5 mM. [MIL-88-A]0= 25 mg L-1. Error bars are calculated as
𝑡𝑠

√𝑛
, where 

absent bars fall within the symbols. 
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3.6. MIL-88-A/PS versus MIL-88-A/H2O2 system 

To test for the applicability of MIL-88-A on other oxidants, a common oxidant, H2O2, 

was used. The experimental conditions for MIL-88-A/PS system were mimicked for the 

sake of comparison. [H2O2]0 = 2 and 5 mM were used for spiking at t = 60 min. Results 

showed that H2O2 had minimal effect on the degradation of NAP compared to that of PS 

(Fig. 16), which indicates that MIL-88-A in not an efficient activator of H2O2. The 

addition of H2O2 caused an insignificant drop in the pH value compared to that caused 

by the addition of PS (Table 3). Knowing that the activation of H2O2 in the presence of 

Fe3+ is optimal at acidic conditions (pH = 3-4) [80,81], the difference in degradation 

between H2O2 and PS could be partially attributed to the pH of the solution. Further 

investigation revealed that [H2O2] decreased by about 25% upon spiking at t = 60 min 

(Fig. 1S) similar to the trend followed by PS  (Fig. 2S) indicating that both oxidants are 

either adsorbed and/or activated; however, only PS is affective for NAP removal.  



 

 

 

 

 

 

 

47 

 

 

 

 

 

 

 

 

Fig. 16. Effect of [H2O2]0 on the degradation of NAP. [NAP]0 = 50 mg L-1.[MIL-88-

A]0 = 25 mg L-1. Error bars are calculated as
𝑡𝑠

√𝑛
, where absent bars fall within the 

symbols. 

Table 3 

pH values in the reaction systems at different times during the experiment with H2O2 

 pH initial pH at 60 min pH at 120 min 

[H2O2] = 5 mM 6.48 6.30 6.08 

[H2O2] = 5 mM + MIL-88-A 6.47 5.85 5.31 

[H2O2] = 2 mM + MIL-88-A 6.48 5.84 5.48 

[PS] = 5 mM + MIL-88-A 6.44 5.62 3.03 
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3.7. UV-A effect 

A study on the effect of UV-A on the proposed system was conducted. NAP has been 

proven to be resistant to UV-A irradiation in the absence of MIL-88-A. In the presence 

of MIL-88-A, no degradation was observed and only adsorption took place (Fig. 17). 

On the other hand, in the UV-A/PS system, in the absence of MIL-88-A, irradiation was 

sufficient for minor activation of PS and leading to a 20% drop in the [NAP] from 50 to 

40 mg L-1 monitored upon spiking with PS (Fig. 17). This activation was significantly 

enhanced when MIL-88-A was added leading to the complete removal of NAP within 

60 min of PS addition (Fig. 17).   

Fig. 17. UV-A effect on NAP degradation. [NAP]0 = 50 mg L-1. [MIL-88-A]0 = 100 mg 

L-1 . [PS]0 = 5 mM. Error bars are calculated as
𝑡𝑠

√𝑛
, where absent bars fall within the 

symbols. 
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3.8. Proposed mechanism 

To determine the mode of action of MIL-88-A/PS on NAP degradation, the results of 

several experiments were analyzed as follows. The variation in the initial [MIL-88-A] 

shown in Fig. 5 showed that the extent of degradation of NAP is independent of MI-88-

A dose. However, manipulation of [PS]0 at a fixed [MIL-88-A]0 (Fig. 6)  showed a 

direct relationship between [PS] spiked and the drop of [NAP]. The drop followed the 

trend of zero-order kinetics with an instantaneous decrease upon spiking with PS 

noticed by the value of [NAP] taken after 30 seconds of the spike with no further 

significant decrease obtained afterwards, even with further PS spikes (Fig. 9). This 

phenomena proposes that the sulfate ions introduced to the reaction medium are 

adsorbed immediately on the activation sites on MIL-88-A blocking other species. 

Sulfates also contribute to the global ionic strength of the solution, and thus lowering 

the adsorption affinity of MIL-88-A to persulfate ions. The presence of active sites 

within MIL-88-A was reported by the study of Lin et al. on the decolorization of RB in 

a MIL-88-A/ PS system [72].  

On the molecular level, Fe species in MIL-88-A are trivalent; by which, PS activation 

can be initiated via one-electron reduction mechanism (eq. 9 and 10) [72,82].  

 ≡ Fe3+ + 𝑆2𝑂8
2− → ≡ Fe2+ + 𝑆2O8

−     (9) 

≡ Fe2+ + 𝑆2𝑂8
2− → ≡ Fe3+ +  𝑆O4

−+ 𝑆O4
2−    (10) 
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≡Fe2+ is produced upon the reduction of ≡Fe3+ producing persulfate radicals. ≡Fe2+ then 

returns to its original state, ≡Fe3+, generating sulfate radicals which are responsible for 

the oxidation/ degradation of NAP molecules in the mixture. 

In presence of UV-A, adsorption was enhanced by 10 %, followed by a 20 % inhibition 

in the instantaneous drop in [NAP] upon spiking with PS. However, the degradation 

process continued to reach full elimination of NAP at t = 120 min (Fig. 17). After the 

initial drop of NAP (t = 61 min), the decline process consisted of two stages: a slow 

followed by a rapid decreasing stage. The first stage lasts till t = 80 min and is reported 

in literature as the induction period in other Fe-based catalysis [66,83]. The second 

stage in which the rapid decrease is monitored is where the radical oxidation dominates 

and the continuous degradation is attributed to the fast regeneration of ≡Fe2+ caused by 

UV activation (eq. 5). 
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4. Conclusion 

In this study, MIL-88-A was prepared with the advantage of using an easy, low-cost, 

and organic solvent free synthesis process. The material was then characterized and 

applied for the elimination of naproxen from water simulating the waste water 

effluent of a pharmaceutical production facility through AOPs. MIL-88-A proved to 

be an effective activator of PS even in absence of photo irradiation. Several 

parameters were assessed to reach a higher efficiency for the treatment process. 

[MIL-88-A]0 used in the system was optimized and set at 25 mg L-1 and [PS]0 at 5 

mM. It was found that MIL-88-A can be used for multiple-cycle activation of 

persulfate with no need for any regeneration steps to be done. UV-A effect on the 

activation process was studied and full degradation was achieved within two hours 

in the MIL-88-A/PS/UV-A activated system proving MIL-88-A to be a promising 

heterogeneous catalyst that can be used for PS activation for water treatment 

purposes. 
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Table 1S 

Table 2S [1] 

The 12 principles of green chemistry   

Principle 1 It is better to prevent waste than to treat or clean up waste after it is 

formed 

Principle 2 Synthetic methods should be designed to maximize the 

incorporation of all materials used in the process into the final 

product. 

Principle 3  Wherever practicable, synthetic methodologies should be designed 

to use and generate substances that possess little or no toxicity to 

human health and the environment 

Principle 4 Chemical products should be designed to preserve efficacy of 

function while reducing toxicity 

Principle 5 The use of auxiliary substances (solvents, separation agents, etc.), 

should be made unnecessary whenever possible and innocuous 

when used 

Principle 6 Energy requirements should be recognized for their environmental 

and economic impacts and should be minimized 

Principle 7 A raw material feedstock should be renewable rather than depleting 

whenever technically and economically practical. 

Principle 8 Unnecessary derivatization (blocking group, 

protection/deprotection, temporary modification of 

physical/chemical processes) should be avoided whenever possible 

Principle 9 Catalytic reagents (as selective as possible) are superior to 

stoichiometric reagents 

Principle 10 Chemical products should be designed so that at the end of their 

function they do not persist in the environment and ultimately 

break down into innocuous degradation products. 

Principle 11 Analytical methodologies need to be further developed to allow for 

real-time in-process monitoring and control prior to the formation 

of hazardous substances 

Principle 12 Substances and the form of a substance used in a chemical process 

should be chosen so as to minimize the potential for chemical 

accidents, including releases, explosions and fires 
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Table 2S [1] 

Physical properties of naproxen (NAP) 

Chemical 

Formula  
Chemical structure  

Molecular 

Weight 

(g.mol-1) 

Water 

solubility  
pKa  

in 

water 

max  

Log

Kow 

C14H14O3 

O

OH

O  

230.26 
15.9 mg/L 

(at 25 °C) 
4.15 228 3.18 

 

 

 
Fig. 1S. [H2O2] during the reaction time. [NAP]0= 50 mg L-1 . [MIL-88-A]0 = 25 mg L-

1.Error bars are calculated as
𝑡𝑠

√𝑛
, where absent bars fall within the symbols. 
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Fig. 2S. [PS] during the reaction time. [NAP]0= 50 mg L-1 . [MIL-88-A]0 = 25 mg L-

1.Error bars are calculated as
𝑡𝑠

√𝑛
, where absent bars fall within the symbols. 
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CHAPTER III 

PROJECT 2 

A. A rapid and economical method for the quantification of hydrogen peroxide 

(H2O2) using a modified HPLC apparatus  

As mentioned in project 1, MIL-88-A was tested for its ability to activate H2O2 

and a comparison between the two systems, MIL-88-A/H2O2 and MIL-88-A/ PS, 

was conducted. For this aim, it was crucial to monitor the level of oxidants during 

the reaction. Most of H2O2 quantification methods found in literature are time and 

labor demanding in terms of extensive sample preparation and unautomated 

measurement taking. Available methods also require expensive catalysts, hazardous 

reagents, and dedicated devices that are not readily available. Therefore, a rapid and 

economical novel method for H2O2 quantification was developed. It is based on 

using an HPLC-DAD setup on which simple modifications are applied. Such setup 

is always available in most of the analytical chemistry laboratories and is used in 

many cases for quantification of organic contaminants in AOPs studies, such as our 

study. Thus the same sample can be taken and tested for the contaminant and the 

oxidant minimizing time, labor and material demand. 

After applying simple modifications on the instrument configuration, LOQ, 

LOD, LDR, and cost efficiency of the developed method were evaluated. The 

method was validated using a well-known titrimetric method tested against several 

matrices. 
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The results of this project are presented in the form of a paper published in 

Science of the Total Environment journal. 
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Fig. 1S. H2O2 calibration curves tested using acidic and neutral mobile phases for (a) 

LRM and (b) HRM calibration methods. Vertical bars represent the expanded 

uncertainty on the mean of three injections calculated at 95% confidence interval (𝑈 =

𝐾
𝑆𝐷

√𝑛
); absent bars fall within symbols. 
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Fig. 2S. Modified HPLC setup for H2O2 quantification 
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Fig. 3S. Application of LRM (a,b,c) and HRM (d) for H2O2 quantification in AOPs 

research. Experimental conditions: (a) H2O2 UV254 activated system, [Theo] = 10 mg L-

1, [H2O2] = 0.25 mM; (b) H2O2 UV254 activated system, [CAP] = 10 mg L-1, [H2O2] = 

1.0 mM; (c) H2O2 chemically (Fe2+ ) activated system, [KTP] = 2 mg L-1, [H2O2] = 0.5 

mM (d) H2O2 UV254 activated system, [CAP] = 100 mg L-1, [H2O2] = 40 mM 
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Table 1S 

The method’s compliance to the 12 principles of green analytical chemistry[1]. 

Principles Compliance Comments on compliance 

Direct analytical techniques 

should be applied to avoid 

sample treatment 

Yes No sample treatment required 

Minimal sample size and 

minimal number of samples 

are goals 

Yes 
The sample volume required for measurement is 

very low: 5-100 µL 

In situ measurements should 

be performed 
No 

the method can be used for in situ measurement 

in very limited cases: studying kinetics of a 

reaction in an HPLC sample vial 

Integration of analytical 

processes and operations 

saves energy and reduces the 

use of reagents 

Yes 

Sample storage, treatment, detection, data 

acquisition and treatment are all done using a 

single instrument. Energy and reagent use are 

minimized 

Automated and miniaturized 

methods should be selected 
Yes 

HPLC systems are automated, compact HPLC 

systems are already available in the market 

Derivatization should be 

avoided 
Yes No derivatization is required 

Generation of a large volume 

of analytical waste should be 

avoided and proper 

management of analytical 

waste should be provided 

Yes 

Volume of mobile phase consumed per sample is 

minimal and ranges between 0.7  and 2 mL, the 

waste generated has low toxicity and can be 

recycled. 

Multi-analyte or multi-

parameter methods are 

preferred versus methods 

using one analyte at a time 

Not applicable The target analyte of this method is H2O2 

The use of energy should be 

minimized 
Yes 

The HPLC used requires a power of 288 Watts 

@220 V to run, which is similar to the power 

consumed by incandescent light bulbs 

Reagents obtained from 

renewable source should be 

preferred 

No 
The reagents obtained are not from a renewable 

source 

Toxic reagents should be 

eliminated or replaced 
Yes 

The use of toxic catalyst (molybdate) and dyes is 

eliminated in this method 

The safety of the operator 

should be increased 
Yes 

Safety is increased since the method is highly 

automated, and the operator interference is 

minimal  
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Table 2S Properties of different methods using the first configuration (HRM) 

*Some methods exhibited peak splitting shown by the two values in the retention time column. 

  

Method 

name 

Flow rate 

(mL min-1) 

Injection 

volume 

(µL) 

Retention 

time* 

(min) 

Data 

acquisition 

time (min) 

Volume 

of mobile 

phase 

consumed

/sample 

(mL) 

LDR 

(mM) 
R2 Slope 

Pressure 

(bar) 

H2O2-1 0.1 5 
2.9 

7 0.7 0.1-15 0.9998 1174.4 4 
3.1 

H2O2-2 0.1 20 
2.9 

7 0.7 0.1-5 0.9992 3294.1 4 
3.1 

H2O2-3 0.1 50 
2.8 

7 0.7 0.1-2.5 0.9955 1579.3 4 
3.4 

H2O2-4 0.1 100 
2.8 

7 0.7 0.1-2.5 0.9973 1673.8 4 
3.9 

H2O2-5 0.25 5 
1.2 

4.5 1.125 0.1-25 0.9993 212.3 8 
3.4 

H2O2-6 0.25 20 
1.2 

4.5 1.125 0.1-25 0.9968 608.56 8 
3.3 

H2O2-7 0.25 50 1.3 4.5 1.125 0.1-25 0.9932 910.84 8 

H2O2-8 0.25 100 
1.1 

4.5 1.125 0.25-25 0.9936 334.85 8 
1.6 

H2O2-9 

(HRM) 
0.5 5 0.5 3 1.5 0.1-150 0.9917 50.313 15 

H2O2-10 0.5 20 0.6 3 1.5 0.1-50 0.9966 169.92 15 

H2O2-11 0.5 50 0.6 3 1.5 0.1-25 0.9993 337.43 15 

H2O2-12 0.5 100 
0.5 

3 1.5 0.1-15 0.9973 96.14 15 
0.7 

H2O2-13 1 5 2.8 2 2 0.1-15 0.9979 1160.7 30 

H2O2-14 1 20 0.28 2 2 0.1-100 0.9962 49.777 30 

H2O2-15 1 50 0.3 2 2 0.25-50 0.9967 105.65 30 

H2O2-16 1 100 0.3 2 2 0.1-50 0.9904 150.52 30 
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Table 3S  
Properties of different methods using the second configuration (LRM) 

 

 

 

Table 4S  
LINEST function output for repeatability and reproducibility experiments 

Calibration 

method  
Experiment Matrix m b sm sb sy R2 

LRM Repeatability 

DI 

4399.16 -15.23 30.92 14.18 31.65 0.9997 

Reproducibility 4003.40 -21.72 27.75 12.73 28.41 0.9997 

HRM Repeatability 36.86 6.43 0.07 3.72 12.01 1.0000 

Reproducibility 41.51 20.58 0.39 20.62 66.54 0.9988 

(m: slope; b: intercept; sm: standard deviation on slope; sb: standard deviation on 

intercept; sy: standard deviation on y-axis). 

  

Method 

name 

Flow 

rate (mL 

min-1) 

Injection 

volume 

(µL) 

Retention 

time 

(min) 

Data 

acquisition 

time (min) 

Volume of 

mobile 

phase 

consumed

/sample 

(mL) 

LDR 

(mM) 
R2 Slope 

Pressure 

(bar) 

H2O2-1 0.1 5 4 7 0.7 0.025-15 0.9993 1168.4 11 

H2O2-2 

(LRM) 
0.1 20 4.9 7 0.7 0.01-1 0.9992 3947.8 11 

H2O2-3 0.1 50 4.56 7 0.7 0.01-1 0.9636 6404 11 

H2O2-4 0.1 100 4 7 0.7 0.05-2 0.9994 7289.6 11 

H2O2-5 0.25 5 2 4.5 1.125 0.075-50 0.9996 212.48 26 

H2O2-6 0.25 20 2.1 4.5 1.125 0.025-25 0.9973 664.24 26 

H2O2-7 0.25 50 2.14 4.5 1.125 0.025-10 0.9995 1345.3 26 

H2O2-8 0.25 100 1.48 4.5 1.125 0.05-10 0.9997 1875.4 26 

H2O2-9 0.5 5 0.8 3 1.5 0.1-25 0.9997 61.388 50 

H2O2-10 0.5 20 0.8 3 1.5 0.05-15 0.9995 203.31 50 

H2O2-11 0.5 50 0.73 3 1.5 0.025-15 0.9966 381.66 50 

H2O2-12 0.5 100 1.23 3 1.5 0.025-25 0.996 528.18 50 

H2O2-13 1 5 0.4 2 2 0.25-100 0.999 14.88 100 

H2O2-14 1 20 0.5 2 2 0.075-100 0.9982 54.533 100 

H2O2-15 1 50 0.45 2 2 0.05-100 0.9983 115.24 100 

H2O2-16 1 100 0.56 2 2 0.05-100 0.9943 152.18 100 
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Table 5S  

LOD and LOQ calculations for LRM and HRM 

 Peak Area (au) 

Trial # LRM HRM 

1 22 5.8 

2 22.9 5.9 

3 22.3 5.6 

4 21.3 5.7 

5 21.6 5.6 

6 20.9 5.5 

7 23.5 6 

Average 22.1 5.7 

Standard deviation 0.9 0.2 

Equation y= 3294.2x-48.15 y=33.336x-10.26 

LOD (mM) 8.29 × 10−4 1.62 × 10−2 

LOQ (mM) 2.76 × 10−3 5.39 × 10−2 
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Table 6S  

Average cost per test for the iodometric titration technique compared to LRM and HRM 

Chemicals used 
Chemical’s price (for 1 

gram in USD cents  (¢)) 

Average cost of chemicals used per test 

in USD cents (¢) 

Iodometric titration LRM HRM 

Potassium iodide 35 [2] 36.4 0.16 0.34 

Ammonium 

molybdate 
1580 [3] 831.6 

Not applicable Sulfuric acid 62 [4] 30.0 

Sodium thiosulfate 24 [5] 157.9 

Starch indicator 44 [6] 23.4 

Phosphoric acid 98 [7] 
Not applicable 

0.65 1.39 

Sodium bicarbonate 9 [8] 0.03 0.06 

Total average cost 1079 0.84 1.79 

 

 

Table 7S  

Summary of spectator species effect on LRM and HRM 

Spectator 

species 

% slope difference relative to 

control* 

R2 

LRM HRM LRM HRM 

NaCl -12.2 0.8 0.9988 0.9981 

HCO3
− -5.6 -3.6 0.9993 0.9991 

HA 10.4 -12.5 0.9992 0.9998 

FA 11.8 -8.1 0.9993 0.9997 

KTP 2.9 -0.6 0.9995 0.9984 

Theo -3.0 -4.2 0.9998 0.9987 

CAP -6.8 -1.6 0.9996 0.9931 
 

*% slope difference of the calibration curves relative to control =
slope(spectator speices)−slope(control)

slope(control)
×

100 
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Table 8S 

Water quality parameters of the natural water matrices used. 

Parameters Units Spring water Sea water Waste water 

pH - 7 8 8.2 

Chemical Oxygen 

Demand (COD) 
ppm 132 970** 1106 

Total Coliforms CFU 0 76 TNTC 

Fecal Coliforms CFU 0 4 TNTC 

Turbidity NTU 0.63 1 95 

Total Suspended 

Solids* (TSS) 

ppm 

2 88 85 

Total Dissolved 

Solids (TDS) 
350 32500 4400 

Sulfate (SO4
2−) 16 3500 420 

Nitrates (NO3
2−) 42.6 2525 3375 

GPS locations - 
33°44'17.9"N 

35°34'12.5"E 

33°54'11.1"N 

35°28'44.8"E 

33°54'08.2"N 

35°29'05.0"E 

TNTC: Too Numerous To Count 

*ppm as NaCl 

** Highly polluted sea water 
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Table 9S 

Properties of the columns used 

 

 

Column 

order 

Column 

Manufa

cturer 

Part 

numbe

r 

Length 

(mm) 

Outer 

diameter 

(mm) 

Inner 

diameter 

(mm) 

Capacity 

(mm3/µL) 

Column 

material 
Image 

First Agilent 

01078

-

87302 

1100 0.9 0.35 100 
Stainless 

steel 
 

Second Agilent 
5022-

2159 
2000 0.6 0.12 23 

Stainless 

steel 
 

Third 

IDEX 

Health & 

Science 

1536L 3100 1.6 0.17 70 

poly ether 

ether 

ketone 

(PEEK)  
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CHAPTER IV 

CONCLUSION 

 

This work is a demonstration of a new heterogeneous activator of PS, MIL-88-

A. MIL-88-A/PS activated system proved to be effective for the degradation of 

persistent compounds like the NSAID pharmaceutical: naproxen. The findings of this 

study showed that a relatively low amount of MIL-88-A ([MIL-88-A]0 = 25 mg L-1) is 

sufficient for activating PS for the degradation of 65-70% of high concentrations of 

naproxen ([NAP]0 = 50 mg L-1) within two hours. It also proved MIL-88-A to be a 

recyclable catalyst that can be used in at least 4 successive cycles. Studying the system 

in different matrices showed that salinity and phosphate do not affect the 

activation/degradation process; however, bicarbonates inhibit it. As for the pH effect, it 

was inferred that the catalyst works better in acidic media (pH = 4). On the other hand, 

applying the system on another oxidant, evidenced PS to be superior over H2O2 in MIL-

88-A activated systems. The system was finally optimized to reach full degradation of 

naproxen by introducing UV-A irradiation to the system.  

For the sake of comparing the two systems, MIL-88-A/PS and MIL-88-A/ H2O2, 

in the first project in this work, a new analytical technique for the quantification of 

[H2O2] was developed. The new method allowed to reach an LOD = 8.29 × 10−4 mM 

and LOQ = 2.76 × 10−4 mM with an LDR ranging from 0.01-150 mM. Repeatability, 

reproducibility, and tolerance to naturally occurring spectator species along with the 

efficiency on the level of cost, time, labor, and material demand reveals that the 

developed technique serves as an excellent method for H2O2 quantification in a wide 

range of applications especially analytical ones. 
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Extended future work will be focused on testing the proposed activation system, 

MIL-88-A/PS, on different PPCPs with further understanding to degradation 

mechanisms and pathways. Investigations towards utilizing solar energy for the 

enhancement of the system has been also initiated in our laboratory for better and 

environmentally friendly AOPs applications. Finally, characterization of MIL-88 before 

and after the oxidation process has been tested using the TOF SIMS (Time-of-Flight 

secondary ion mass spectrometry) technique where preliminary results are promising 

and will help better elucidate the degradation process at the surface of the catalyst 

and/or in the bulk of the solution.  

  

 


