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AN ABSTRACT OF THE THESIS OF

Rime Nazih El Asmar for Master of Science
Major: Chemistry

Title: The study of a novel PS-based degradation system: MIL-88-A as a heterogeneous
activator, application on Naproxen and comparison with H>O, using a newly developed
analvytical 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 agueous 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]o = 50 mg L™ occurred in a period of two hours in
conditions of [MIL-88-A]o = 25 mg L™ and [PS]o = 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, H20», 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/H,0;
systems, [H202] 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 x 10 mM and 2.76 x 103 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.

Keyword: AOPs, Naproxen, MIL-88-A, persulfate, hydrogen peroxide, HPLC
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CHAPTER |

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™ to pg L™ [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 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/H202, UV/H,0,/0s3, etc.) and

Fenton reaction (Fe?*/H.0,) are currently applied in industrial WWTPs [14-16].

C. Hydrogen peroxide (H202) based AOPs

H20> 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 H20O2 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]. H202 is activated by ozonation [22] (eq. 1),

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

[15] (eq. 4).

H,0, + 20; - 2 OH® + 30, (Ozonation) (@)
hv(254 nm)

H,0, —— 2 OH"® (UV activation) 2
ultrasonication

H,0, —— 2 OH" (ultrasonication activation) 3)



H,0, + Fe** + H* - H,0 + OH® + Fe3* (Chemical activation) 4)

D. Persulfate based AOPs

PS (S20%) (Eo = 2.1 V) is one of the oxidants used in AOPs which upon its
activation generates sulfate radicals (SOZ") (Eo = 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 (eg.8) and heterogeneous

photocatalysis [20].

S,0%" %2 S0;* (UV activation) (5)
S,0%" utrasonication 5 SO;* (ultrasonication activation) (6)
S,0%~ — 2S0;° (Thermal activation) with 30°C < T < 99° @)
S,0%™ + Fe?* - S03™ + SO;° + 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



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 CO; 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 H20>

[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



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 H20> for which a new
analytical technique for the quantification of [H202] was developed to serve the purpose

of comparing MIL-88-A/PS versus MIL-88-A/H.0; 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 (H20.). 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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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
(Fe**/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]o= 50 mg L 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 H,O> 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™ to pg L™ [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/H202, UV/H,0,/03, etc.) and Fenton reaction (Fe?*/H205)
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 (S2037) (Eo = 2.1 V) is one of
the oxidants used in AOPs which upon its activation generates sulfate radicals
(SO;) (Eo = 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 (eg.3), or by chemical activation techniques

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

S,0%" g S0;°* (UV activation) (1)
S,0%" uirasonication SO;* (ultrasonication activation) #))
S,0%2~ — 2S0;° (Thermal activation) with 30°C < T < 99° (3)
S,03” + Fe?* - S0%~ + SO;° + 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 CO> 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 Drawbacks
Capacity
(mg/g)
MIL-101-Cr | Methyl orange (MO) [33] 114 Use of Hydrofluoric
Uranine [34] 126 acid (HF) in
Xylon orange (XO) [35] 311 synthesis which is
highly toxic and
Clofibric acid [36] 315 corrosive [43,44]
Naproxen 119 Chromium is toxic,
especially in its
MIL-101-Cr | Bisphenol A [40] 156 hexavalent state
functionalized | MO [33] 194 [45]
Clofibric acid [41] 347 Functionalization
Hg (1) [42] 51.27 and post synthetic
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steps are highly

demanding
MIL-235 MO 477 Use of HF in
Methylene blue (MB) [46] 187 synthesis
Use of N,N-
Dimethylformamide
(DMF) in synthesis
MIL-100-Fe | MO [47] 1045.2 Adsorption didn’t
MB 645 work for trace
Malachite green (MG) [48] 141 amounts
Naproxen [36] 104 No studies for
Bisphenol A [40] 26 desorption or
recyclability were
conducted
MIL-100-Cr | MO [47] 211.8 Chromium is toxic,
MB 645.3 especially in its
hexavalent state
Selective adsorption
of MB from MO-
MB solutions [47]
NH-MIL-101- | p-Nitrophenol [49] 192 Functionalization
Al and post synthetic
steps are highly
NH2-MIL- MB [50] 762 demanding
101-Al MO 188 Use of DMF in
synthesis
UiO-66 Phthalic acid [51] 187 Use of DMF and
Sulfachloropyradazine [52] 417 HCI in synthesis
(SCP) [53] 303 [53]
NH2-UiO-66 | Arsenic [51] 224 Optimal pH is
Phthalic acid highly acidic
(PH=2) [53]
Functionalization
and post synthetic
steps are highly
demanding
HKUST-1 Benzothiophene (BT) 25 Removal from
Dibenzothiophene [54] 45 isooctane matrix not
(DBT) 16 water [54]
Dimethyldibenzothiophe Copper is toxic,
ne (DMDBT) [55] 4.7 being a catalyst of
MO processes
98.17 generating reactive
Pb (“) [56] 32.45 oxygen
cd (1) 38.25 intermediates and
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Cr (1)

thus causes cell
damage when
present in high
concentration
[57,58]

No adsorption of
Hg?* and heavy
metals under the
same experimental
conditions [56]

UMCM-150

BT
DBT
DMDBT

[54]

40
83
41

MOF-505

BT
DBT
DMDBT

[54]

51
39
27

Removal from
isooctane matrix
and not water [54]

PCN-222-Fe

Brilliant green (BG)
Crystal violet (CV)
Acid red

Acid blue

[59]

854
812
371
417

Limited to dyes

MIL-101-SH

UiO-66-SH

Hg (I1)

[60]

250

110

Functionalization
and post synthetic
steps are highly
demanding

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 (1) [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, 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

23




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(I11) to Fe(Il) (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].

irradiation

= Fe3t ——— = Fe?* (5)
S,0%™ + Fe?* - S03™ + SO;° + Fe3* (6)
S0;° + conaminant — byproducts @)

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(11) 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™ [71] and ranging
from 100 to 1500 mg L1 [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) (Na2S20s, > 99.0%),
hydrogen peroxide (H202, 30% wi/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 (111) chloride (FeCls) (reagent
grade>97%) and fumaric acid (C4H40) 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 85°C 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 °C 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 5° to 15° (20) at a scan speed of 1 step of 0.02° per second. The morphology of
the synthesized material was determined using a scanning electron microscope
(SEM), Tescan, Mira I1l. 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~* 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 um 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).

(b)

(©)

Fig. 1. lllustrations 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
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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/cm?and 180 uW/cm? 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.
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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 pum; 4.6
mm internal diameter x 250 mm in length) was used in addition to a security guard
column HS C-18 (5 pum; 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™. The injection
volume was set to 100 pL. 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-

L with limit of detection = 0.0009 mg L (Fig. 3).
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Fig. 3. (a) Calibration curve of NAP. The error bars are calculated at 95% confidence
level. Absorbance = Amean) * 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 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 H.O> 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 H.O> 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 20 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 m?/g complying with that
published [71]. TGA analysis (Fig. 4c) illustrates a 20 % weight loss occurring below
100 °C 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 °C. 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-
33



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

calculated ast—i, where absent bars fall within the symbols.
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Fig. 6. Effect of ionic strength on the adsorption of NAP. [NAP]o =50 mg Lt.[MIL-

88-AJo = 250 mg L. [PS]o= 2 mM. [Sulfate]o= 4 mM. Error bars are calculated asj—%,

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]o was varied between 0.25,
1 and 5 mM. The strongest instantaneous drop occurred at the highest [PS]o 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]o.
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Fig. 7. Effect of [PS]o on the degradation of NAP. [NAP]o=50 mg L. [ MIL-88-

Alo=25mg L. Error bars are calculated ast—;, where absent bars fall within the

symbols.
To determine the optimal [MIL-88-A]o, it was varied between 25 and 250 mg L™ using
a fixed [PS]o = 2 mM (Fig. 8). High [MIL-88-A]o showed limited NAP degradation
enhancement, thus 25 mg L™ was chosen as the best [MIL-88-A]o for cost optimization
purposes. Since our objective is to degrade MIL-88-A and not to adsorb it, then a lower
[MIL-88-A]o better suits our purpose. 25 mg L™t 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]o =5 mg L and [PS]o = 5 mM were adopted to study the matrix effect.
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Fig. 8. Effect of [MIL-88-A]o on NAP degradation. [NAP]o= 50 ppm. PS spike at t =

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

95% confidence level. Error bars are calculated ast—i, where absent bars fall within the

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

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

bars are calculated ast—:l, 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 90°C.

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
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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).

Spiking

[NAP], / [NAP],

o T T T T T T T
0 20 40 60 80 100 120 140

Elapsed Time (min)
= \|L-88-A cycle 1 ==F==M)I|L-88-A cycle 2 ==pe=|\||L-88-A cycle 3 ==x=MIL-88-A cycle 4
Fig. 10. Recyclability experiments. [NAP]o=50 mg L. [PS]o = 5 mM. Error bars are

calculated ast—i, where absent bars fall within the symbols.
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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), brackish water
([NaCl] = 2,000 mg L), and saline water ([NaCl] = 20,000 mg L) 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]oused (25 mg L™Y).

Spiking
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—o—[NaCl]=200 ppm =—B-—[NaCl]=2000 ppm -0 [NaCl]=20000 ppm ==A—control

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

1 [PS]o =5 mM. [MIL-88-A] = 25 mg L. Error bars are calculated ast—i, 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
D1. The results shows that there was no significant effect of phosphate on NAP

degradation (Fig. 13).
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==¢==[Phosphate buffer]=1 mM === [Phosphate buffer]=5 mM
=== [Phosphate buffer]= 10 mM O-- Control

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

LL. [PS]o=5 mM. [MIL-88-A]o= 25 mg L. Error bars are calculated ast—i, 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 pkal 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]o=50 mg L. [PS]o.= 5

mM [MIL-88-A]o = 25 mg L. Error bars are calculated as%, 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
[NaHCOgz] = 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 [NaHCOs] = 50 and 100 mM respectively. The inhibitory effect of HCO3 could
be attributed to the reaction between sulfate radicals and HCO3 (Eqg. 8) yielding CO3™ (E

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

towards NAP.

SO;*+ HCO3; - SO5 + 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
[HCOz]=1mM 7.98 7.31 5.20
[HCO3] =50 mM 8.51 8.50 8.34
[HCO3] =100 mM 8.54 8.52 8.44
Spiking
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Fig. 15. Effect of bicarbonates concentration on the degradation of NAP. [NAP]o= 50

mg L. [PS]o=5 mM. [MIL-88-AJo= 25 mg L. Error bars are calculated ast—i, where

absent bars fall within the symbols.
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3.6. MIL-88-A/PS versus MIL-88-A/H202 system

To test for the applicability of MIL-88-A on other oxidants, a common oxidant, H20»,
was used. The experimental conditions for MIL-88-A/PS system were mimicked for the
sake of comparison. [H202]o = 2 and 5 mM were used for spiking at t = 60 min. Results
showed that H.O> 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 H.O>. The
addition of H2O> caused an insignificant drop in the pH value compared to that caused
by the addition of PS (Table 3). Knowing that the activation of H20- 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 [H20] 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.
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Fig. 16. Effect of [H202]o on the degradation of NAP. [NAP]o=50 mg L.[MIL-88-
Alo=25mg L. Error bars are calculated ast—;, where absent bars fall within the
symbols.

Table 3

pH values in the reaction systems at different times during the experiment with H20-

pH initial pH at 60 min pH at 120 min
[H202] =5 mM 6.48 6.30 6.08
[H202] =5 mM + MIL-88-A 6.47 5.85 5.31
[H202] =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).
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Fig. 17. UV-A effect on NAP degradation. [NAP]o = 50 mg L. [MIL-88-A]o = 100 mg

ts

L. [PS]o =5 mM. Error bars are calculated as—, where absent bars fall within the

n

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 MI1-88-
A dose. However, manipulation of [PS]o at a fixed [MIL-88-A]o (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* + 5,0 - = Fe?* + 5,05° ©)

= Fe?* + 5,03~ —» = Fe3* + S0;°+ 503~ (10)
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=Fe?* is produced upon the reduction of =Fe* producing persulfate radicals. =Fe?* then
returns to its original state, =Fe®*, 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 =Fe?* caused by

UV activation (eq. 5).

Persulfate Sulfate radical
' "~ Ho
AR AR J \ A o
- . L ) /‘_‘,. | O%\ . ||
¥ A A\ . b—0 — OW_&
. - \q_/.:“_\‘\ g \ #C- I
—~ . /5\
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[s) *0—5—0"
D OH o
— Degradation Byproducts
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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]o used in the system was optimized and set at 25 mg L™t and [PS]o 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 : Mo!ecular Water in Log
Chemical structure Weight . pKa | water
Formula solubility Kow
(9.mol-1) Amax
0
H 15.9 mg/L
C14H1403 230.26 (at 25 °C) 4.15 | 228 3.18
—O0
6
5
’ e —
£
=~ 37
o
T 24
- A 7y A a a a
1 4
o T T T
60 80 100 120

Elapsed Time (min)

=== [H;0,]0=5 MM === MIL-88-A + [H,0,]o= 5 mM

= M)IL-88-A + [H20,]0= 2 mM

Fig. 1S. [H202] during the reaction time. [NAP]o=50 mg L . [MIL-88-Alo=25 mg L

! Error bars are calculated ast—:l, where absent bars fall within the symbols.
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[PS]; (mM)

0 T T T
60 80 100 120
Elapsed Time (min)
=@ V||L-88-A + [PS]o=2 mM e M |L-88-A + [PS]o=5 mM

Fig. 2S. [PS] during the reaction time. [NAP]o=50 mg L™ . [MIL-88-AJo=25 mg L°
! Error bars are calculated ast—i, where absent bars fall within the symbols.

References:
[1] A. Gatuszka, Z. Migaszewski, J. Namie$nik, The 12 principles of green
analytical chemistry and the SIGNIFICANCE mnemonic of green analytical practices,

TrAC - Trends Anal. Chem. (2013). doi:10.1016/j.trac.2013.04.010.
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CHAPTER III

PROJECT 2
A. A rapid and economical method for the quantification of hydrogen peroxide

(H202) using a modified HPLC apparatus

As mentioned in project 1, MIL-88-A was tested for its ability to activate H20:
and a comparison between the two systems, MIL-88-A/H,0, and MIL-88-A/ PS,
was conducted. For this aim, it was crucial to monitor the level of oxidants during
the reaction. Most of H.O> 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 H20> 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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ABSTRACT

H,0, is one of the most commonly used oxidants for the degradation of recalcitrant organic contaminants in ad-
vanced oxidation processes (AOPs). However, most research aiming to optimize AOPs is missing the monitoring
of the remaining H,0-, an important parameter to assess the efficiency of the process. In this work, a novel method
for [H,0,] quantification was developed using simple modifications of an HPLC-DAD setup that is available in most
analytical chemistry laboratories. The modifications include the use of acidified potassium iodide solution as mobile
phase and replacing the reverse phase column with a series of capillary columns. This instrument configuration
allowed also the quantification of organic contaminants using the same H,0, containing sample. The method's
LOD and LOQ were calculated to be as low as 8.29 x 1074 mM and 2.76 x 10~ mM, respectively with an LDR
range of 0.01-150 mM. The cost per analysis ranged between 0.8 and 1.8 USD cents depending on the concentration
tested. This analytical method was validated by a statistical comparison to a well-known titrimetric method that is
commonly used for H,0, quantification. It was also tested using standards prepared in natural matrices such as
spring and seawater, and in media containing high concentration of several spectator species such as chlorides, bi-
carbonates, humic acids, fumaric acids and micro pollutants. The method showed excellent robustness by maintain-
ing high regression coefficient and excellent sensitivity in all calibration curves regardless of the matrix content.
© 2018 Elsevier B.V. All rights reserved.

Abbreviations: AOPs, advanced oxidation processes; CL, chemiluminescence; CAP, chloramphenicol; DI, deionized water; DAD, diode array detector; EPPG, edge-plane pyrolytic-
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1. Introduction
1.1. Hydrogen peroxide (H»0)

H>0 is a widely used reducing and oxidizing agent (Huling and
Pivetz, 2006). In addition, it is commonly used as an oxidant in the in-
dustry and research since its final byproduct is water (Sheldon, 1994).
H,0, has a relatively high oxidation/reduction potential (ORP) of 1.8 V
(Huling and Pivetz, 2006). Several radicals are produced upon H,0, ac-
tivation, of which hydroxyl radicals (HRs), (OH¢), are the most promi-
nent (Buxton et al., 1988; Chen et al., 2015; Collivignarelli et al., 2017;
Wang and Xu, 2012). HRs' ORP is pH dependent and is higher in acidic
media (2.7 V) than in neutral ones (1.8 V) (Buxton et al., 1988). There-
fore, HRs are excellent oxidizers for almost all organic contaminants and
thus H,0, is widely used in AOPs (Passananti et al., 2014; Wang and Xu,
2012). For the abovementioned reasons, it is very important to find in-
novative and affordable methods for the quantification of H,0, in a lab-
oratory or industrial environment.

1.2. Overview on H>0, quantification methods

Most H,0, quantification methods mentioned in literature are either
labor demanding and/or require advanced analytical setups. Table 1
summarizes [H,0,] quantification techniques available in the literature,
presenting the advantages and drawbacks in comparison to the pro-
posed method.

All of the abovementioned techniques require extensive sample
preparation, expensive catalysts, hazardous reagents and dedicated
measurement devices that are not readily available and most impor-
tantly not connected to an autosampler. In this work, the use of a simple
modification to an HPLC apparatus with environmentally non-
hazardous chemicals to quantify H,0, at relevant concentrations was
accomplished in compliance to 9 of the 12 green chemistry principles
(Table 1S) (Gatuszka et al., 2013); therefore minimizing time, labor,
and material demand.

2. Materials and methods
2.1. Reagents

H,0; standards were prepared from a 30% (w/w) stabilized analyti-
cal grade reagent (Sigma-Aldrich, Germany). The HPLC mobile phase
was made using potassium iodide (KI) (99.0-100.5%), 85% (w/w) ortho-
phosphoric acid (H3PO,), and sodium bicarbonate (NaHCO3) (Sigma Al-
drich, Germany). Sodium hydroxide (NaOH) (Himedia, India), sodium
phosphate monobasic (NaH,PO4), sodium phosphate dibasic
(NazHPOy), and phosphoric acid (H3PO4) (Sigma Aldrich, Germany)
were used to adjust the pH whenever needed. Sodium chloride (NaCl)
(Fisher Chemical, UK), technical grade humic acid sodium salt, sodium
bicarbonate (NaHCO3) (Sigma Aldrich, Germany) and fumaric acid
(Sigma Aldrich, Switzerland) were used to study spectator species ef-
fect. Analytical grade starch, sodium thiosulfate, sodium bicarbonate,
ammonium molybdate, and sulfuric acid were used to validate the
method (Sigma Aldrich, USA). Analytical grade (299.00% assay)
ketoprofen (C;6H1403), chloramphenicol (C;1H;2C2N205) (Sigma Al-
drich, China), theophylline (C;HgN4O,) and ferrous chloride
tetrahydrate (Fluka, Switzerland) were all used to study AOPs applica-
tion. All water used was of a Millipore DI grade.

2.2. Detection setup

For the quantification of H,05, an HPLC: Agilent 1100 series was
used. The latter is equipped with a quaternary pump, a vacuum
degasser, an autosampler compartment maintained at 4 °C, capillary
columns connected in series kept at room temperature (20-25 °C)
and a DAD (Fig. 1, Fig. 2S and Table 9S).
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2.3. Standards and mobile phase preparation

To prepare the HPLC mobile phase, 5 g of NaHCO5 were first dis-
solved in 1000 mL of DI water to remove dissolved oxygen. 6.64 g of po-
tassium iodide and 5 mL of phosphoric acid were then added to 500 mL
of the above solution and stirred until complete dissolution. The re-
maining 500 mL were later added to reach a total volume of 1 L. After-
wards, this solution was ultrasonicated for 60 min. The solution's pH
was then measured and adjusted to a value between 3 and 4 by adding
few drops of phosphoric acid. The prepared mobile phase was stored in
an airtight amber bottle to prevent the light-catalyzed oxidation of I~
into I, and was always discarded after a maximum period of one week
from the preparation date.

To prepare the H,0, standards, the stock solution was diluted using
calibrated and certified micropipettes; 10 mL of each standard were
prepared out of which 2 mL were transferred into an HPLC vial. Stan-
dards were discarded after a maximum period of three days.

2.4. Theory and method concept

In this paper, a novel analytical technique was developed using an
HPLC coupled to bypass capillary columns and a DAD in resemblance
to flow injection/spectroscopy to quantify H,0, in water. The mobile
phase used is concentrated acidified potassium iodide solution (pH
=~ 3 to 4, [KI] = 40 mM) that acts on rapidly reducing the H,0, present
in the sample. I, suspension is produced in the capillary columns as a re-
sult of a reaction between H,0, and . I, then reacts with [~ presentin
excess in the medium to yield Triiodide anion (I5"), which has a Ajax of
352 nm, a wavelength at which most common emerging organic pollut-
ants don't absorb. This work is based on a study previously done by our
research group for the quantification of another oxidant, sodium persul-
fate (Baalbaki et al., 2018). The method was amended accordingly in
order to achieve optimum conditions for H,0, quantification. The
main modifications were acidifying the mobile phase using orthophos-
phoric acid and reconfiguring the capillary columns as shown in Fig. 1.

2.5. Mobile phase optimization

NaHCO; solution was first added to the mobile phase to remove dis-
solved oxygen since the presence of oxygen in water results in I~ oxida-
tion into I, leading to higher background intensity.

KIwas then added and chosen as the main component of the mobile
phase due to its properties: it is affordable, highly soluble in water, and
characterized by its low toxicity that is limited to irritation by direct skin
contact, ingestion or inhalation (MSDS, 2013b). Kl is also highly compat-
ible and non-corrosive to HPLC components' material; stainless steel
316 (MSDS, 2013b).

Phosphoric acid was finally added to the mobile phase since H,0,
ORP is highly dependent on the solution's pH, thus it is necessary to
lower the originally neutral pH (6-8) of the KI/NaHCO; solution.
Kessi-rabia et al. (1995) discussed two oxidation pathways according
to the following reactions in Egs. (1) and (2):

H,0, + 31" =l + 20H~ 1)

H,0;, + HO;—’OZ +OH™ +H,0 (2)

The reactions presented in Egs. (1) and (2) have similar kinetics.
However, in acidic conditions (pH = 3-4), Eq. (1) is favored over
Eq. (2) which results in maximizing the amount of I3~ produced;
while, the occurrence of Eq. (2) becomes more significant at higher
pHs (Kessi-Rabia et al., 1995). This explains the low sensitivity under
high pH conditions. Furthermore, HO;  which is the basic form of



0. Tantawi et al. / Science of the Total Environment 654 (2019) 107-117 109

Fossati and
Prencipe, 1982

Dominguez-Henao

Monitoring quinone-monoimine dye measured
at 510 nm upon the reaction of H,0, with
3,5-dichloro-2-hydroxybenzenesulfonic acid
and 4-aminophenazone Catalyzed by
horseradish peroxidase and occurs between
H,0,

Oxidation of iodide by PAA and H,0, catalyzed

Table 1
Summary of [H,0,] quantification techniques available in the literature, presenting the advantages and drawbacks in comparison to the proposed method.
Authors Analytical Description Advantages Drawbacks
technique
Hurdis and H,0; is titrated with ceric sulfate (cerium (IV)
Romeyn, 1954 sulfate)
Huckaba and H,0; is titrated with potassium permanganate
Keyes, 1948 Titrimetric (KMnOy) Accuracy - Excessive reagent and labor requirements

Graves Group, n.d. lodide is oxidized to iodine by H,0, in the
presence of an acid and molybdate as a catalyst.
Thiosulfate is titrated against lodide.

Zhou et al,, 2006 Monitoring the red-colored product from the
reaction between 4-aminoantipyrine and
phenol in the presence of peroxidase

Pick and Keisari, Monitoring the product of the oxidation of

1980 phenol red by H,0, at its absorbance
wavelength (610 nm)

Eisenberg, 1943 Monitoring pertitanic acid, yellow in color, - Toxicity of organic dyes (phenol)
produced from the reaction of titanium - Expensive; the use of catalysts adds an extra
sulfonate with H,0, cost

Fossati et al,, 1983; ‘Colorimetric Sensitivity - Not readily automated; which means that the

analysis has to be harmonically timed, when
testing large number of samples, otherwise
adding significant error to the measurement.

et al, 2018 by ammonium molybdate generate colored
by-products that can be selectively measured by
spectrophotometry
Lu et al., 2006 Chemiluminescence Reactive oxygen species can generate Sensitivity over a wide LDR - Compounds such as luminol, lucigenin, and

electronically excited products, which emit the
weak CL during their decay to the ground state.

can be coupled to flow
injection

peroxylate used for amplifying the CL signal are
very expensive and toxic (MSDS, 2013a)
- Requires special apparatus

Welch et al., 2005  Electrochemical

Using an edge-plane pyrolytic-graphite
electrode (EPPG), a glassy carbon (GC)
electrode, and a silver nanoparticle-modified GC
electrode

Low LOD

- Requires the use of platinum electrodes which
are expensive, easily poisoned, and necessitate
regular cleaning via an expensive pre-treatment
process

Electrochemical
flow injection

Sanchez et al.,
1990

Using a horseradish peroxidase-modified
amperometric electrode

Can be coupled to flow
injection

- Slow electrode kinetics using common
electrode materials

— Low signal to noise ratio proportional to the
flow

- Requires high over-potentials reaching a
potential wave in the same region as that of
other compounds like paracetamol, ascorbate,
and urate, and thus causing lower sensitivity
and signal interference

Albers et al., 2006

Ratiometric FRET

Changes in [H,0;] can be detected by measuring
the ratio of blue (absence of H>0,) to green (in
presence of H,0,) fluorescence intensities.

Adaptable for biological and
biomedical research

- Complex: requires specialized apparatus and
expertise

Gimeno et al., 2015

Pinkernell et al.,
1997

Steinberg, 2013

HPLC colorimetric

Liuet al,, 2003

Deadman et al.,
2017

Oxidation of triphenylphosphine (TPP) into
triphenylphosphine oxide (TPPO) and by H,0,
for2h

Adapted to bleaching and
disinfection kits

~ High LOD (30mg L")

- Time consuming

- Costly

- TPP has low water solubility and is toxic to
aquatic life

- Requires reverse phase chromatography

Reaction of H,0, with I~ for 30 min in the
presence of ammonium molybdate and vanillic
acid at 50 °C to produce iodovanillic acid before
running on the HPLC

Acceptable LOD ~ 0.1 pM and
strong selectivity

- Converting H,0, into an equivalent quantity
of acid before using HPLC, is similar to using
UV-VIS spectrophotometer in terms of time and
labor demand

H,0; activated by ferrous ions to oxidize sodium
salicylate and produce dihydroxybenzoic acids
that are separated and detected using HPLC-UV

Adapted for atmospheric
quantification of H,0,

- Requires reverse phase chromatography

HPLC used to selectively quantify different
oxidants. Upon the reaction of H,0, with
titanium(IV) oxysulfate (TiOSO,), it produces a
yellow titanic acid detected using HPLC-DAD at
407 nm

Rapid and selective

- Not automated

— HPLC setup isn't sufficient for the reaction to
effectively take place

- Method is still in development

73
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Table 1 (continued)

Authors Analytical Description Advantages Drawbacks
technique
Huang et al., 2003 HPLC Electro chemical detection coupled to regular Rapid peak elution - Yue et al. applied this method on other
electrochemical reverse phase chromatography, the sample is pharmaceutical product samples and discovered
dissolved in the mobile phase and injected into an unidentified peak in the sample matrix
the HPLC. co-eluting with the H,0,
Yue et al., 2009 HPLC coulometric Effluent elutes the column into the coulometric ~Adapted for the quantification - Complexity of the detector
detector equipped with palladium reference of H,0; in a pharmaceutical - Extraction procedure had to be developed and
electrodes and an array of eight porous graphite excipient cross linked followed before the analysis since the initial
working electrodes polyvinyl N-pyrrolidone, or separation conditions did not sufficiently retain
PVP H.0; on the column, creating interference from

the sample's matrix and low sensitivity due to
excessive dilution

Tarvin et al,, 2010 HPLC fluorescence  H,0, participates in the hemin-catalyzed Trace level quantification - Not adequate for AOPs, industrial or
electrochemical oxidation of p-hydroxyphenylacetic acid to yield environmental analysis

the fluorescent dimer. - Requires a specialized lon chromatography
H,0; also detected based upon its oxidation at a column
gold working electrode

Owen et al., 1996 HPLC configuration with tetrabutylammonium  Adapted to microbiology - Requires reverse phase chromatography and
hydroxide as a mobile phase. Degradation of research is complicated to use in the presence of other
mobile phase by H,0, into organic molecules in the sample matrix due to
2,5-dihydroxybenzoic acid and interference and peak overlapping

. . 2,3-dihydroxybenzoic acid monitored using a

HPLC colorimetric  complex chromatographic technique
—— fluorescence
Hamano et al., Fluorescence detection after HPLC separation Adapted for beverages

1987 involving the enzymatic conversion of H,0, into .
formaldehyde by catalase-methanol, fol d ReqmreS_:
by the derivatization of formaldehyde with - Extensive sample preparation
4-amino-3-penten-2-one - Expensive catalysts
N N - Hazardous reagents
Takahashi et al., HPLC Electrochemical detector (ECD) for H,0, Adapted for food - Specialized columns
1999 electrochemical ion ~ detection by HPLC with a cation-exchange resin
exchange gel column

Configuration I (HRM)

100 pL
I Stainless steel

loop

100 pL
Stainless steel
loop

70 pL PEEK

Fig. 1. Schematic diagram of the detection setup used for the rapid and automated quantification of H,0, in aqueous samples for both high (HRM 0.1-150 mM) and low (LRM
0.01-1.0 mM) concentration ranges.

74
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Fig. 2. H,0, calibration curves for the repeatability tests in (a) LRM and (b) HRM
calibration methods. Vertical bars represent the error on the mean of three injections
calculated at 95% confidence interval (U = K 5—%); absent bars fall within symbols.

H,0, at pH = 8, reduces I, to I~ according to Eq. (3):
I, + HO; -0, + 217 + H' (3)

To decrease the pH value, a maximum of 1 wt% phosphoric acid
was used which is much lower than the HPLC's materials compatibil-
ity. According to Lizlovs (1969), 316 stainless steel has good corro-
sion resistance to 25 wt% boiling phosphoric acid. To confirm that
lower pH will give better results, two experiments were conducted
using neutral (pH 6-8) and acidic (pH 3-4) mobile phases. The ob-
tained results showed very poor linearity when using neutral mobile
phase R? = 0.766 and 0.2514 for low range method (LRM) and high
range method (HRM) methods, respectively (Fig. 1S). However,
using acidic (pH 3-4) mobile phase, the outcomes were much better
with R? = 0.9990 and 0.9997 for LRM and HRM calibration methods,
respectively (Fig. 1S).

2.6. Method development and optimization

The development of this method was conceptualized after applying
the same technique on persulfate oxidant (Baalbaki et al., 2018). Similar

75

method development and optimization approach was adopted. Four
different HPLC pump flow rates (0.1,0.25,0.5,and 1 mLmin~'), and in-
jection volumes (5, 20, 50 and 100 pL) were combined to cover the tech-
nical capability range of the instrument available and to produce 16
different HPLC methods as listed with their parameters in Tables 2S
and 3S. These methods were applied using two different capillary col-
umn configurations (Fig. 1). The first consisted of only one column
that has a relatively wide diameter and large volume allowing in theory
for effective and complete reaction between H,0, and KI; the second
configuration consisted of the same column connected to two other col-
umns with different diameters and lengths/volumes to allow for better
mixing and longer reaction time (Fig. 1 and Table 9S). The first configu-
ration showed better adaptability for the HRM calibration method while
the second configuration exhibited higher quality results for the LRM
calibration method (Tables 2S and 3S).

(x 10?)
D
40 |- y=4399.2x-15.228 h
R? =0.9997
35 | y=3472x-37743 I
R? =0.9976
30 -~ ¥=41301x-122
z R?=0.9999
&
a 25
o
2 20
]
<
& 15
10
5
0 T T T T
0 0.2 0.4 0.6 0.8 1
[H;0;] mM
OFirst day DOSecond day AThird day
(x 10%)
70
(b D
v = 46.006x + 28.205
60 Rz =:9981 1]
y = 41.652x + 27.096 \
50 - R*=0.9973
—_ y = 36.865x + 6.4288
g Ri=1
= 40
2
<
2 30
<
~
20
10
0 T T T T T
0 25 50 75 100 125 150
[H;0;] mM
OFirstday DOSecond day  AThird day

Fig. 3. H,0; calibration curves for reproducibility tests in (a) LRM and (b) HRM calibration
methods. Vertical bars represent the error on the mean of three injections calculated at
95% confidence interval (U = K\i%); absent bars fall within symbols.
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The results showed that LRM applied to low [H,0,] requires lon-
ger spatial and temporal mixing for high reaction yield which can be
achieved by low flow rate and multiple columns configuration. Addi-
tionally, an injection volume of 20 pL showed an optimal signal using
the second column configuration. Higher injection volumes exhib-
ited peak splitting indicating improper mixing with the mobile
phase. On the other hand, HRM calibration method required higher
flow rate and shorter column to yield the best results. This can be ex-
plained by the less time and space required for the complete mixing
and reaction to take place when [H,0,] is high. The lowest injection
volume tested (5 pL) gave the best results since higher volumes led
to peak splitting. After each set of analysis, DI was used to flush the
system at 1 mL min~"' for 15 min in order to clean the HPLC tubes
and compartments.

2.7. Experimental procedures and conditions

To ensure the robustness of the proposed method, its repeatabil-
ity, reproducibility, LOD and LOQ were first tested using H,0, stan-
dards prepared in DI water. The experiments applied and their
results are further discussed in Section 3.1. The matrix effect was
then investigated in which H,0, standards were prepared and tested
using solutions that have the following characteristics:

« pHvalues of 2, 7 and 11 using 10 mM phosphate buffer to investigate
the pH effect.

« [NaCl] = 20,000 mg L'

« [HCO5 ] =150 mgL™"

 [Humic acids] = [Fumaric acid] = [Theophylline] = [Chlorampheni-
col] = [Ketoprofen] = 10 mg L~

The obtained results are further discussed in Sections 3.2 and 3.3.
H,0, standards were also prepared and tested using natural water

Table 2
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matrices: (sea, spring and waste water) of which their tested water
quality parameters and corresponding sampling geographical coordi-
nates are listed in Table 8S.

In order to validate the proposed analytical method, the procedure
stated in the eighth edition of the adopted textbook reference in analyt-
ical chemistry entitled: Quantitative Chemical Analysis (Chapter 4 sec-
tion 4-3; Comparison of Means with Student's t) (Harris, 2010) was
adopted. Standards were prepared and tested using LRM, HRM and
iodometric titration method which is a common analytical technique
for H,0, quantification (Graves Group, n.d.; Held et al., 1978; Payne
etal, 1961).

3. Results and discussion
3.1. Quality assurance and method validation

In order to assess H,0, quantification procedure under the present
testing conditions, method validation and quality assurance methodol-
ogy was adopted as it is taught in Quantitative Chemical Analysis text-
book by Harris (2010, chapter 5). Specificity was assured by only
accepting capillary column configurations that showed peaks of good
quality. Linearity was assured by R? value > 0.98 (Tables 2S and 3S). Ac-
curacy was assessed by testing certified reference material in the re-
peatability experiments. Precision (reproducibility), range, limit of
detection, limit of quantitation, and robustness were all determined
using the procedures described in their subsequent sections.

3.1.1. Repeatability

According to the practical guide to analytical method validation
by Gonzalez and Herrador (2007), repeatability test requires testing
three different triplicates of each standard on the same day by a sin-
gle researcher using one HPLC. Thus, three different triplicates of
each standard were prepared and tested. The average calibration

Comparison of LRM and HRM calibration methods results with the iodometric titration method.

Sample number Comparison of H,0, quantification methods

Theoretical concentration of the sample (mM)

Obtained concentration (mM)

Difference (d;)

lodometric titration LRM HRM LRM HRM
1 0.01 0.01 0.0218 - 0.0118 -
2 0.025 0.028 0.0244 - —0.0035 -
3 0.05 0.052 0.0419 - —0.0100 -
4 0.075 0.07 0.0703 - 0.0003 -
5 0.1 0.095 0.0961 0.0814 0.0011 —0.0135
6 0.25 0.23 0.2562 0.2409 0.0262 0.0109
7 0.5 043 0.5081 0.4994 0.0781 0.0694
8 0.75 0.78 0.7180 0.8599 —0.0619 0.0799
9 1 1.1 0.9938 1.0162 —0.1061 —0.0837
10 2 19 - 1.9605 - 0.0605
11 25 27 - 25156 - —0.1843
12 5 5.1 - 5.0296 - —0.0703
13 10 10.3 - 10.3902 - 0.0902
14 15 152 - 13.9737 - —1.2263
15 25 25.1 - 254776 - 03776
16 50 49.8 - 49.5937 - —0.2062
17 75 746 - 72.4348 - —2.1651
18 100 99.2 - 97.4534 - —1.7465
19 150 148.9 - 152.635 - 3.7350
Statistical parameters Mean (d) Std Dev (S4)” tealculated Degrees of freedom (n) Student value at 95% confidence interval
LRM —0.007097848 0.052077045 0.408885 8 2306
HRM —0.084827223 1.29115044 0.254451 14 2131

/% (@i—a)*
Sa=\ ==

* Standard deviation.
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Fig. 4. The effect of sample’s pH on (a) LRM and (b) HRM calibration methods, [PB], =
10 mmol L™, Vertical bars represent the error on the mean of three injections
calculated at 95% confidence interval (U = K f%); absent bars fall within symbols.

curves are presented in Fig. 2 with their corresponding error bars.
Error bars in all parts of this research paper represent expanded un-
certainty and are calculated based on the review paper by Konieczka
and Namiesnik (2010). To calculate expanded uncertainty, an uncer-
tainty budget was constructed which only included the major con-
tributing factor: the repeatability of determinations for a true
sample, calculated using Eq. (4).

SD
u=Kk>s (4)

where SD is the standard deviation of the triplicates, K is the cover-
age factor for 95% confidence interval (K = 2) and n is the number
of replicates (Konieczka and Namiesnik, 2010). The obtained results
showed insignificant variation in the slope while maintaining high
regression coefficient (R?). Using Microsoft Excel, the LINEST
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function was applied to calculate the slope, the y-intercept, and R?
with all the corresponding statistical parameters including standard
deviations on variables as reported in Table 4S. The insignificant
values of error bars validate that both, LRM and HRM calibration
methods are repeatable (Fig. 2).

3.1.2. Reproducibility

Over three days, reproducibility tests were conducted for both LRM
and HRM calibration methods covering their corresponding LDR. Each
day, fresh mobile phase and standards were prepared, after which
three replicates of each standard were analyzed using the same HPLC.
Although it is recommended to use a different HPLC instrument each
day as recommended by Harris (2010), only one HPLC instrument was
available. Calibration curves with their corresponding error bars, calcu-
lated using Eq. (4), are presented in Fig. 3. Both LRM and HRM calibra-
tion methods showed deviation from day to day. The slope changed
from 4399.20 to 4139.10 and from 46.00 to 36.86 for LRM and HRM cal-
ibration methods respectively, while maintaining a very good R? > 0.99
(Table 4S). Thus, it is highly recommended to prepare fresh standards
and obtain a new calibration curve whenever using this method since
it showed low reproducibility.

3.1.3. Limit of detection and quantification

The limit of detection (LOD) and limit of quantification (LOQ) for
LRM and HRM calibration methods were determined following the
guidelines recommended by Harris (Harris, 2010). The lowest detect-
able standards in LRM and HRM calibration methods were measured
seven times to obtain their average peak area and its corresponding
standard deviation. The LOD and LOQ were calculated using
Egs. (5) and (6) to be 8.29 x 10~* mM and 2.76 x 10> mM for LRM cal-
ibration method and 1.62 x 10~2mM and 5.39 x 10~2 mM for HRM cal-
ibration method, respectively (Table 5S).

LOD — 3 x Standard Deviation )
Slope

10 x Standard Deviation

1o = Slope

(6)

3.1.4. Method validation

Method validation was conducted according to the procedure
stated in Harris textbook (Chapter 4 section 4-3; Comparison of
Means with Student's t) (Harris, 2010). Standards were prepared
and tested using LRM, HRM and iodometric titration method
which is a common analytical technique for H,0, quantification
(Graves Group, n.d.; Held et al., 1978; Payne et al., 1961). Single
measurement of each standard was performed, and the obtained
results are presented in Table 2. The collected data was treated,
and paired t-test was used to compare the results. The difference
between the acquired concentrations in LRM and HRM calibration
methods versus iodometric titration technique was calculated.
Standard deviation, mean and calculated student value of the dif-
ferences was obtained for both LRM and HRM calibration methods
(Table 2).

The calculated Student values (tcajculated) Using Eq. (7) (Harris,
2010) were 0.136 and 0.254 for LRM and HRM calibration methods
respectively, both lower than the student value 2.306 (LRM) and
2.131 (HRM) for 8 and 14 degrees of freedom at 95% confidence in-
terval, respectively. Therefore, it can be concluded that the null hy-
pothesis, stating that the results of the tested methods are not
significantly different at 95% confidence interval is true. Conse-
quently, there is a 95% confidence that the results obtained from
LRM and HRM calibration methods are the true values within the ex-
perimental error. This proves that LRM and HRM calibration methods
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Table 3
LINEST function output for spectator species effect, natural water matrix effect, and pH effect experiments.
Experiment Matrix m b Sm Sp Sy R?
LRM Spectator species effect (ppm or mg L™') [NaCl] = 20,000 3636.15 —71.79 48.19 22.10 49.32 0.9988
[HCO, "] = 150 3906.82 —35.86 40.21 18.44 41.15 0.9988
[HA] = 10 4322.21 —68.00 0.18 9.74 68.04 0.9983
[FA] = 10 4376.38 —63.01 4513 20.70 46.19 0.9993
[KTP] = 10 4257.43 —54.79 35.30 16.20 36.13 0.9995
[Theo] = 10 4016.68 —62.01 21.16 9.71 21.66 0.9998
[CAP] = 10 3856.24 —62.49 27.94 12.82 28.60 0.9996
Natural water matrix effect Spring water 3219.74 —11.52 81.83 37.54 83.75 0.9955
Sea water 4015.76 -=25.19 42.67 19.57 43.67 0.9992
pH effect at [PB] = 10 mM pH=2 4503.64 —48.50 45.94 21.07 47.02 0.9993
pH=7 4408.32 —138.78 31.05 16.15 2833 0.9998
pH=11 3557.69 —19.29 7561 34.68 77.38 0.9968
HRM Spectator species effect (ppm ormg L™") [NaCl] = 20,000 42.00 38.22 0.51 26.71 86.18 0.9981
[HCO3 | = 150 40.17 21.55 034 18.05 58.25 0.9991
[HA] = 10 38.77 4.12 0.18 9.74 3142 0.9997
[FA] =10 3830 7.62 0.19 10.09 32.56 0.9997
[KTP] = 10 4139 21.79 0.46 2439 78.69 0.9984
[Theo] = 10 39.90 —-1.10 0.40 21.30 68.72 0.9987
[CAP] = 10 40.97 25.58 0.95 49.89 160.95 0.9931
Natural water matrix effect Spring water 37.08 59.47 083 43.72 141.06 0.9935
Sea water 37.08 37.05 0.36 20.24 58.72 0.9990
Waste water 18.58 11.09 0.26 1.03 240 0.9986
pH effect at [PB] = 10 mM pH=2 4183 —13.18 0.24 12.60 40.66 0.9996
pH=7 37.53 173 0.11 5.82 18.79 0.9999
pH=11 3347 —33.49 027 14.29 46.10 0.9991

m: slope; b: intercept; sp,: standard deviation on slope; sp,: standard deviation on intercept; s,: standard deviation on y-axis).

are statistically valid in comparison to a commonly used method.

Mean x n'/2

t = 4
calculated Standard Deviation 7

Time, labor, and chemicals requirement for LRM and HRM calibra-
tion methods were significantly lower than that of the iodometric titra-
tion technique. The average time of preparation and analysis per sample
was 27 min using the iodometric titration technique while it was only
7.5 min using LRM and HRM calibration methods. Furthermore, LRM
and HRM calibration methods allow testing large number of samples
without any experimental work (labor) since HPLC instruments are
usually equipped with an automated sampler. Additionally, iodometric
titration technique requires extra chemicals such as the very hazardous
ammonium molybdate (MSDS, 2013c¢) and sulfuric acid (MSDS, 2013d).
Finally, the cost per sample was calculated to be 0.8 and 1.8 USD cents
for LRM and HRM calibration methods, respectively which is 600 to
1,300 times cheaper than the cost using the iodometric titration method
(around 11 USD per analysis, the detailed cost is further elaborated in
Table 6S).

3.2. pH effect

As mentioned in section (2.5), H,0,/1™ reaction is highly pH depen-
dent and requires acidic pH. Thus, it is highly important to investigate
the effect of the presence of a buffered sample matrix. For this purpose,
standards were prepared in a matrix containing 10 mM phosphate
buffer (PB) for three designated pH values of 2, 7 and 11 (Fig. 4). The
values were chosen to cover a wide range of the matrix's alkalinity/acid-
ity under significant buffer strength. Basic pH matrix showed a slight
negative effect on the sensitivity of LRM and HRM calibration methods
which is negligible compared to the relatively high signal intensity.
Good linearity (R?> 0.99) was observed for all of the buffered matrices'
calibration curves; a slight decrease in the slope was observed as the pH
increased indicating lower sensitivity and vice versa. The slopes of the
calibration curves increased at pH = 2 by 8.8% and 0.4% and decreased
at pH = 11 by 14% and 19.6% for LRM and HRM calibration methods, re-
spectively (Fig. 4 and Table 3). As it can be noticed, the proposed
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method is highly resistant to changes in pH and is capable of testing
samples having a basic pH although the main reaction in LRM and
HRM calibration methods is pH sensitive. This resistance is caused by
the high acidity of the mobile phase and the small injection volume.
Therefore, the developed method is capable of quantifying H,0, under
awide range of pHs and buffer strengths. Regardless, it is recommended
to prepare the standards in a matrix having a pH value similar to that of
the samples to be tested.

3.3. The effect of spectator species

Itis important to consider the effect of common ions, organic and in-
organic compounds in the matrix of samples tested. For this purpose,
standards were prepared in aqueous matrices having high concentra-
tion of spectator species to ensure that there is no interference due to
the presence of naturally encountered species; which usually exist at
much lower concentrations. Additives tested were chlorides (Cl™), bi-
carbonates (HCO3"), humic acids (HA), fumaric acid (FA), and organic
contaminants (OCs). The results showed minimal effect on the linearity
and slopes of their respective calibration curves (Fig. 5, Tables 3 and 7S).
The standards' variation from the control calibration curve is within the
experimental error of the reproducibility tests (Fig. 5). The choice of
species tested and their concentrations is discussed thereafter.

The effect of NaCl, which is known to boost the decomposition of
H,0, was tested (De Laat et al., 2004; Liao et al., 2001). The standards
were prepared in a matrix having [NaCl] = 20,000 mg L™ !, which is
classified as highly saline water according to the Food and Agriculture
Organization of the United Nations (FAO) (Rhoades et al., 1992). Addi-
tionally, it was important to investigate the effect of HCO3™ since
Richardson et al. (2000) reported that it could work as an activator of
H,0, tested on sulfides degradation. Moreover, [HCO5 ], which is the
dissolved form of carbon dioxide in water, is present in most water ma-
trices from atmospheric CO,. Therefore, [HCO3 ] = 150 mg L™ ' was
used in the standards' matrices which was later tested using LRM and
HRM calibration methods. Furthermore, HA and FA are organic sub-
stances that originate from decaying organic matter and are present in
many natural water matrices (Stevenson, 1994). For this reason, H,0,
standards containing 10 mg L~ of [HA] or [FA] were prepared and
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Fig. 5. The effect of spectator species on (a) LRM and (b) HRM calibration methods.
Vertical bars represent the error on the mean of three injections calculated at 95%
confidence interval (U = Kfﬁ?‘): absent bars fall within symbols. The shaded area reflects

the experimental error of the reproducibility tests. (Experimental conditions: [FA], [HA],
[Theo], [CAP], [KTP] = 10 mg L™"; [NaCl] = 20,000 mg L™, and [HCO3 ] = 150 mg L™ ").

tested. Finally, more chemically complex OCs that could also be present
in the samples were tested such as micro-contaminants that are espe-
cially present in water subjected to AOPs treatment. For this purpose,
three sets of standards were prepared in matrices each containing
10 mg L~ of three pharmaceutical active ingredients: Chloramphenicol
(CAP), Ketoprofen (KTP) or Theophylline (Theo). As mentioned above,
no significant effect was observed by all of the aforementioned additives
(Fig. 5 and Table 3).

3.4. Application of LRM and HRM calibration methods to natural water
matrices

To prove the tolerance of LRM and HRM calibration methods to nat-
ural water matrices, H,0, standards were prepared in sea, spring and
waste water. The water quality parameters of the used natural water
samples are listed in Table 8S with their corresponding sampling geo-
graphical coordinates. The obtained results showed that sea and spring
water matrices slightly reduced the signal intensity (slope) by 22% and
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3%, respectively for LRM and by 11% for HRM without any effect on the
linearity coefficient R? (Fig. 6). On the other hand, peak splitting was ob-
served in LRM when wastewater was used which can be attributed to
the reactivity of H,0, towards organic contaminants present in waste
water (COD = 1106 mg L~') (Fig. 6a). When waste water matrix was
tested using HRM calibration method, acceptable linearity (R? > 0.99)
was obtained only for the range of 0.1-10 mM with significant decrease
in the slope by 56%; however, at higher concentrations the quality of the
obtained peaks significantly degraded (Fig. 6b).

3.5. Application of LRM and HRM calibration methods to AOPs research

H,0, is one of the most commonly used oxidants in AOPs applica-
tions. However, most researches that aim at optimizing their appli-
cations are missing the monitoring step of the remaining oxidant
(H20,). Such an important factor requires substantial labor and
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Fig. 6. H,0; calibration curves of natural water matrix effect on (a) LRM and (b) HRM
calibration methods. Vertical bars represent the error on the mean of three injections
calculated at 95% confidence interval (U = K%): absent bars fall within symbols. (In

waste water matrix, HRM was the only applicable method showing an LDR 0.1-10 mM).



116 0. Tantawi et al. / Science of the Total Environment 654 (2019) 107-117

time if done using the conventional quantification techniques, while
the use of advanced techniques is costly. This also limits the ability of
researchers to calculate the percent reaction stoichiometric effi-
ciency (% RSE) and thus determining the sustainability of the oxidant
in the reaction medium. For instance, 27 min per sample was the
time required by an experienced researcher in our laboratory to
quantify H,0, using the common iodometric titration method as re-
ported by Prof. David Graves (Graves Group, n.d.). Faster methods
require special electrodes or apparatus, not easily automated and ex-
pensive. HPLC devices with autosamplers are fundamental for most
AOPs applications and are available in most laboratories conducting
this type of research. As a part of the research conducted in our lab-
oratory on the sustainability of H,0, for the degradation of several
organic probes using different activation techniques, LRM and HRM
calibration methods were used. Both methods exhibited the desired
capacity to quantify the remaining [H,0,].

Different [H,0,]o (0.25, 0.5, 1 and 40 mM) were tested on various
OCs such as Theo, CAP and KTP. The aim of the aforementioned experi-
ments was to optimize the degradation process of the OCs using UV-
254 nm and Fe?* activated H,0,. LRM and HRM calibration methods
were used to determine the remaining [H,0,] and to calculate the %
RSE which is defined by Eq. (8) (Ghauch et al., 2017).

(8)

9 RSE — ( [Probe degraded] ) % 100

[Oxidant consumed|

The obtained results are presented in Fig. S3. The experiments
conducted clearly show different patterns in H,0, consumption;
for instance, in the case of CAP and KTP, H,0, consumption persisted
even after the complete disappearance of the probe. This indicates
that H,0, is effective towards the mineralization of the formed deg-
radation byproducts (Fig. 3Sb, 3Sc and 3Sd). On the other hand, a
very small amount of H,0, was consumed for the complete degrada-
tion of Theo in the UV activated system indicating that the degrada-
tion process is UV-driven (Fig. 3Sa). Another important factor is the %
RSE calculated using LRM and HRM calibration methods which dem-
onstrates a high efficiency in the case of Theo (% RSE = 423%) which
is mainly due to the high contribution of the UV radiation through di-
rect photolysis and the low % RSE in the case of CAP and KTP (% RSE
=49, 11 and 3%) caused by the high affinity of H,0, towards the
degradation byproducts formed in the oxidative reactive medium.
Such outcomes will enable us to recommend further investigation
on the role of UV in the case of Theo and on the monitoring of the
degradation byproducts in the case of CAP and KTP so that to opti-
mize the applied AOP. It is important to report that special technique
was improvised to be able to monitor the chemically activated H,0,.
Such monitoring especially in an Fe? " /H,0, system is almost impos-
sible using non-automated methods since the activation of H,0, will
continue even after sampling is done. The improvised technique
overcomes this hurdle by directly testing the sample. The technique
was applied in the system of KTP/H,0,/Fe** where a sample was pe-
riodically withdrawn and injected without delay into the HPLC quan-
tifying almost instantaneously the remaining [H,0,] in solution.
During the injection process the sample was mixed with large vol-
ume of the mobile phase inhibiting any further reaction between
the OCs (probe and degradation byproducts) and H,0,. Another
sample was withdrawn at the same time and quenched with large
amount of methanol to prevent the further degradation of the OCs
caused by the continuous generation of hydroxyl radicals. The
[OCs] was later determined using the same HPLC but with a different
chromatographic configuration (Fig. 2S).

4. Conclusion

H,0, is one of the most commonly used oxidants in AOPs and
ISCO applications. Several methods have been developed to quantify
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H,0,. Even though these methods showed very low LOD and very
good adaptability to biological samples, each of these methods ex-
hibits its own drawbacks associated with cost, labor and time re-
quirements. Thus, it is important to have an efficient and effective
method for H,0, quantification. In this paper a new method is re-
ported helping researchers and industries to accurately quantify
[H20,] using an easy, fast, economical and automated way over a
wide LDR. This method was also proven to be repeatable, fairly re-
producible, and with a great tolerance to naturally occurring specta-
tor species. The method relies on a simple modification of the HPLC
instrument available in most analytical chemistry laboratories and
uses environmentally nonhazardous chemicals for the quantification
of [H,0,] in water matrices of environmental interst.
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Table 1S

The method’s compliance to the 12 principles of green analytical chemistry™,

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 pL

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 H20:

The use of energy should be

The HPLC used requires a power of 288 Watts

should be increased

L Yes @220 V to run, which is similar to the power
minimized . .
consumed by incandescent light bulbs
Reagents obtained from The reagents obtained are not from a renewable
renewable source should be No
source
preferred
Toxic reagents should be Yy The use of toxic catalyst (molybdate) and dyes is
. es . SN
eliminated or replaced eliminated in this method
Safety is increased since the method is highly
The safety of the operator Yes automated, and the operator interference is

minimal
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Volume

- . of mobile
Method Flow rate Injictlon Re?ention Data phase LDR ) | Pressure
name (mL min™?) volume time acquisition | e imed (mM) R Slope (bar)
(uL) (min) time (min)
/sample
(mL)

H>0,-1 0.1 5 g? 7 0.7 0.1-15 0.9998 | 11744 4
H>0,-2 0.1 20 g? 7 0.7 0.1-5 0.9992 | 3294.1 4

2.8
H>0,-3 0.1 50 34 7 0.7 0.1-2.5 0.9955 | 1579.3 4

2.8
H»>0,-4 0.1 100 39 7 0.7 0.1-2.5 0.9973 | 1673.8 4
H>0,-5 0.25 5 éj 45 1.125 0.1-25 0.9993 212.3 8
H>0,-6 0.25 20 ég 45 1.125 0.1-25 0.9968 | 608.56 8
H>0,-7 0.25 50 1.3 4.5 1.125 0.1-25 0.9932 | 910.84 8
H>0,-8 0.25 100 ié 4.5 1.125 0.25-25 0.9936 | 334.85 8
?ﬁgﬁ; 0.5 5 0.5 3 15 0.1-150 | 0.9917 | 50.313 15
H20.-10 0.5 20 0.6 3 15 0.1-50 0.9966 | 169.92 15
H202-11 0.5 50 0.6 3 15 0.1-25 0.9993 | 337.43 15

0.5
H202-12 0.5 100 0.7 3 15 0.1-15 0.9973 96.14 15
H,0,-13 1 5 2.8 2 2 0.1-15 0.9979 | 1160.7 30
H.0,-14 1 20 0.28 2 2 0.1-100 0.9962 | 49.777 30
H20.-15 1 50 0.3 2 2 0.25-50 | 0.9967 | 105.65 30
H.0,-16 1 100 0.3 2 2 0.1-50 0.9904 | 150.52 30
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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.




Table 3S
Properties of different methods using the second configuration (LRM)

Volume of
— . mobile
Method Flow Injection Retgntlon Dg ta phase LDR 2 Pressure
rate (mL | volume time acquisition R Slope
name min) (L) (min) time (min) consumed (mM) (bar)
/sample
(mL)
H,0,-1 0.1 5 4 7 0.7 0.025-15 | 0.9993 | 1168.4 11
H,0,-2
(LRM) 0.1 20 4.9 7 0.7 0.01-1 | 0.9992 | 3947.8 11
H20,-3 0.1 50 4.56 7 0.7 0.01-1 | 0.9636 | 6404 11
H20,-4 0.1 100 4 7 0.7 0.05-2 | 0.9994 | 7289.6 11
H20,-5 0.25 5 2 4.5 1.125 0.075-50 | 0.9996 | 212.48 26
H20,-6 0.25 20 2.1 4.5 1.125 0.025-25 | 0.9973 | 664.24 26
H20,-7 0.25 50 2.14 4.5 1.125 0.025-10 | 0.9995 | 1345.3 26
H20,-8 0.25 100 1.48 4.5 1.125 0.05-10 | 0.9997 | 1875.4 26
H20,-9 0.5 5 0.8 3 15 0.1-25 | 0.9997 | 61.388 50
H20,-10 0.5 20 0.8 3 15 0.05-15 | 0.9995 | 203.31 50
H20,-11 0.5 50 0.73 3 15 0.025-15 | 0.9966 | 381.66 50
H20,-12 0.5 100 1.23 3 15 0.025-25 | 0.996 | 528.18 50
H20,-13 1 5 0.4 2 2 0.25-100 | 0.999 | 14.88 100
H202-14 1 20 0.5 2 2 0.075-100 | 0.9982 | 54.533 100
H20,-15 1 50 0.45 2 2 0.05-100 | 0.9983 | 115.24 100
H20,-16 1 100 0.56 2 2 0.05-100 | 0.9943 | 152.18 100
Table 4S
LINEST function output for repeatability and reproducibility experiments
Calibration | Experiment Matrix m b Sm Sb Sy R?
method
L. RM Repeatability 4399.16 -15.23 30.92 | 14.18 | 31.65 0.9997
Reproducibility oI 4003.40 -21.72 27.75 | 12.73 | 2841 0.9997
HRM Repeatability 36.86 6.43 0.07 3.72 | 12.01 1.0000
Reproducibility 4151 20.58 0.39 20.62 | 66.54 0.9988

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

intercept; sy: standard deviation on y-axis).
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Table 55

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 55

7 23.5 6

Average 22.1 o.7

Standard deviation 0.9 0.2

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

LOD (mM) 8.29 x 107* 1.62 x 1072
LOQ (mM) 2.76 x 1073 5.39 x 1072
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Table 6S

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

_ Chemical’s price (for 1 Average cost of chemicals used per test
Chemicals used gram in USD cents (¢)) in USD cents (¢)
lodometric titration | LRM | HRM
Potassium iodide 352 36.4 0.16 | 0.34
Ammonium 1580 831.6
molybdate
Sulfuric acid 62 [4] 30.0 Not applicable
Sodium thiosulfate 24 Bl 157.9
Starch indicator 44 191 23.4
Phosphoric acid 9g Il N licabl 0.65 | 1.39
Sodium bicarbonate 9 [l ot applicable 0.03 | 0.06
Total average cost 1079 0.84 1.79
Table 7S
Summary of spectator species effect on LRM and HRM
Spectator % slope difference relative to R?
species control*
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 =

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 o
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) 2 88 8
Total Dissolved
Solids (TDS) ppm 350 32500 4400
Sulfate (S0%7) 16 3500 420
Nitrates (NO3~) 42.6 2525 3375
GPS locations ) 33°44'17.9"N | 33°54'11.1"N | 33°54'08.2"N
35°34'12.5"E | 35°28'44.8"E | 35°29'05.0"E

TNTC: Too Numerous To Count

*ppm as NaCl

** Highly polluted sea water

91



Table 9S

Properties of the columns used

Column  Part Outer Inner

Column Manufa numbe Length diameter diameter Cap?uty Colurr_m Image
order (mm) (mm?°/uL) material
cturer r (mm) (mm)
01078 . ZE
First Agilent - 1100 0.9 0.35 100 Ssttj;:"ess ( \\T/
87302 \ 2
5022 Stainl "t
Second  Agilent " 2000 0.6 0.12 23 aintess /2 \
2159 steel g ) %
IDEX E&Ig/r ether
Third Health & 1536L 3100 1.6 0.17 70
Science 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]o = 25 mg L) is
sufficient for activating PS for the degradation of 65-70% of high concentrations of
naproxen ([NAP]o = 50 mg L) 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 H2Oz 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/ H20,
in the first project in this work, a new analytical technique for the quantification of
[H20,] was developed. The new method allowed to reach an LOD = 8.29 x 10*mM
and LOQ = 2.76 x 10~*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 H.O> 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.
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