


AMERICAN UNIVERSITY OF BEIRUT

THE STUDY OF A NOVEL PSBASED

DEGRADATION SYSTEM: MIL-88-A AS A
HETEROGENEOUS ACTIVATOR, APPLICATION ON
NAPROXEN AND COMPARISON WITH HO, USING A

NEWLY DEVELOPED ANALYTICAL TECHNIQUE

by
RIME NAZIH EL ASMAR

A thesis
submitted in partial fulfillment of the requirements
for the degree of Master of Science
to the Department of Chemistry
of the Faculty of Arts and Sciences
at the American University of Beit

Beirut, Lebanon
July 2019



AMERICAN UNIVERSITY OF BEIRUT

THE STUDY OF A NOVEL PS-BASED DEGRADATION SYSTEM:
MIL-88-A AS A HETEROGENEOUS ACTIVATOR, APPLICATION
ON NAPROXEN AND COMPARISON WITH H202 USING A
NEWLY DEVELOPED ANALYTICAL TECHNIQUE

By
RIME NAZIH EL ASMAR

Approved by:
Dr. Antoine Ghauch, Associate Professor Advisor b

Department of Chemistry

Dr. Tarek Ghaddar, Professor Member of\Committee

Department of Chemistry
Nisenpars fatra

Dr. Digambara Patra, Associate Professor Member of Committee
Department of Chemistry

Date of thesis defense: July 25, 2019



AMERICAN UNIVERSITY OF BEIRUT

THESIS, DISSERTATION, PROJECT RELEASE FORM

Student Name:

El Asmar Rime Nazih
Last First Middle
& Master’s Thesis O Master’s Project O Doctoral
Dissertation

D | authorize the American University of Beirut to: (a) reproduce hard or

electronic copies of my thesis, dissertation, or project; (b) include such copies in the
archives and digital repositories of the University; and (c) make freely available such
copies to third parties for research or educational purposes.

M [ authorize the American University of Beirut, to: (a) reproduce hard or
electronic copies of it; (b) include such copies in the archives and digital repositories of
the University: and (c) make freely available such copies to third parties for research or
educational purposes

After:

One ---- year from the date of submission of my thesis, dissertation, or
project.

Two -\/- years from the date of submission of my thesis, dissertation, or
project.

Three ---- years from the date of submission of my thesis, dissertation, or
project.

2 —_—
I L= July 3o, 2019
. ( 4

Signature Date



ACKNOWLEDGMENTS

I would like to express my gratitude to my thesis supervisor and mentor Dr. Antoine
Ghauch for higndlesguidance andhotivation | am dso thankful to the members of
my thesis comntiee: Dr. Tarek Ghaddar and igambara Patra for their beneficial
comments and feedback.

In addition, | would like teexpress my gratitude tbe donors of Sidani Scholarship at
AUB for funding my graduatstudies Special thanks go to tlecademic and
nonacademic staff of the Chemistry Department and tst#feof the KAS CRSlfor
their effort inmaintairing the flow of my researchvork.

Moreover, | would also likéo thankmy lab mateMaya, Suha, OmarZahraa, and Sara
for keeping an ideal workplace environment and for all their suppaincere
appreciatiorgoes to our lab RA, Abbas Baalbalkir his supervisionencouragement
and support.

Finally, no words can express ngyatitudeto my family and friendgor alwaysbeing
therefor me | wo u | ldawedatcomplished my goals withaeir endlesdove, support
andinspiration



AN ABSTRACT OF THE THESIS OF

Rime Nazih El Asmar for Master of Science
Major: Chemistry

Title: The sudy of a novel P®ased degradation system: MBIB-A as a heterogeneous
activator, application on Naproxen and comparison wi-Hising a newly developed
analytical techniqgue

The thesis work is divided into two parts:

In the first sectionMIL -88-A, aniron based MOF (F&/Fumaric acid), wasynthesized

in agueous medium withbthe use of an organic solvent, then characterized and tested
as a heterogeneous persulfate activator for the elimination of naprosetutidn

containing naproxen simulating the waste water effluent of a production facility was
placed in continuously stirred reactors and spiked with-BBLA/sodium persulfate

mix. The system was optimized in terms of MBB-A and persulfate dosages wa&5

70% degradation of [Naproxerd 50 mg L* occurred in a period of two hours in

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

88-A was proved to be recyclable for at least 4 cycles and the introduction-8f UV
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, HO», and the results showed that PS has higher efficiency in naproxen
degralation.

In the second sectiofgr the sake of comparing MiB8-A/PS and MIL-88-A/H20,
systems[H20>] quantification method was developed by simple modifications to an
HPLC-DAD setup. The modifications included the use of acidified potassium iodide
soluion as a mobile phase and a series of capillary columns instead of the reverse phase
column usually used. The-159enwitloldD® and LAPR r a n ¢
8.29 x 10* mM and 2.76 x 1¢ 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 wagested 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 nmatrices.

Keyword: AOPs, Naproxen, MH88-A, perallfate, hydrogen peroxide, HPLC
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CHAPTER |

INTRODUCTION

A. PPCPs as emerging contaminants

Pharmaceuticals and personate 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 batiface 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 h¢&itBy.

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 arpithis$6].
Pharmaceutical industries form a point source pollutiomto€h 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 ovee tvorld, in the levels of ng'tt o &[], L
such as USA7], UK [8], Spain[9], Finland[10], and JapafilL1]. One main category of
these pharmaceuticals is the nonsteroidatiaffiammatory drugs (NSAIDs) such as
acetylsalicylic acid, diclofenac, ibuprofen, ketoprofen, aagroxeri2]. Their low

cost, over the counter availability, in addition to their relatively minor-sftexts made



them among the most widely used pharmaceuticals. Consgquensiderable amount
of these APIs and their metabolitesich 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 métiBjnrCommon
AOPs include ozonatiotJV-based processes (UV4/Bk, UV/H202/03, etc.) and

Fenton reaction (B&H.0;) arecurrently applied in industrial WWTH&4i 16].

C. Hydrogen peroxide (H:0O2) based AOPs

H20- is one of the mostommonlyused oxidants in AOPs. It has a relatively high
oxidation/reduction potential of 1.8 \L7]. Several radicals are produced upon the
activation of HO, of which hydroxyl radicals({ "® are the most dominant onfgs].
0 "®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 contaminaf2,21] H20: is activated by ozonatid22] (eq. 1),

photairradiation[22] (eq.2), ultrasonication22] (eq. 3), or by chemical activation

[15] (eq. 4)

0o/ ¢ ° ¢/ (" o0 /UITTAOEII] (1)
0/ wuw ¢/ (T56AAOEOAOET 1 @)
O/ wuwuy ¢/ (T O1 OOAOTI AAXEGRAOAEDET 1 (3)
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D. Persulfatebased AOPs

PS(S)/ 9 (Eo=2.1V) is one of the oxidants used in AOPs which upon its
activation generates sulfate radiogdé %) (Eo = 2.6 V)[23]. Sulfate radicia hold a
strong oxidation potential under a wider pH range than hydroxyl radizglsproduce
less disinfection byproducf&5], and is also considered to be rs®iective and thus
degrade a wider range of contamind@®]. PS is activated by physical metts such
as UMtirradiation (eq.5), ultraonication (eq.6), heating (ef. or by chemical
activation techniques such as homogeneous roatallysis (eq.Band heterogeneous

photocatalysis [20].

Y/ "c3/7 56AAOEOAOET I ©)
Vi wuuuuy ¢3/7 O OOAOCT AKEBGRDOADGET T (6)
Y 0 ¢3/T AEAOAADEOABEESI Y ww 7)
Y/ "0Q ° 3/ 3/T 00 #EAI BADEOAOEIT (B

E. Metal organic frameworks as iron-based catalysfor AOPs

Iron-based catalysts avastlystudied anépplieddue to the abundance and low
cost, nortoxic nature, and high efficien@f iron. Nonethelessron catalystsare rarely
reusdle. For this reasant is importantto develop irorbased catalysts for the
activation ofPS that ar&eterogeneousnd can be reclaimeilhe applicability of

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



catalyst for the activation of PSheing explored recently for the use in water
treatment

MOFs are a novel class of porouaterials, 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 phoisisgity [26]. Such properties render it vastly
studied for use in various applicatid@$,27]. Such applications include G@apture
[28,29] storage of hydrogef80], ad®rption of harmful gases, hydrocarbons, water
vapor and alcoholR7,31,32] MOFs are also researched and developed for use in drug
delivery[33,34], magnetisnj35], polymerizatior[36], catalysig37], and many other
applications.

MOFs are mainly stable in water when they are a combination of Ti, Zr, Fe, Al
and/or Cr with carboxylatbased ligandf38]. Waterstable MOFs have been recently
investigated for their adsorptive properties towards hazardous organic compounds in
waste wate[26,39 43]. Other than adsorptiogiMOFs, mostly Febased MOFs, were
proven to have an effective photocatalytic activity for the removal of organic
contaminantsSuch activity can be direct thugh transforming energy from the MOF
into the compound or indirect through a homogeneous mediator such as &% or H

[44i 48]

F. Objectives
The aim of this research is to synthesizéran-based MORusing an

environmentally friendly methodror the best of our knowledge, MBS-A is the only



iron basedMOF found in literature that can be easily synthesizétgusater.lt was
alsoused in severadlOPsstudiesand showed promisingsdts [49i 51]. However, the
existing studies were conducted using re&y high concentration of MOF0,51] and

were all performed only for the degradation of djg&52]and in presence of phato
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 systeffihe system was also tested usin@kfor which a new
analytical techniquéor the quantification of [lHO2] was developed to serve the purpose

of comparing MIL-88-A/PS versus MIE88-A/H,0; activated systems
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CHAPTER Il

PROJECT 1

A. MIL -88-A for the Degradation of Naproxenthrough Persulfate Activation

As mentioned in the introductiorratitional wastevater treatment has been
provento be insufficient for the eliminatioof organic contaminants that are highly
stableand 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 irbased MOF, MIL88-A. MIL -88-A was
synthesized hydrothermally and characterized using available characterization
techniques. The system was apitied and tested for its recyclability, matrix
variations, and efficiency against other oxidandi@k). 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

Industrid and Environmental Chemistry Research.
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A. Iron -Based Metal Organic Framework MIL-88-A for the
Degradation of Naproxen in Water through Persulfate

Activation

American University of Beirut, Faculty of Arts and Sciences, Department of Chemistry
P.0O. Box11-0236 Riad El Solfi 11072020 Beirufi Lebanon

Rime El Asmar, Abbas Baalbaki, Zahraa Abou Khalil, Antoine Ghauch*
Metal Organic Frameworks (MOFs) are a relatively new class of porous 3d material that
is being researched for its possible applicatiorenwironmental remediation and waste
water treatment. It has also been investigated for the use in catalysis and AOP. The
challenges of applying MOBased catalysis lies in its stability, reusability, and
environmerally friendly synthesis process. MHB8-A, an iron based MOF
(Fe**/Fumaric acid), can be synthesized in agueous medium whiotagdvantage over
other MOFs that requireazardousrganic solventsin this paper, MIE88-A was
synthesized, characterized, arskd as catalysfor the degradationf naproxerusing
AOPs.A solution containinghaproxersimulating the waste water effluent of a
pharmaceutical production facility was placed in continuously stirred reactors and
spiked with MIL-88-A/sodium persulfateThe system was optimized and testeditfs
recyclability and matrix variations (salinity, phosphates, pH, and bicarbonates). The
system was tested against another oxidagd;Hnd finally under UVA irradiation to
remove any residual naproxd®esults showed that MIB8-A is an activator of

persulfate where 6B30%degradation ofNaproxeny= 50 mg L occurred in a period
15



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 oxidaver H-O2 when using MI-88-A. And lastly,

UV-A lead to complete degradation within two hours of reaction inpdying that the
proposed system is successtulthe elimination of organic pollutanfsom water.

Keywords: MOF, AOPs, Naproxen, MIL8&, persulfate
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1. Introduction

Pharmaceuticals and personal care prodiRfeCP}are a group ofontaminants
thatinclude but are not limited to antibiotics, hormones, antimicrobial agents,
cosmetics, fragrances, elthe continuous dischargé PPCPsnto waste watelead

to their presence in trace amounts in both surface and ground Waseissue

became the reaech focus of maniaboratoriedue to the threats such contaminants
carryto theenvironmentand the potential dangeis public healtH1i 3]. PPCPs

enter the environmertirough several ways and usually end up as trace
contaminants. Their presence is mainly attributed to the direct disposal of expired
pharmaceuticalt landfills and/olindirectly to waste water treatmepiants
(WWTPs)[4,5], in addition to the effluents from the pharmaceuticdustries and
hospitalg6]. Pharmaceutical industries form a poiatisce 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 pleaurtical ingredients
(AIPs). The presence of ARIs wastewater plants had been reporteddifferent
counties over the wordn the levels of ng L't o &[], duch as USA7], UK

[8], Spain[9], Finland[10], and Japafil1]. One main category of these
pharmaceuticals thenonsteroidal artinflammatory drugs (NSAIDsguch as
acetylsalicylic acid, itlofenac, ibuprofen, ketoprofen, andproxen2]. Theirlow

cost, over the counter avaitity, in addition to their relatively minor sideffects

made them among the most widely used pharmaceuticals. Consegquently

considerable amount of these APIs and their metabositeh groundwater, and
17



even surface and drinking wa{&;12]. Traditional wastavater treatment has been
provento be irsufficient for the eliminatioof thesecompoundslue to their high
chemical stabilityand resistance to biodegradat[@h Alternativemethods such as
advancedxidation processes (AOPaie the currently studied solutions for the
effective elimination of pharmaceuticals in watkOPsare based on agating
oxidants to produce, directly or indatéy, hydroxyl radicals thadre able to oxidize
organic contaminants in the medijit8]. CommonAOPsinclude ozonation, UV
based process¢sV/H20,, UV/H20,/0s, etc.)andFentonreaction(F&/H202)
currently applied inndustrial WWTPJ14i 16]. AOPsthat aren the research and
development phasaclude electrochemicdlased, ultrasonibasedPersulfate
(PS)based, and photatalytichasedorocessePS(S;0  (Eo = 2.1 V)is one of
theoxidants uedin AOPswhich upon its activation generates sulfate radicals
(SO 9 (Eo = 2.6 V)[17]. Sulfate radcalshold a strong oxid&in potential under a
wider pH range than hydroxyl radicdls8], produce less disfaction byroducts
[19], and is also considered to be fs®iective and thus degrade a wider range of
contaminant$l7]. PS is activated by physical methods such asiftAdiation
(eq.1), ultrasonication (eq.2), heating (eq.8},by chemical activation techniques

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

Y/ "c¢3/7 56AAOEOAOGET T )
Y/ uwwwmy c3/7 O1 OO0AOT AKGROEOET T (2
Y/ 0 ¢3/7 AEAOARDEOADPEES Y wow 3)
v/ oo 3/ 3/7 00 #EAi BADEOAOEI @

18



Iron-based catalysts avastlystudied anépplieddue to the abundance and low
cost, nortoxic nature, and high efficien®f iron. Nonethelessyon catalystare
rarelyreusale. For this reasant is importantto develop ironbased catalysts for

the activation oPS that ar&eterogeneousnd can be reclaimetlhe applicability

of entrapping iron using metal organic frameworks (MOFs) to be used as a
heterogeneous catalyst for the activation of PS is explored ipapey. MOFsarea
novelclass of porous materials, synthesized from a metal salt, providing mesal ion
and organic ligand$MOFs exhibit special structural propertissich as hilg surface
area, thermal stabilitygorosity, variability in pore structurggbundance of open

metal sitesandphotosensitivityf20]. Such properties render it vastly studied for use
in variousapplicationg20,21] Such applications includeO, captureg22,23]

storage of hydrogej24], adsorption oharmful gass, hydrocarbons, water vapor
and alcohol$21,25,26] MOFs are also researched and developed for useign
delivery[27,28], magnetisnj29], polymerizatior[30], catalysig31], and many

other applications.

MOFs aremainly stable in water when they areambination of Ti, Zr, Fe, Al
and/orCr with carboxylatébased ligandf32]. WaterstableMOFs have been

recently investigated for their adsorptive propertiegardshazardous organic
compounds invastewater[20,33 37].

The studies on the removal of contaminants via adsorption using water stable MOFs
are summarized inablel. Most of the MOFs in these studies are synthesized using
organic solvents with moderate to high toxi¢@®]. 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 Tabl¢3B%

Moreover, MOFs, most of the time, should be subjected to functionalization and
post synthetic treatmefdr an efficient adsorption to take place increasing the entire

syntesis 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 andt efficient for a wide range of contaminants.

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

anal ysis which

doesndt

provide a sustai

and/or removal of contaminants. Suebhniques 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 inorgargompounds on different MOFs

MOFs Adsorbed Compound | Reference| Adsorption Drawbacks
Capacity
(mg/g)
MIL-102-Cr | Methyl orange 1O) [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-1012-Cr | Bisphenol A [40] 156 hexavalent state
functionalizel | MO [33] 194 [45]
Clofibric acid [41] 347 Functionalization
Hg (1) [42] 51.27 and post synttic
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steps are highly

demanahg
MIL -235 MO 477 Use of HF in
Methylene blue (MB) | [46] 187 synthesis
Use of N,N
Dimethylformamide
(DMF) in synthesis
MIL-100Fe | MO [47] 1045.2 Adsorptio
MB 645 work for trace
Malachite greeMG) [48] 141 amounts
Naproxen [36] 104 No studies for
Bisphenol A [40] 26 desorption or
recyclability were
conducted
MIL-100Cr | MO [47] 211.8 Chromium is toxic,
MB 645.3 especially in its
hexavalent state
Selective adsorptior
of MB from MOi
MB solutions[47]
NH-MIL-101- | p-Nitrophenol [49] 192 Functionalization
Al and post synthetic
steps are highly
NH2-MIL - MB [50] 762 demanding
102-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
(pPH=2)[53]
Functionalization
and post synthetic
steps are highly
demanding
HKUST-1 BenzothiophenéBT) 25 Removal from
Dibenzothiophene [54] 45 isooctanematrix not
(DBT) 16 water[54]
Dimethyldibenzothiophe Copper is toxic,
ne(DMDBT) [55] 4.7 being acatalyst of
MO processes
98.17 generatingeactive
Pb (”) [56] 32.45 oxygen
cd (1) 38.25 intermediates and
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Cr (Ill)

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

No adsorption of
Hg?*and heavy
metalsunder the
sameexperimental
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 watef54]

PCN-222Fe

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 possynthetic
steps are highly
demanding

MOF-808

Arsenic

[61]

24.83

Synthesis
necessities
microwave
irradiation orusing
solvothermal
methodunder high
temperatures (150
°C) and long
reaction times (3
7days)

Solvents used in
synthesis are DMF
and formicacid
Crystals exhibit
high superacidity
Specific to Arsenic

MIL -53-Fe

Arsenic

[62]

21

Synthesis require
DMF

Adsorption was
suggested to be dug
to lewis acidbase
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interaction between
the anionic HASOs~
species ad the
MOF noce 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 (Il [64] 658.5 Synthesis using
DMF solvent

Other than adsorptiogMOFs mostly Febased MOFs, were proved to have an
effective photocatalytic activity for the removal of organic contamin&ush
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 MH&3-Fe under 500 W Xe lamp
irradiation[65]. MIL -53-Fe concentradn used in the study wd$ mg L%, knowing
that athigher concentrationsotal alsorption of MB dye occurred. Slighhoto
degradatiorwas initiatedunder UM Vis light irradiation in the absence ML -53-
Fe and was slightly enhanced in the presendélbt53-Fe Suchlow efficiency
was promoted by introduciregmediator such ds/drogen peroxidegpotassium
bromate and ammonium persulfate. Considerable degradation occurredightder

irradiation in the absence of MHR3-Feindicating that light alone vgasufficient for
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activating the mediator3 he degradation was enhanced, under irradiaitiotie
presence abothMIL -53-Fe andmediators.

Hu etal. studied MIL-101-Fe effect an the photo activation of persulfate for the
degradation obrganophosphorusaime retardantris(2-chloroethyl) phosphate
(TCEP)[66]. As propsed in their study, as well as other studies utilizing-based
MOFs, themechanism of photoatalysis reaction is based on the transformation of
Fe(lll) to Fe(ll) (eq. 5) which further transform PS into sulfate radiqag. 6)
allowing thedegradation process to occur by radical oxidasisshown in the

following reactiong466].

k '0Q uwuuy k "OQ (5)
Y/ "0Q 0 3/ 3/7 "0Q (6)
3/7 AT T Al RPIAUGBEDT ABGAOO (7)

Lv et al. conducted their study on degrading MB by heterogeneous Fenton process
using MIL-100-Fe[67]. In their study, it was shown that the electrostatic attraction
influenced MB adsorption over different MO&sd thatMIL -100-F&(11) exhibited
highest Fenton cataig ability compared to MIELOO-Fe. Moreover, some studies
develope modified ironbased MOFs to increase their efficiency. For example,
Duan et al. applied cobalt and copper doping on-Wi-Fe[68]. Tang and Wang
synthesized graphene oxilL -101-Fe to enhance the electron transfer process for
efficient Fenton degradation of M[@9]. All of the above mentioned irelbased
MOFsare synthesized using DMF, a carcinogemiganic solvent. Therefore, it was
essential to considan ironbased MOF that can be synthesized using a greener

environmentally friendly method. For the best of our knowledge,-88A 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, M88-A wasused in several studies for the
photocatalytic activation of persulfgté0i 72]. However, the existing studies were
conducted using relatively high concentration of MG®) mg L*[71] and ranging
from 100 to 1500 mg t[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 systerwith an evaluation of the effect of different parameters

on the performance of the system.

2. Materials and methods

2.1. Chemicals

Naproxen sodium@4H14NaOs), sodium persulfate (PS) (b&0s, O 99 . 0 %) ,
hydrogen peroxide (#D., 30% w/w),phosphate buffegfmonobasic and dibasignd
potassium iodide (KI) (puriss, 99100.5%) were pichased from Sigmaldrich
(China, Franceand Germany, respectively). Iron {lthloride(FeCk) (reagent
grade>97%) and fumaric acid4&0) wereacquired from Sigm&ldrich (France
and Switzerlandespectivey). Ethanol (absolute) was purchased from Scharlau
(Spain).Formic acid and acetonitrile @d for the HPLC mobile phase were
purchased from Loba Chemie (India) and Honeywell (Germiaspectively
Millipore deionizedwater (DI) was used in the preparation of all solutidiesassess
the matrix effect, sodium chloride (NaCl) and sodium bicarbonate (NaH@&e

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

Hydrothermal synthesis was performed in accordanttepreviously reported
procedure$/1i 73], where 1,949 mgf fumaric acid and 4,544 ngj ferric chloride
were added to a beakidted with 84 mLof DI water. The solution was then stirred
for an hour using a magnetic stirrer at 3pth to homogenizdt was later
transferrednto a 100 mLPTFElined stainlessteel autoclave bomb and heated in an
oven at 85°C foa period of24 hours. After removing the autoclave bomb from the
oven, it wagassively left to cool tooom temperaturélheformed solidsvere then
decantedcollected, washed threégnes 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 predgie was recovered each tifmgcentrifugation at
4000 rpm(G-force = 2200¥or 10 minutes. The obtained precipitate was then dried
in a vacuum oven at 10C for no less than 10 howelding 2,350+ 220 mg of

pure MIL-88-A powder

2.3. Characterization of MIL88 -A

Thepowder Xray diffraction pattern of MIE88-A was determined by a D8 Advance
(Bruker) X-ray diffractometer (XRD), equipped with copper anode mat&tamA,

40 kV). MIL -88-A powder was placed on a zebackground holder and was scanned
from 5’ to 12 (20) at a scan speef 1 step of 0.02per second. The morphology of
the synthesized material was determined using a scanning electron microscope
(SEM), Tescan, Mira Ill. Specific surface addVIL -88-A were obtainedising a

BET surface areanalyzer(Micromeritics, 3 flexsurface characterization).

Thermogavimetric analysis (TGA) of MIt88-A was performed undertrogen
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atmasphere with a heating rate of 5 A@n'* and atemperature ranging from 30 to
900 °C using a TG 209 F1 Ir{dletzsch, Germany)

2.4. Experimental proceduresand conditions

All solutions were prepareah daily basisusing DI water. NAP stock solution (100
ppm) was prepared under dark by dissolving 109.5 mg of naproxen sodiumlsalt
L volumetric flask andept stirringusing a magnetic stirrer overnight. NARBysical
properties are summarizedTiable 2SPS stocksolution (100 nVl) was prepared by
dissolving 2381 mg of sodiumpersulfatean a 100 mLvolumetric fask.For each
experment, a specific volume of the NAfock solution waaddedalong with a
correspording amount of DI water and MiB8-A to a 200 mLreactorand left
stirring for a period of 1 hour to reach adsorption equilibrium according to the
conducted adsorption isotherms in section 3.2. After whinehreaction is initiated
by spikingwith therequired volume oPSstock solution. Continuous stirring was
maintainedo ensurainiform mixing andsuspension of MIt88-A particles.Samples
of 2 mL were collected 30 sec before and afteraddition of MIl-88-A as well as
before and after the additiaof PSandevery 10 mirfor the next 40 miro reach a
total reaction time 0100 min the last sample was taken at t = 120.milhsamples
were filtered ul8mmdiscéltes{Jayded BicsaencBsILie.EUK)
and stored in amber HPLC vias £ C prior to analysisSample withdrawal timing
was varied according to specific experimental requirem@atstrol experiments
were performed either in trebsence of PS and/or MBS-A. All NAP degraction
experiments were done in triplicatesd eactsample was analyzed twice for
uncertainty determination.
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2.5. Reaction setup

For experiments in which UV was not useghctions took place 250 mL

Erlenmeyer flasks placed orsalid state magnetic stirrer of capacity ecqoasix

flasks(Fig. 1).

(b)

(©

Fig. 1. llustratiors of experimentaketups (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

reactorwith the syringe showing the sample collecting process
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For the experiments conducted under UV irradiatiompemadevatertight 110 mL
borosilicate reactors were attached radially to a labquake shaker rotisserie & speed
revolutiongmin. This mixing setupvas developed to maintaMIL -88-A in
suspensiomuring irradiation The reactors wenglaced in a stainlesteel reflector

with 2 commerciall5 8 wattsnear-ultraviolet (UV-A) fluorescent lampsf dosage

450 uwW/cniand 180 uW/crhon the nearest and farthest point to the system
respectively, obtained from insects light tragsission spectrum of the lamps
presented in Fig. #vas obtained using a modified spectrophotom&®r This

spectrum shows main emission between 350 and 400 nm lying in -4y

range.

12000
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6000 -

Intensity (au)

4000 -
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250 350 450 550 650 750
Wavelength (nm)

Fig. 2. Emssion spectrum of the UX lamp
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2.6. Chemical analysis

Quantifying NAP was performedn an HPLC equipped with a quateary pump, a
vacuum degasser, anto sampler unit with cooling maintained at 4°C, and a thermally
controlled column compartment set at 30°C. A&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 G18 (5 um; 4.0mm internal diameter 20 mm long) for the separation of
NAP and its byproductsThe HPLC was equipped with a DAD detector (228 nm for
NAP). The mobile phase consisted of acetonitrile: @1formic acid solution of
(55:45) (v/v) and was keptnder constant flow rate of 1 minint. 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 mig? (Fig. 3).
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Fig. 3. (a) Calibration curve of NAP. The error bars are calculated at 95% confidence
level. Absorbance = f\ean)* 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 coefficiemnd all statistical data including standard

deviations on variables.
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Persulfateand HO> concentratioa werequantified using a novel flow
injection/spectroscopy analytical technicqaeeording to the methods developed by
Baalbaki et al[75] and Tantawi et a[.76] respectively. The LDR of the used PS
qguantificationmethodranges betweenDand 50 mM with a limit of detection
0.0066 mM and that of ¥D> ranges betweed.01 150 mMwith a limit of detection
0.00276 mM.

3. Results and discussion

3.1. Characterization of MIL -88-A:

The XRD diffraction patteriiFig. 4b) showstsr o n g p ewmwsitioss 74,t8.7,2 d
10.4 and 11 ensuring the crystalline natur#tf -88-A synthesizedSEM images
(Fig. 4a) showed thaMlIL -88-A crystals exhiltihexagonal rodike morphologyin

the nanometescale, withsizes ranging from 100 to 800 niypical to what is
reported in literatur§/1,72] BET analysis allowed to calculate the surface area of
MIL -88-A which was found to be around 41.4408.7570m?/g complying with that
published71]. TGA analysis (Fig. 4c) illustrates a 20 % weight lossuring below
100°C attributed to thevaporation of moisture and desorptiorotifer gagsfrom
theMIL -88-A sample After which, the thermogravimetric stability remained
constantitl approximately 20®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 M3B-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 MiB8-A dose(Fig. 5). When the amount of MiL
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88-A increased from 5 to 50 mg in 200 mL reaction volume, NAP adsorption increased
from ~ 5 % to ~ 50 % indicating a constant adsorption capacity equal to 500 mg NAP /g
of MIL-88-A. Adsorption equilibrium was achieved aftare 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 sodiwsulfate 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 incregsonic strengthsulfate 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.

1
! —
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Fig. 5. Adsorption of NAP vs [MIt88-A]o. [NAP]o= 50 mg L. Error bars are

calculated ass, where absent bars fall within the symbols.
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Fig. 6. Effect of ionic strength on the adsorption of NAP. [N&P$0 mg L. [MIL -
88-Alo= 250 mg L. [PSh= 2 mM. [Sulfatej= 4 mM.Error bars are calculateda&s

where absertars fall within the symbols.

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

To determine the optimal concentration of B@ked [PS] was varied between 0.25,

1 and 5 mMThe strongest instantaneous drop occurred at the hidgrgsused =5

mM (Fig. 7) . The rebounabservedetween 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 experimemtthafte

addition of [PS].
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Fig. 7. Effect of [PS] on the degradation of NAP. [NA®} 50 mg L. [ MIL -88-
Alo= 25 mgL™ . Error bars are calculatedaa;swhere absent bars fall within the

symbols.
To determine the optim@MIL -88-A]o, it was variedbetween 25 and 250 mgtlusing
a fixed [PS§ = 2 mM (Fig. 8). High [MIL -88-A]o showed limited NARlegradation
enhancement, thus 25 mg as chosen as the best [M88-A], for cost optimization
purposesSince our objective is to degrade M838-A and notto adsorb it, then a lower
[MIL-88-A]o bettersuits our purpos€5 mg L* MIL -88-A was the lowest amount that
could be added without sacrificing practicality in experimental procedure. PS was tested
assuccessively spiked vs one time addition wheraglesspike with high
concentration, up to 5 mMhowed the best resultstime system proposed Fig. Bhus

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

60 min with [PS§= 2 mM. Error bars representing standard deviation are calculated at
95%confidence level. Error bars are calculatemd:awhere absent bars fall within the

symbols.
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Fig. 9. Effect of [MIL-88-A]o dosage iron NAP degradation upon spiking with [BS]

2 mM att =60 min and [PSF 1 mM at t = 90, and 120 min. [NA®} 50 mg L. Error

bars are calculatedalas where absent bars fall within the symbols.

3.4.Recyclability

Recyclability is an essentiphrameter when studying heterogeneous catalysis

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

conducted by which the MH88-A was recycled in four successive cycles. The recovery

process included separation using centrifiogeand drying via a vacuum oven af’@0

Recovered MIE88-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 {88A was
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recovered. This percentage decreased to 53 and #&s@cond and third cycles
respectively. The adsorption of NAP on M88-A was reduced in each cycle due to the
decrease in the amount of MBS-A added to the solution (Fig0). The final
concentration of NAP that is still available in the solutioméased 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 8&A. SEM of MIL-

88-A after recycling showed that the crystals maintainedit@ morphology; however,
lost homogeneity and changed in size, becomimmriandnore 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 pedksy. 11b).

Spiking

[NAP] / [NAP],
o o
(o)) 0]

©
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©
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=== MIL-88-A cycle F=8==MIL-88-A cycle A=se=NMIL-88-A cycle 3=x=MIL-88-A cycle 4

Fig. 10. Recyclability experiments. [NAR¥ 50 mg L. [PSh =5 mM. Error bars are

calculated ass, where absent bars fall within the symbols.
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3.5Matrix 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, thiferentconcentrations of
chloride iong77] corresponding to freshwater ([NaCl] = 200 mig) Lbrackish water
([NaCl] = 2,000 mg %), and saline water ([NaCl] = 20,000 mg})Lwere tested. The

effect of chloride ions in its different concentrations had no significance on the
degralation of NAP (Fig. 12). The effect of the increase in ionic strength on adsorption

was not expressetearly due to the low [MIE88-A]oused (25 mg £).

Spiking

1 M
<= 0.8 -
o
<
£ 06 -
&
s 0.4

0.2
O T T T T T T T
0 20 40 60 80 100 120 140

Elapsed Time (min)

—o—[NaCl]=200 ppm=—&—[NaCl]=2000 ppm-o-[NaCl]=20000 ppn—a— control

Fig. 12. Effect of chloride concentration on the degradation of NAP. [NABD mg L
1 [P90=5 mM. [MIL-88A] =25 mgL™. Error bars are calculated-aswhere 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 ftnosphate residues escaped from conventional

water treatment procesg@8]. 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 10nM, of phosphate buffer (pH = 4), simulating the pH of the system with

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

degradation (Fig. 13).

Spiking
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Fig. 13 Effect of phosphate concentration on the degradation of NAP. [INAB) Mg

L. [PSh=5 mM. [MIL-88-A]o= 25 mg L. Error bars are calculatedﬁaswhere

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 dagation of NAP in the MIE88-A/ PS system was
conducted in 10 mM phosphate buffered solutions of different pH values imitating
acidic, basic, and neutral conditions (Fig. T#)e results showed that optimum
degradation was perceived in acidic conditiquis € 4) similar to that encountered in
the control using DI where pH initial and final falls within the range of acidic conditio
tested (Fig. 1% Neutral and basic pH equally inhibited the degradation by 90 %. This
can be explained by the fact that fumacid the linker, becomes neutial acidic
conditions, since it has a pkal value of 3.03 and pk&24: Thisinduces a positive
charge on the surface BfIL -88-A. Thus more attraction occurs between induced
positive charged MIt88-A and PS anions &ling to better activation and thus higher

degradation of NAP.
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Fig. 14. Effect of pH value on the degradation of NAP. [NeP$0 mg L. [PF0.=5

mM [MIL -88-A]o = 25 mg L. Error bars are calculatedﬁaswhere absent bars fall

within thesymbols.

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
[NaHCGs] = 1 mM, the drop of [NAP] after 60 mins from spiking wits decreased

from 75 % to 30 %. The extent of decrease became more significant to reach 20 % and
15 % at [NaHC@ = 50 and 100 mM respectively. The inhibitory effec{ o# could

be attributed to the reaction between sulfate radical§ ahd (Eq. 8)yielding#/ ¥ (E

3 = 1.59 V)[79] which has moderate oxidative properties compared to sulfate radicals
towards NAP.

3/7 06060 3/ #/7 O (8)
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Also, in case of NAPan increase in the pH of the solution is noticed with increasing

( # (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 syste at different times during the experiment

pH initial pH at 60 min pH at 120 min
Control 5.21 4.96 3.95
[HCOs] =1 mM 7.98 7.31 5.20
[HCOs] =50 mM 8.51 8.50 8.34
[HCOs] =100 mM 8.54 8.52 8.44
Spiking
1 §
0.8
'9<_-|O
Z 061
& 04
Z
0.2 o o <
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Elapsed Time (min)
—a— bicarbonate]=1 mM —e=—[bicarbonate]=50 mM —e—[bicarbonate]=100 mM —o—control

Fig. 15 Effect of bicarbonates concentrationtbe degradation of NAP. [NAR} 50
mg L. [PYo=5 mM. [MIL-88-A]o= 25 mgL™. Error bars are calculated-aswhere

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 MH88-A on otheroxidants,a common oxidanti20.,

was usedThe experimental conditions for VH&8-A/PS system were mimicked for the
sake of comparison. p]o = 2 and 5 mM were used for spiking at t = 60 min. Results
showed that HD> had minimal effect on the degradation of NAP compared to that of PS
(Fig. 16), which indicates that MIB8-A in not an efficient activator of #D.. The

addition of HO. caused an insignificant drop in the pH value compared to that caused
by the addition bPS (Table 3). Knowing that the activation of®d in the presence of
Fe** is optimal at acidic conditions (pH =4 [80,81], the difference in degradation
between HO> and PS could be partially attributed to the pH of the soluEarther
investigation revealed thfH-O>] decreased by about 25% upon spiking at t = 60 min
(Fig. 1S) similar to the trend followed by R&ig. 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 [H:Oz]oon the degradation of NAP. [NA®} 50 mg L.[MIL -88-
Alo= 25 mg L% Error bars are calculatedl;laswhere absent bars fall within the

symbols.
Table 3

pH values in the reaction systems at different times during the experimentx@th H

pH initial pH at 60 min pH at 120 min
[H202] = 5mM 6.48 6.30 6.08
[H202] = 5mM + 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 UM on the proposed systewas conducted. NAP has been
proven to be resistant to UX irradiation in the absence of MI88-A. In thepresence

of MIL-88-A, no degradation was observed and only adsorption took place (Fig. 17).
On the other hand, in the UN/PS system, in the absenaeMIL -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). Taitivation was significantly
enhanced when MH88-A was added leading to the coraf@d removal of NAP within

60 min of PS addition (Fig. 17).

Spiking

[NAP] / [NAP],

0 20 40 60 80 100 120
Elapsed Time (min)
e UV/-A et UV/-A+MIL-88-A-d - UV-A+P Smbbmm UV-A+MIL-88-A+R 0= MIL-88-A + PS
Fig. 17. UV-A effect on NAP degradation. [NARP} 50 mg L. [MIL -88-A]o = 100 mg

L. [PSp=5 mM. Error bars are calculatedm—as/vhere absent bars fall within the

symbols.
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3.8.Proposed mechanism

To determine the mode of action of M88-A/PS on NAP degradation, the results of
several experiments were analyzed as follows. The variation in the initiat$B1A]
shown in Fig. 5 showed that the extent of degradation of NAP ipémdient of MH88-

A dose. However, manipulation of [RSit 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 zereorder kinetics with an instantaneous decrease upon spikihd®S

noticed by the value of [NARaken 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 MB-A blocking other species.
Sulfates also contribute to the global ionic strength of the solution, and thus lowering
the adsorption affinity of MIEB8-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 systenii72].

On the molecular level, Fe speciadVIL -88-A aretrivalent; by which, P&ctivation

can be initiated via orelectron reduction mechanigeg. 9 and 10)72,82]

k&A YO OoOKk&A "y T 9)

k&A YO ok&A vy Ty (10)
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PFe?t is produced upon the reduction®fe’” producing persulfate radicaBFe?* then
returns to its original stat®Fe**, generatingulfate radicals which are responsible for
the oxidation/ degradation of NAP molecules in the mixture.

In presence of UMA, adsorption was enhanced by 10 %, followed by a 20 % inhibition
in the instantaneous drop in [NAP] upon spiking with PS. Howeveddgeadation
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 tilDtri8 and is reported

in literature as the induction period in otherlfased catalysi®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 regenerafis?dtaused by

UV activation (eq. 5).

Persulfate Sulfate radical
" ~7 HO
3 £3 g F’J’ \s ,//JO o
¥ ) . L ) /‘_‘,. f of \ ||
¥ A A\ . b—0 — OW_&
i ~ L N \"":“—.“_‘ g \%KC'
—~ . /5\
OH
Naproxen 2
[s) *0—5—0"
D OH {|]|-
— Degradation Byproducts
\\ / Oxidation
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4. Conclusion

In this study, MIL-88-A wasprepared with the advantage of using an easy-clost,
and organic solvent free synthesis process. The material was then charaatetized
applied for the elimination of naproxen from wasenulatirg the waste water
effluent of apharmaceutical production facilittrough AOPs. MIE88-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 rhand [PS§ at 5

mM. It was found thaMIL -88-A can be used for multipleycle activation of
persulfate with no need for any regeneration steps to be ddhA effect on the
activation process was studiadd full degradation was achieved within two hours
in the MIL-88-A/PS/UV-A activated system provingIL -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 aste
formed

Principle 2

Synthetic methods should be designethaximize the
incorporation of all materials uden the process into the final
product.

Principle 3

Wherever practicable, synthetic methodologies shoultesgned
to use and generatelsiances that possess littlenartoxicity to
human health and tlenvironment

Principle 4

Chemical products should begigned to preserve efficacy of
function while reducing toxicity

Principle 5

The use of auxiliary substaeg (solvents, separation ageets, ),
should be made unnecessary whengessible and innamus
when used

Principle 6

Energy requirements should be recognized for #r@itironmental
and economicmpacts and should be minimized

Principle 7

A raw material feedstock should be renewable ratherdkpleting
whenever technically and economicgbinactical.

Principle 8

Unnecessary derivatization (blocking group,
protection/deprotection, temporary modification of
physical/chemicaprocesses) should be avoided whenever poss

Principle 9

Catalytic reagents (as selegtias possible) are superior to
stoichiometric reagents

Principle 10

Chemical products should be designed so that at the end of thg
function they do not persist the environment and ultimately
break down into innocuous degradation products.

Principlell

Analytical methodologies need to be further developed to dthow
reaktime inprocess monitoring and control prior to feemation
of hazardous substances

Principle 12

Substances and the form of a substance used in a chenoicass
should bechosen sosato minimize the potential fahemical
accidents, including releases, explosions and fires
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Table 2S [1]

Physical properties of naproxen (A

Chemical . Mol_ecular Water in Log
Chemical structure Weight " pKa | water
Formula solubility Kow
(9.mol-1) | max
0
OH
15.9 mg/L
C14H1403 230.26 (at 25 °C) 4,15 | 228 3.18
—O0
6
5
:bL - —— oz
£
~ 3 i
g
T 24
= 5 & & a & a
1 .
O T T T
60 80 100 120

Elapsed Time (min)
== i hi 8¢ Fa=pMILBS!

b Ol i hi=tae-MILB! Y &I i hi

Fig. 1S. [HO2] during the reaction timgNAP]o= 50mg L . [MIL -88-A]0=25 mg L

! Error bars are calculatedaaswhere absent bars faliithin the symbols.
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[PS](mM)

o T T T
60 80 100 120

Elapsed Time (min)

—o=MIL-88! b @t { Bel —@=MLB8! b ot {6el
Fig. 2S. [PS] during the reaction tinjdlAP]o= 50mg L . [MIL -88-A]o=25 mg L
! Error bars are calculatedﬁaswhere absent bars fall within the symbols.
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CHAPTER I I |

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

(H202) using a modified HPLC apparatus

As mentioned in project 1, MH88-A was tested for its ability to activate®k
and a comparison between the two systems,-88A/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 ¥D» quantification methods found in literature are time and
labor demanding in terms of extensive sample preparation and unaedomat
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.B. quantification was developed. It is based on
usingan HPLGDAD 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 theane 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 evaluate
method was validated using a wkHown 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-
graphite electrode; ECD, electrochemical detector; ECTs, electrochemical techniques; FRET, Forster resonance energy transfer; FA, fumaric acid; GC, glassy carbon electrode; HPLC-
DAD, high performance liquid chromatography with diode array detector; HPLC-ED, high performance liquid chromatography with electrochemical detection; HPLC-FD, high perfor-
mance liquid chromatography with fluorescence detection; HPLC-UV, high performance liquid chromatography with ultraviolet detector; HPLC, high performance liquid chromatogra-
phy; HRM, high range method; HA, humic acids; HRs, hydroxyl radicals; ISCO, in situ chemical oxidation; KTP, ketoprofen; LOD, limit of detection; LOQ, limit of quantification; LDR,
linear dynamic range; R?, linearity coefficient; LRM, low range method; OCs, organic contaminants; ORP, oxidation/reduction potential; % RSE, percent reaction stoichiometric efficiency;
PB, phosphate buffer; PEEK, polyether ether ketone; Theo, theophylline; TPPO, triphenylphosphine oxide; TPP, triphenylphosphine; UV, ultraviolet; wt¥%, weight percent.
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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
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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.
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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
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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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