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ABSTRACT

Electrochemicalfiltration technology for theremovaland degradation of ibuprofen and

bisphenol A from aqueoussolutions

Ahmed R. Bakr, PhD
Concordia University, 2017

Electrochemical filtration is a promising technology that aimgHeefficient removal of
persistent contaminants that cannot be effectively eliminated through conventional treatment
methods Multiwalled carbon nanotubes (MWNTsha carbon substratesan be employed as
filtration mediato which a DC potential can be applied for fignt electrochemical treatment.

Ibuprofen and Bisphenol ,Awo emergingcontaminants of concerhave beeneported to
exist in natural wates, influert, secondary treated effluent of wastewatard in primary and
secondary wastewater sludde this studydeadend electrochemical filtratiowas investigated
as a removal method for thesentaminantsThis technique has shown promisghe elimination
of both of these compounasdtherediction of their overall toxicity

Carboxylatednultiwalled carbon nanotubes (MWNTXOOH) were used with the aiai
increasinghe filtration efficiency forthe removal of carboxylated ibuprofen under different pH
andelectrolytic conditionslt was found that the presence of dyyctional groups can increase
the functional surface area of MWNTs and increase the filtration capacity in low voltage
applications. In high voltage applications, it was found that electnoichéfiltration is controlled
by bulk electroactive specieBoron doped multiwalled carbon nanotubes (BMWNTS) were also
studied, with the goal of improving electrical conductivity during bisphenol A electrochemical
filtration experimentslt was found tht despite previous reports describing the higher oxidative
power of doped carbon nanotubes, with the highest reported for BMWNTS, pristine MWNTs and
BMWNTs showed similar outcomes in eliminating bisphenol A.

The removal of ibuprofen and bisphenol A wasoainvestigated by using crossflow
electrochemical filtrationThe crossflow configuration shows great potential in eliminating these two
contaminants in both individual component and mixed solutions from pure and fouling electrolytes. This

outcome can maly be attributed to the crossflow mechanism and can be assigned to the horizontal shear

flow, which likely leads to a consistent surface coverage. The long residence time within the membrane



likely leads to a significant reduction in toxicity under apglivoltage. Our results suggest that the
electrochemical filtration technology has a potential for use as a polishing step for removal of emerging

contaminants from different water sources.
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Experiments were performed at room temperature using a flow rate of 2 mL/min and an MWNT
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Figure 51. SEM images, EDS and TGA analysis for MWNT blend buckypaper whAg¢is SEM

for buckypaper membrane at a surface loading of 102.5 rAg(B)nEDS analysis for buckypaper
membrane filter at a surface loading of 102.5 md/qi@) is TGA analysis for MWNTSs blend

Figure 52. (A) Breakthrough plots for the removal of 1 mg/L Ibuprofen from 10 mM NaCl and
(B) for the removal of 1 mg/L bisphenol A from 10 mM NaCl, under 0, 1, 2 and 3 V of applied
DC potential, applied pressure is 20 psi (137.9 kpajmeate flow rate is 1 mL/min and
experiments performed at room tEMPEratUle............coeeeiiiiiieeeiei e reee e 99

Figure 53. (A) Breakthrough plots for the removal of 1 mg/L Ibuprofen and bisphenol A (1:1)
mixture from 10 mMNaCl and (B) from synthetic secondary wastewater (TOC 34 mg/L, pH 7.4),
under 0, 1, 2 and 3 V of applied DC potential, applied pressure is 20 psi (137.9 kPa), permeate
flow rate is 1 mL/min and at room temperature...........ccoeeeeeeeiiieeeiiei e 101

Figure 54. (A) Electrochemical filtration flux for the removal of 1 mg/L Ibuprofen from 10 mM
NaCl and (B) for the removal of 1 mg/L bisphenol a from 10 mM NacCl, under 0, 1, 2 and 3 V of
applied DC potential, applied pressuse2D psi (137.9 kPa), permeate flow rate is 1 mL/min and
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Figure 55. (A) Electrochemical filtration flux for the removal of 1 mg/L Ibuprofen and bisphenol

A (1:1) mixture from 10 mM NaCl and (B) from synthetic secondary wastewater (TOC 34 mg/L,
pH 7.4), under 0, 1, 2 and 3 V of applied DC potential, applied pressure is 20 psi (137.9 kPa),
permeate flow rate is 1 mL/min and at room temperature..................vvvceeeeeeeeeeeeennnnnnn. 103

Figure 56. LCMS for the treatment of 20 mg/L lbuprofen and bisphenol A (1:1) mixture from
10 mM NacCl, where (A) are the overlaid LC chromatograms for mixture before treatment (Blue
trace) and after treatment (Blatraces) and (B) is MS spectra for mixture before treatment (Blue
trace) and after treatment (Black traces). Applied voltages were 2 and 3 V of applied DC potential,

applied pressure is 20 psi (137.9 kPa), permeate flow rate is 1 mL/min and at roonateraper

Figure 57. Possible degradation pathway for ibuprofen and bisphenol A during crossflow
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Chapter 1: Introduction

Increased drought conditions and wateaircityhavemadewater and wastewater treatment
a factor of criticalglobal importance from environmental, economic and security paiht
view. Therearemillions of people worldide who lack access to clean and safe water, an issue
that requiresurgentand critical attention. Over 780 million peopl®ridwide do not have
access to purifiegafedrinking water and about 4 billion do not have access to sanitized water.
Moreover, approximately 2.2 million people, mostly children under the age of 5, die of
diarrheal relateihfections eaclyear, most likelydue towatertransmittednfectious diseases
[1-3].

A major industrialsectorthat isdirectly affected by water scarcity is agriculture f@sd
production is often awater intensive process. A lackf clean water can lead to food
insufficiency andsanitation/humaiealth implicationsAlso, agriculture plays a critical role
in the suppdr and development of rural economic growth, as rural inhabitaintaany
countriesdependon agriculture aa primarysource of incomelhus, watescarcity isdirectly
relaiedto food securityhumanhealth and poverty eradication, astands as a majobstacle
to the progress of rural inhabitanis overconing longstandingpoverty and fooctoncerns
[3]. The dhermainsectors thiacan suffer from water scarcity dnelustrialfood and beverage

production andthe energy sector.

Water scarcity ismurgenproblem thaaffectsmany countriesncluding manyn northern
and eadrn Africa, as well as Mexico, Pakistan, South Afriead large parts of China and
India. In these countrieamong othes, agriculture represents a major demandthewater
supply Consequently, agriculture adtenreportedasthe first sector to suffdrom a shortage
of clean water, which results in adweced ability to maintain adequate foapita food
production,a major concerrconsideing the large populationsf thesenations Therefore,
there needs to beancerteddedicded effortto solve issuesurroundingequity of access to

water and water klcation[3].

Over the padiew decades, water conservation effdoisused on theel/elopnent oflarge
scalephysical infrastruttires, such as dams and water reseryoopreserve excess river flow

and rainwater; an effort thdtas been shown to be insufficient dope withthe growing



demands on water caused ibgreasing populati® As noted by the United Nationsater
Ai stdi buted unevenly and too much of it
(UN 2012b)[4]. It is now widely known that numerousther human activities greatly
contribue to this globalwater crisis,namely:improperwater use, polltion, insufficient or
poorly maintained infrastructure, and inadequate management systitigeting these issues

requires intense eff@toward better and widscale wateconservation

Supply of ¢ean wate has becomanincreasingly important yet cqplicated issue, due to
the growingglobal population and increased industrial contaminat@&iong with gowing
concerns about climate change. It is expected that ingkifew decadesglobal population
will increase by almost 50 percdetading to grater requirements iagricultual and industial
sectors and thuscreating further demand on the already limited supplgledn watef2, 3].
Therefore,both new sourcesf fresh water are needed while existiwgter resources need

greatemprotectiors, to fulfill the fast growing demand for clean water.

The demand a water resources makergentand innovative advances in water and
wastewater treatment technologeesigh priority Historically, the traditional approach of
supplying clean water wakrough the control ofertain parameters including turbidity, iron
ard manganese content, taste, odor, ¢@ad coliforms.Today, regulationsmandatethat a
wider scale anthrger numbeof parameters need to be hwdcceptable standards for human
consumption. These regulatioesnergedas a result ofapidly expandinganthropogenic
activities thatled to increased water contamination, dahds, the need tprovide acceptable

guality water for human use becamere sophisticated and cos}gj.

Presently, the mostidely and conventionally employed method of water and wastewater
treatmenis a treatment train made up ofittreatnentprocessesndividual treatment step
Drinking water and wastewater treatment plants are comprised of unit processare that
essentially the samén drinking water andsewagetreatment plantsindividual units are
applied in an operational successiohereeach steps a different operation undertakernth

the aimto improve the quality of watg6, 7].

Generally, mit processes can be classified into three sfageghysical stage, chemical

stage, and biogical stage. The physical staggnalsobereferred to as solitiquid separation
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techniques, anthisis the step where particulate or coarse matter is physically separated from

water.Settlingis one suchiechniquewvhereparticulate mattesettles out by gravity.

Filtration is anothephysical processhat plays a dominant role in most ut¢atment
processes. In this technique, a specific material can be used to filter suspendefdosolids
water. Filtration can be classified into two categqrieenventional filtration and nen
conventional filtration. Conventional filtration esa layeredbed of fine sand, gravel, filter
fabrics and charcoal, which can effectively reneoxiud particles, large particulatnd large
suspended solid matter. Nagonwentional filtration ussspecifially designednembranes to
remove or eliminate contaminants that cannatb@ovedhroughconventional filtration This

can be referred to asembrane filtration (micro and ultrafiltration procesf&sy].

The chemical stagacludes anyrocesssin which chemicals are addedtteatthe water.
These chemicalmay interact with soluble particulate or colloidal matter through physical
interactiors, leading to theiphysicalsepardabn from water(i.e. coagulation and flocculatipn
In another pathway of chemical processes, chemicalgeact with contaminants tomplex
reaction pathways that are mostly referred to as chemical oxidation proaisdesyever,
leading to the desiction of the soluble contaminants and the reduction of their toxic effects
[7, 8]. Physio-chemical praesgsor the physical separation of colloidal particles from water
is traditionally referred to afprimary treatmerntand in many parts of the worlslapplied as
a stanehlone stef{e.g. Montreal wastewater treatment faciljtgr as a followup step tothe
physical separation stage.

The common steps in drinking wateeatmentare shown in Figure-1. Heresettling or
pre-sedimentatiomefers tahe step of collecting water from rivers, wetls lakes and allowing
large particles or grit to settle bgravity. This is followed by oagulation and mixing
(chemical treatment) to separate colloidal particles from water by physical interaction with
coagulants. Sedimentation then follows, in which the reacting colloidal particles are then
allowed to settle bgravity and the water becomes clearer. Conventional filtratientakes
place as a further purificatipar cleaningstepremoving furtheparticulate matter, and finally
disinfection is achemicalstep that takes place by adding chemicals or spaggsde.qg.

chlorine, to kill microorganisms in water.
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Figurel-1. Drinking water treatment stages. Figaredified from[9]

The biological process is a step that is only employed in wastewater treatment, due to the
large organic lods frequently found irsewage often requiing this additional step after
primary treatmentAppropriately, ological treatmenhastraditionally beenreferred to as
secondary treatmerBiological wastewater treatment takes place entittelgughbiological
mechanisms, in which microorganisnfise. bactem), convert organic matter into inert
mineralized products or biomass. This is followedasubsequent separation or removal of
the biomass through sedimentation or clarify[6g 10]. In biological treatmentthere are
different assimilation rctions (biochemical reactions) that take place within the
microorganismal cellular structure. These reactions are responsible for the generation of
energy for the survival athe cell. The main reactions in biological procesare aerobic,
anaerobic and anoxic reactions (bacterial reactions conditions). Because aerobic
microorganisms can produce more energy through their reactions, aerobic organisms can
reproduce fasterand therefore can produce larger amounts of slumgproducs than
anaerobic microganismscan Major exampgs of themain energy producing react®by



microorganism®f differing conditions areepresented by the followinghemicalequations
(1-1), (2-2) and(1-3) [10];

Aerobic conditions (Glucose oxidation):
CeH1206 + 6C:A 6COx + 6H.O0  (21)
Anaerobic conditions (Sulfate reduction):
CHsCOOH + SQ 2+ 2H'A H2S + 2H0 + 2CQ(1-2)
Anoxic conditions (Nitrate reduction or denitrification):
2NQOs + 2H'A N2 + 2.0 + H20 (1-3)

There are three major steps in wastewaeatmentmainly employed fothe treatment of
domestic or sewage wat@rimary, secondary, and tertiary treatment-tPeatment is aninor
step that precedes primary treatmehich screens and removetep coarse material and grit
throughsettling orspecialy designed filters. The pieeatment steps sometimegonsidered
part oftheprimary treatment. Following pigeatmentsimilar to the process of drinking water
treatmentchemical treatment takes platteoughthe introduction of coagulantafter which

the coaguladmatter is allowed to settle in a primary clarifier.

Secondary treatment, in which microorganssitreak down and degrade the remaining
organic contentt ol | ows pri mary tr eat mepringry peodudof A s | udc
this process. Itheactivated sludge process, part of this sluahgeerialis recirculated into an
aeration tank to be used a substrate for aerobic microorganisAgain, similar to drinking
water treatment, aisinfectionprocess then follows$n which microorganisms that might flow
with water from secondary treatment are eliminatedughchlorination, UV irradiation, or

ozonation.

The final step in wastewater treatment is tertiary treatment, in which nutsiechss
phosphorous and nitrogen are remavé&ldese nutrients loading can cause an increase in
microbial activity, increasing the demafat oxygen that can lead teutrophication of water

bodies Figure 12 shows the different steps of wastewater treatiiggnt
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Figure 12. Wastewater treatment stages , figure ffadj

Conventional water and wastewater treatment stepssuccessful igreatly improving
water qualitythrough theremowal of coarse matter and griind bylargely reducing major
parameters agispended solids, chemical oxygen demand (COD), biological oxygen demand
(BOD), and nutrients (phosphorous and nitrogen). However, these processesthasen
able toremove other persistent contaminamtsd refractoy organic contents emerging
primarily from different industrial processesplicitly. These contaminants have begeported
to exist in water sources including natural water, wasteyatdrsecondary treated wastewater
in a wide yet significantange ofconcentrations. Such contaminants are reported to be of great
concerndue to adverse effexcton human healtrand are widely known as emerging

contaminants (ECs).

ECs not onlyrefer to chemical compoundsbut also include emerging microbial
contaminants surcas bacterial pathogens, viruses, protozoa, and antibésigtant bacteria.
The source of emerging microbial contaminant&newn to befecal contamination. Fecal
contaminatioroften ends p ineffectively eliminated in sewage water treatment plardstaus
is discharged to surface water in some parts of the world, or contagsodtand agricultural
water in most otherld 2, 13}



Due to thenovel nature and rudimentacgpacity of analytical andetection technologies
over the pastfew decades, and due to the extremely numerous number of chemicals and
pathogens thahave been entering the environment, thesea great concerihat toxic
contaminants have begmesent in the ecosystem forsgnificantly extendedperiod, and
therefore humans and animals have beeng exposed to these chemicdls3-16]. For
example, ae of the major techniques of analysis and detection witkelyse is mass
spectrometry. fiis techniquavas traditionally employed in the passcreen and target known
contaminantshowever, atow resolutiors (e.g. triple quadrupole detecthr$riple quadrupole
detectorsare mass filters allowing only previously selected molecules to leetddtThis
approach ray have resulted im countless number of chemicals and transitiorpimducts
going undetectefl7]. Today, pulsed ionization technology could be executed through time of
flight detectors (TOFs) with numerous advances at satisfactory rates. Suchchppyokl
allow the accurate detection of bulk molecules with high resolution and could provide high
practical mass ranges compared to classic quadrupole and magnetic mass anbgreéose,
to beproperly able to track and estimate thetualscale ofthe ECs problemcontinuous
advances in analytical and detection technologies are of critical importance.

Persistent chemicals of emerging concern (CEs@she primarily from a variety of
industriesand are expected to be foundndustrial wastewater anddustrial discharge. Some
common categories of CECs grkarmaceuticalgoverthe-counter and prescription drugs),
personal care products, plasticizedtame retardantsand pesticides. These are considered
major categories due their massiveproductian and consumptiowolumes. Gher categories
of concernare surfactantsynthetic hormonesandchemicals of commercial useThis can
include sucralosgan artificial sweetenangested in food and drugs which is omplgrtially
absorbed in the digestiveattand isnow widely detected in sewage wastewater and classified
as a persistent chemicallso of a persistent nature, antimony, used as a catalyst in the
production of plastic bottles, is leached frolagtic bottles made of polyethylene terephthalate
(PET). Siloxanesare persistent compoundargely used in consumer products such as
cosmetics, deodorants, soaps, hair conditioners, hair dyes, car waxes, baby pacifiers, cleaners,
furniture polistes, and waterepellent windshield coatings. Synthetic rkgjsised as fragrance
additives in perfumes, lotions, sunscreens, deodorants, and laundry detemgeatsrently

known toexistwidely throughouthe environmenandcan accumulate and affect wildlif3,
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16]. Nevertheless, these arely a few of the numerous chemicals afpersistent nature that

can bedetected in water and wastewater.

One of the main pathways to E€zposureis the discharge of municipal wastewater
effluent and treated sludge, migilbecause treated sewage water and treated sludge can be
appliedto agricultural lands. Treated sewage sludge (biosolids) is often used as fertilizer or
soil conditioner, thus leading to the release of B®sughleachingwhich cancontaminate
surface ad ground watefThe other maisources of exposure to ECs are industrial wastewater
effluents, untreated wastewater from industrial facilities, effluents from poultryfesedd
animal farmsfacilities in which antibioticare used foveterinarypracticesand agricultural
runoff that can contain pesticides)dFigure 13 shows the different pathways of exposure to
ECs[13].
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Figure 13. Different pathways of exposureE€s, figure fron{13]

Therefore, ithas becoma matter of necessity to develop innovative methoddiminae
these harmful contaminants from different water sources béffeveater carentergeneral user
treated wastewater can be discharged to vimteies[12-16, 18, 19]



The inability of conventional water and wastewater treatment processamowe CECs
lays mainly in the lack of effective cheralcpathways, which incorporate powerful reactive
species capable of interacting with and decomposing these recalcitrant chemicals. Therefore,
current and future efforts must focus on developing effective methods that are capable of
incorporating chemicaleaction pathways and enhancing these reactions by energy incentive
meansTogether with integrating other physical processes e.g. micro andilierigon, this is a

subject of crucial importance to overcome the problem of existence of ECs in nature.



Chapter 2: Literature Review and Thesis Motivation and Objectives

2.1Emerging Contaminants

Emerging contaminants (ECs) are chemicals and pathog@astiziularconcernin recent
yearsdue to their emergencetineenvironment by anthropogenic agcties, mainly industrial and
technologicalprocessesOf the most concerning ECs to exist in natungharmaceuticaland
endocrine disrupting chemicals (EDCare critical, due to theirreported health impagtand
resilience against conventional treatmstefps. Ithas recently beereported that as many as 200
unigue pharmaceuticalfiave beerdetected in river waters and secondary treated wasteswater
around the world with concentrations ranging from 10 ng/L up to 6.5 mg/L (e.g. ciprofloxacin)
[15]. This continuoushuman and animaxposure to theggharmaceuticalsanhavean impacbn
vital organssuch as the&idneysor liver, along with other reported health effectalso, the
propagation of antibioticesistant bacteria as a result of continuous exposure of bacterial cells to

antibiotics isof mounting concerifl5].

EDCs are chemicals used in the manufacture of household products anedgsbiow
toxic effects uporproonged exposure. The production quantities of some EQCg. Bisphenol
A), aresignificant It has beemeported that over six billion pounds of bisphenol A are produced
daily worldwide[20]. Bisphenol A is frequently used as a starting chemical in many industries
including the production of adhesives, plastics, powder paints, thermal paper and paper coatings,
andepoxy resins among many others. The reported concentrations ofrfmsphie wastewater
are 0.07 to 150 e€g/L, moreover bisphenol A was:s

wastewater sludge in conaexqtrations of 0.013

2.2 Advanced Oxidation Processes

Due to the existence of harmful and resilient chemicals in water sources, the research
community hagledicated time and effort to provide effective, innovative methodologies for the
removal and eliminationf these chemicals from water. Advanced oxidapoocesses (AOPS)
have beenvidely explored inthefields of water and wastewater treatment due to the capacity of
these methods tteveragepowerful oxidative pathways, leading to efficient degradation and

removal of recalcitrant contaminants. Different R©that have been explored and sheame
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successfubutcomesnclude ozonation, UV photolysis, UV photocatalytic oxidation (UyéD
UV/H20z), and electrooxidation. In the following subsections, a brief overgiezsach methods

provided.
2.2.1.0zonation

Ozondion is the process of sparging wastewater with a controlled amoredaiveozone
gas which decomposeinto reactive hydroxyl radicals (Cf)—lwith oxidative power. Ozone can
attack and interact with organic molecules in two separate phases, the ggspkdich ozone
gas (Q) molecules can react with C=C bonds via a cycloaddifmming unstable adducts. The
formed ozone adducts then tend to decompfisening oxides.Another pathway for ozone
interactionis the aqueous phasehereozone decomposén water forming hydroxyl radicals that
can interact with organic molecules in different pathways including oxygen addition, hydrogen
abstractionand electron transfer, leading to oxidation and subsequently the degradation of the

organic moleculeR23-25].

Controlling water pH can control the norm of ozone and its interaction with water
contaminantsAt acidic pH, it is expected that ozone will be more stable in the gaseous phase
ozone (@), while in alkaline pHit is anticipatedthat ozone (&) will be more unstable and will

decompose into OMadicals and other oxidants, according to equai{@+1§ and(2-2) [24];
O3+ OH A HO2 + O (2-1)

Os+ HO; A OHM OA+ 0, (2-2)

Figure 21 shows the mechanism of interaction of gaseous phase ozone with unsaturated
hydrocarbons. The reaction of ozone starts with attacking the cis C=C lvotitks organic
molecule, leading to the formation of unstable ozonide, which decomposes forming oxide
product$23].
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Figure 21. Reaction of gaus phase ozone with C=C forming unstable ozonide followed by

the formation of oxide byroducts

The ozonation system is not restrictedoiat in most cases consists of a sedimentation tank
connected to a treatment tatdkyhichan inlet fromanozonegenerator is connectetihe function
of the ozone generator is to create ozong {lOm the UV splitting of diatomic oxygen &) and
coupling of the formed reactive monoatomic oxygen (O) with diatomic oxygen in a separate
chamber to form ozone (Figure®shows ozone formation reactions in ozone generator). The
formed ozone is then sparged into the treatment tank containing the contaminated water where it
is allowed to react with the contaminants. Ozonation can disinfect water and oxidize organic and
inorganic contaminantsreated water effluent is collected from the treatment tank (Figje 2
and stored ira treated water storage tafle successive tanks are connectetubyng and the

water flows byapplication ofpressure.

Disinfectiontakes placemainly through the interaction of microorganisms with gaseous
phase ozone, whil¢he oxidation processccursthrough the interaction of the organic and
inorganic content with powerful hydroxyl radicg®sl, 26:28]. Augmentation of hydroxyl radicals
during ozonation can be assistadoughthe addition of adequate amounts of hydrogen peroxide
to the system, which can interact with ozone leading tdutttkeer formation of hydroxyl radicals
[29].
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Figure 22. Wastewater ozonati treatment system, figure frdi30]
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Figure 23. Ozone generation reaction catalyzed byfdy or high voltage application, figure
from [31]
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Lin et al. [29]studiedthe ozonation and hydrogen peroxide assisted ozonatierat@
0O3/H20») treatment of two groups of antibiotics, sulfonamides and macrolides, which are reported
to exist in treated wastewater and receiving water bodies. They obskataémoval kinetics
were faster for sulfonamidas compared to macrolides, due to the aromaticity and presence of
more C=C in sulfonamides. The removal kinetics for the molecules containing the unsaturated
C=C, (e.g. sulfamethoxazole, sulfadimethoxinmelssulfamethaziretook place faster and more
efficiently at low pH, due to the predominance of the gaseous phase ozone tleffictantly
attack C=Chonds

The removal of erythromycjrwith its fully saturated structurevas more efficienait a
higher pH or withtheaddition of HO», due taahigher production of unselective hydroxyl radicals
in these conditionf29]. Hollender et al. [32ktudied the elimination gfharmaceuticalsamong
numerous micropollutantsia ozonation followed by sand filtration. They found that compounds
containing aromatic rigs, amine functionsand double bonds, such as sulfamethoxazole,
diclofena¢ and carbamazepine were more readily removed by ozonation and wattkiastics
thanamong other observed micropollutants. They also observed that the production of harmful by
products like N-nitrosodimethylamine, was very low and in texzeptableange of potable water
standard$32].

In most cases, this process has shown positive outcomes hiigh removal efficiency
however,on the other handt requires a lot omechanicaparts includingubing pumps, valves,
andelectrical conections in addition to the multank system andhaintenance. Moreover, the
processonsumes aigh amount ofenergy, due to thgeneralbperational energsequirement. In
some caseghis process requirdsng operation timeso achiewe complete removal fotarget

contaminants, especially at low influent concentrations.

2.2.2.UV photolysis

Ultra-violet photodegradation or UV photolysis is the process of subjeatimgyganic
substrate to a specific wavelengtmoftvisiblelight radiation(254 nm) resulingin the excitation
of the electrons of the organic molecules to the outermost energy level, makigohe reactive
with surrounding water species, such as dissolved oxygen. Subjecting the organic molecules to the

254 nmlight, which is the optimum UV wavehgth of light absorbance by natural organic matter
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(NOM), can also lead thomolysisof the organic molecules formimgactiveorganic radicals that
can interact with molecular oxygen. Indirect photolysis is angth#érway that can take place
during UV photolysisandis commonly detected with dissolved organic matter (DOM), in which
DOM can be excited to a triplet stat®QM*) that hashigh reactivity and can interact with other
organics and degrade or deform them. In this pathway the DOM are calledgisitizes, and
they can also excite diatomic oxygémroughenergy transfeinto more reactive singlet molecular
oxygen {Oy) [33].

The UV photolysis setup consists of a reactor tank with a thermostateantbtheter for
water temperature adjustment and monitariffyisreactor tank is subjected directly to a UV lamp
(Figure2-4).

Stirrer
e
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Figure 24. UV photolysis bench scale reaction system, figure {@th

According to previousstudies UV photolysis is one of the least successful treatment
methoddor considerable removal of orgargontaminantsThe limited outcomes of this process
aredue to the lack o powerful oxidizing species, as this process mainly dependstbngsthe
organic molecules to a reactive stat@ith the hopeo interact with less reactive oxidizing agents
(i.e. molecular oxygern84-41]. De la Cruz et al. [42§tudied the removal of 22 micropollutants

including pharmaceuticalsf emerging concerrusing a pilotscale UV photolysis unit equipped
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with resevoirs of ferric chloride and hydrogen peroxide, for the application of U@Hand

photoFenton procesd hey concluded that an overall remoparcentag®f only 26% could be
achieved by UV photolysis for all studied compounds and that the removal pgeemas
collectively33% forthefive targetedcompoundscarbamazepine, diclofenac, sutfeethoxazole,
benzotriazoleand mecoprop. Only two of tlstudiedmicropollutantgdiclofenac and ketoprofg¢n
could be removed tess than 1%, while no otherindividual pollutantachievel more than 48%

removal[42].

Kim et al. [43]studied the removal of 41 pharmaceuticadsluding 12 antibioticsusing
UV and UV/H0,, finding thatsignificantremoval by UV photolysialonecould be observefbr
very few pharmaceuticals such as ketoprofen, diclofeaad antipyrine, ananly with the
introduction ofsignificantly high dose ofUV light. However, H,O, assistedphotolysis could

achievegreaterthan 90% removal for 38f the 41pharmaceuticals &wer UV dosage[43].

2.2.3.UV photocatalytic oxidation

In the UV photocatalytic oxidation processienhancemernh the poduction of powerful
oxidizing agents (i.e. hydroxyl radicals) from the decomposition of oxidants (e.g. ozone and
hydrogen peroxide) takes place by the photolysis of the introduced oxidants in the reaction system.
Therefore, this process is aimatadvaning and improvng the oxidative performance of other
procedures(e.g. ozonation, hydrogen peroxide oxidatioand UV photolysis In UV
photocatalytic oxidation, a UV lamp afspecific wavelength is placed within the reaction system
in which the oxidanbas beenntroduced. The introduceakidant is subjected to the UV light
which excites the compound, leading torgadydecomposion into other oxidizing agents as
hydroxyl radicals, which have a superior oxidative power. The formed hydroxyl radieals th

interact with and degrade the organic contaminants.

This procesdasproven successful in removing various refractory organic contaminants
with extraordinary removal efficiency. However, this process requires complex installations
including ozone geneiars, electrical connectiongybing valves, pumpsand ozone scrubbers.
Figure 25 shows adiagram demonstrating dV photocatalytic degradation setup. The use of
hydrogen peroxideayrequirgincasest he i ncor poration ofrodessnt onés

which is the catalyzed production of hydroxyl radicals from hydrogen peroxide by the use of
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metallic elements like iron oropper ions, in order to further improve the process outcq8#es
42, 44, 45] conbining the Fenton chemistry with UV photocatalytic oxidation is known as photo
Fenton processThe addition ofa subsequent muktieaction tank systerfor the achievement of
higher removal capacitypf emerging contaminants from wastewater can be an adalitio

shortcoming tahe economic efficiencyf the proces§3].
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Figure 25. UV photocatalytic oxidation (UV/€) unit, figure from[44]
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Tail-gas Treatment

Rosenfeldt et al. [3&tudied the removal of three ED®ssphenol A, ethinyl estradichnd
estradiol, using UV photolysis and UV4EL. They observed that during UV#8., degradtion
efficiency was greatly enhanced due to the production of hydroxyl radicals with irradiation below
300 nmascompared to UV photolysis that hadower degradation efficiency and only at UV
ranges 0f220-230 or 276290 nm. The secordrder rate constas for the UV/HO, were
developed through a competition kinetics model to determine hydroxyl radical concentration as a
final result, and the rate constants showed fast kinetics for the decomposition of the BEDCs
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It was reported that the combination of UV during ozonation is not alwayessfat
Esplugas et al. [46hvestigated the efficacy of the different AOPs;, Qs/H20,, UV, UV/Os,
UV/H20;, Os/lUV/H20,, and Fé*/H,0;, for the removal of phenol. They concluded that none of
theozoneassisteghrocesses (€H20., UV/Os, and Q/UV/H20,) could lead to any improvements
as compared to sole ozonation, with the best outcome at high pH. It was concluded that the
inclusion of hydrogen peroxide and UV hadlight adverseeffect on the ozonation results. This
result indicated that the assisted ozonation processes rhaghg an inhibitory effect on the
hydroxyl radicals produced from ozqmather than an enhancing effeat,negatively affect the
stability of gaseous phase ozone. For the W@4it was observed th#the degradation rate was
five times faster thathat of UV photolysis, and the B&H.0, had the highest degradation rate

among all processes, due to [46he incorporation

2.2.4. Electrooxidation

Electrooxidationor electrochemical egradationis a technologyn wastewater treatméen
that relies orthe application of/oltage or current to degrade aqueous organic contaminants. The
degradation pathways in electrooxidation are numeus not all pathways are clearly known,
though, thee exiss a vastbody ofresearch discussing this proc@ssvastewater treatment. The
major known electrochemical pathways atiect and indirect oxidationElectrochemical
oxidationtakes place when two conductive materials (electrodes) are placedwithireaction
medium and are connectedaioexternal power supply faoltaic (potentiostatic mode) or current

(galvanostatic mode) application.

Direct oxidation takes place when organic molecules are adsorbed on the positively charged
electrode (anodegnd are oxidized via direct electron transfer from the adsorbed molecules into
the anode, without the involvement of oxidative intermedidelrect oxidation takes place when
organic molecules react with oxidative intermediates through a chemicabneauod are oxidized
by the intermediates througtfternatereaction pathways, like oxygen addition, electron transfer
or hydrogen abstractioj 7-56].

One of the key factors affecting the electrochemical pedooe of theelectrooxidation
process is the electrode material, whid@sa major influege onthe production of electroactive

species and the limitation of parasitic or unwanted reactions. Heterogeneous water oxidation and
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oxygen evolution is m extremeunwanted (parasitic) reactiprtausng the consumption of
electrode surface active sites, loss of reactixggen, andincreased surface hydrophilicity.
Therefore, this parasitic reaction limits hydrophobic adsorptithus restriaghg the direct
oxidation,and increagsg energy consumption. Electrode materieds beclassified into active
electrode materialge.g. platinum (Pt) and stainlestee), and inactive electrode materidésg.
boron dopeediamond (BDD), tin dioxide (Sné)and lead dioxide (Pb{). Inactive electrodes are
preferred for use ithe electrooxidation of organic contaminants due to their high overpotential
for water oxidation and oxygen evolutiobhus theycan providea wider potential window for
oxidation of organics Moreover, inative electrodes provide a better catalytic surface for the

production of powerful oxidants like hydroxyl radicf-62].

One of the majodrawbacksf the electrooxidation process for wastewater treatment is the
high cost of manufacture for inactive electrgdglsis the need for mulelectrode systemto
achieve maximum removal efficiencilso, the process may requiegtendecperation hours to

achieve complete removal of trace organic contaminants.

A widely employed advancement to electrooxidation is the eldetmaton advanced
oxidati on, i n which Fentondés chemistry is 1ini
enrich the system with hydroxyl radic@8-67]. IntheelectreFenton process, hydrogen peroxide
decomposes into hydroxyl radicals under the catalytic effect of dissolved iron species in the media.
An advantagef the electreFentonmethodover conventional Fenton oxidation is that thesiiii
geneation of hydrogen peroxide can take place within the reaction media from the reduction of
dissolved oxygen, according to equat(@r3) [66, 68}

Oz + 2H' + 2 A H20; (2-3)

Electrooxidation is an advantageous qassas compared to traditional chemical and
biological oxidation processes, in that electrooxidation doeswvetly require the addition of
chemicalsthat chemical oxidation processes® (e.g. permanganate oxidation and conventional
Fenton oxidatiop Electrooxidation can work with hazardous industrial chemicals, which can
suppress biological processes by killing ioactivating bacteria. Furthermore, and unlike
biological methods, electrooxidation does not hawpecific temperature requirement amaks

faster kineticsA furtherdrawbaclkof theelectrooxidation process is thiggh-energyconsumption,
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which is mainly due to mass transfer limitations. Figuré &8hows a representation of a water

treatment unit usingnelectrochemical oxidation process.
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Figure 26. Electrochemical oxidation (batch electrolysis) unit and reaction system for
wastewater treatment, figure modified fr¢@9]

Ciriaco et al. [62]studied the electrodegradation of ibuprofen on Pt/TifP4t@ Si/BDD
anodes. They concluded that anodic oxidation was e#igientin the degradation of ibuprofen
using both materials, with sligiitbetter removal efficiency and cunteefficiency with BDD at

lower current densities. It was found ttatoughincreasing the current density by 10 mAfcia
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significant deterioration in the current efficiency was observable with the BDD electrode. This
indicatal that water oxidation andxggen evolution increaseleading to the loss of the reactive
hydroxyl radicals formed at the BDD surfaddowever,in case ofthe Pt/Ti/PbQ electrode,
increasing the current density by the same value did not alter the current efficiency to a great
exter, indicating that oxidation is predominantly diffusion controlledioaPt/Ti/PbQ electrode,

and that oxidation of ibuprofen takes place predominantly at the elesuidde€62].

Cui et al. [59]studied the removal of bisphenol A using four different electrodes, Ti/BDD,
Ti/Sbi SnG, TiI/RuG: and Pt, in a batch electrolysis system. They concluded that BDD and Ti/Sb
SnQG had the highest effectiveness in eliminating the contaminant and reducing its toxicity at a
current density of 10 mA/ctduetot h e e | digherpatemtalsod oxygen evdlan anda
higher anodic potential for BPA oxidation. The capacity of the two inactive electf®B&sand
Ti/Sbi SnQ) in producing reactive hydroxyl radicals at their surfaces, allowed them to have a
much higher oxidation powascompared to Ti/Ru®andPt. However, when the current density
was increased to 50 mA/énthe instability of the Ti/SISnG electrode was indicated lagradual
increase in output voltage, which suggested the deactivation of thde&e0of the electrode and
ageneralstructuel deterioration. Passivation of the TifSnQ electrodewas also observed, all
of whichpoint to the superiority and durability of BDD and its ability to perform bettetbiroad

range ofcurrent applicatios[59].

Murugananthan et al. [5&tudied the anodic oxidation bfsphenol A using BDD aan
anode in a galvanostatic mode of operation. They found that the rate of mineralization of bisphenol
A is highly dependent on the applied current. Operation time to reach total mineralization of the
contaminant was observed tealease significantly witAn increase iourrent density, which was
attributed taheenhanced generation of hydroxyl radicmcreagdcurrens andimprovedmass
transfer kinetics. They also deduced that electrolytic species almajor role in theindirect
oxidation of the target contamingi. the formation of reactive peroxodisulphateQd§?) from
the oxidation of sulfate iofpsFrom cyclic voltammetric studies, the authors obskevelear
fouling effect of bisphenol A on the BDD electrod&idg electrochemical degradation, indicated
by adrop in oxidation current peaks with subsequent sweep cyidhs fouling effect could be
controlled and removed by increasing the hydrophilicity at the BDD electrode surface through

raising applied currénwhich results inanodic polarization in the potential region for water
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oxidation on BDD electrode (>2.3 Vand thus decreasing the surface propensity to polymeric
fouling. Therefore, the solution this problem would require a high potential applicatwhich

would lead to loss of considerable amounts of reactive hydroxyl radicals into oagydastantial
disadvantage. The complete mineralization of bisphenol A during different applied conditions
indicated that the main oxidation pathway is througkraction with hydroxyl radicaldn this
study,pH also played a significant role in the process. At pH 10, it was observed that mass transfer
kinetics were enhanced due to the deprotonation and increased negative charge on bisphenol A,
which made the wiecule more readily attacked by the electrophilic hydroxyl radiéalsvell, in

this studya comparison between BDD, platinuamd glassy carbon electrodes showed that BDD

is the best in removing the target contaminant under different applied confbfpns

Flox et al. [56]investigated the performance thie BDD anode in comparison @mPbQ
anode mn theremoval ofcresols during electrochemical degradation. The authors concluded that
overall, BDD showed more degradation power for the target contaminant, attributed to its ability
to generatanore hydroxyl radicals at its surface, which becomes fa@er unselective at the
surface Wherea$bQ generatd more adsorbed hydroxyl radicals to its surfadeichin general
known to interact slower and more selectively with adsorbed organic molg¢b6leg0, 71]
However, the degradation rate was found to be slightly faster opeBb@mpared to BDDmainly
attributed to ayreatereadiness or faster kinetics in the interaction of #O&) with m-cresols
and its formed byroducts than BDD(OM[56].

2.3. Thesis Objectives and Description of the Implemented Process

Electrochemical filtration technology hadvantageousharacteristicascompaed to other
AOPsreferred to in the previous section. This process shmggieness thecombiration ofthe
advantages of therocesses mentioned abowmnd at the same time avoiag most of their
limitations. Electrochemical filtration processrequirenly simple installations and automation,
can overcome solute transfer limitatipressuling in longer operatioml times, and can provide-in
situ generated reactive electrolytic species with oxidatapabilities Electrochemical filtration
is a multi-aspect,yet simple process that combines adsorptive filtration and electrochemical

degradationpffering excellentoveralltreatmentapacity yetsignificantefficiency.
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In this thesis, two different modes of electrochemical filtrati@nestudied with tle aim of
delivering a comprehensive overviest electrochemical filtrationT h e eadieddd mode was
investigatedwith the aim of investigating the flothrough mechanisrfor the removal otwo
contaminants of emerging concern, ibuprofen and bisphenol &k ialectrochemical filtration
process. The benetale deagnd setup used is a simple combination of two electrodes, one a
metallic cathode and anothesvmprised omultiwalled carbon nanotubes (MWNTS) as a carbon
based filter anode. The two electrodese constructed within a flow through filtration holder
made of polypropylene and connectedatoexternal power supply using wires and clips (Setup
images can be found in ApperdD). The ability of deagbnd electrochemical filtratiofor the
removal of tke two ECs of growing conceyibuprofen and bisphenol,Aas not beepreviously
discussed. Moreovedeade nd el e ct r o c habihty tecranhovirfg bthet viareoisiEGsn 0 s
foundin different sourcevaters hasiot been showrenough concern itheliterature. Therefore,
the main objectivesf the deaeend electrochemical filtration study in this thesis wewexplore
the capacity othe electrochemical filtration process removal ofthese two contaminants
understandlifferent factors that contsute to process performandiee adjustnent ofthe various
critical parameters teeinforce theprospects of this process, and to increase the process potential

and overcome its limitations.

Crossflow mode was also employed in an electrochemical filtrgtioness. Crossflow
electrochemical filtration setup consisted of a flat sheet holder with one inlet (Feed) and two outlets
(Permeate and concentrate). MWNdlend buckypaper, which is a blend of MWNTSs of different
dimensions possdgg resistance to shediow, was employed as a dual membrane electrode
(Setup images can be found in Appendix D). This crossflow setup was not previsediy an
electrochemical filtration process for the aim of removing ECs of emerging concern. Rather,
crossflow modehas ben thoroughly experimenteth micro and ultrafiltration processes for
wastewater treatment in previous studies, with the purpose of providing a membrane antifouling
capacity under the shear flow. Therefore, in this stagyimary objective wado testthe shear
flow mechanism in a crossflow electrochemical filtration process for the removal of ibuprofen and

bisphenol A ando compare the findings to those from desad electrochemical filtration.

The investigation of carbon nanotubes (CNTsgjir capadiy, as well as limitationsas a

filtration substrateand electrochemical filtration was given more concern and deeper insight in
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this studyascompared to previous studies. MWNTSs were employed as electrochemical membrane
electrodes and filtration matelsa The choice of MWNTSs was due ttee famoudy advantageous
characteristics oh large specific surface area, excellent conductiatyd adsorptive affinity to
organics.
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Chapter 3: Electrochemical Efficacy of a CarboxylatedMultiwalled Carbon Nanotu be

Filter for the Removal of Ibuprofen from Aqueous Solutions under Acidic Conditions

Abstract

In this chapternsighssinto the efficiency of a functionalized multiwalled carbon nanotube
filter for the removal of an anthflammatory drug, ibuprofen, thugh conventional filtration and
electrochemical filtration processes, is provided. A comparison was made between carboxylated
multiwalled carbon nanotubes (MWNTXOOH) and pristine multiwalled carbon nanotubes
(MWNTSs) to emphasize the enhanced perfornreant MWNTsCOOH for the removal of
ibuprofen using an electrochemical filtration process under acidic conditions. lbupeaienal
trials were evaluated based on absorbance values obtained using a UV/Vis spectrophotometer, and
possible degradation prodactvere identified using liquid chromatograpimass spectrometry
(LC-MS). The results exhibited near complete removal of ibuprofen by M\AQO®H at lower
applied potentials (2 V), lower flow rates, and under acidic conditions, which can be attributed to
thegeneration of superoxidgeciesand their active participation thesimultaneous degradation
of ibuprofen, and its bproducts, under thesgrcumstancesAt a higher applied potential (3 V),
the possiblénvolvementof both bulk indirect oxidation reions, and direct electron transfer were
hypothesized for the removal behavior over time (breakthrough). At 3 V under acidic conditions,
a near 100% elimination of the target molecule was achievetiich can beattributed to the
enhanced generation of eexactive species toward bulk chemical reactions and possible
contributiors from direct electron transfer under these conditions. The degradatfmodhycts of
ibuprofen were effectively removetirough the allowance débnger residence time during the
filtration process. Moreover, the effect of temperature was studied, yet showedigmficant

effect on the overall removal process.

Keywords Multiwalled carbon nanotubes, electrochemical filtration, electrooxidation, ibuprofen
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3.1Introduction

Carbon naotubes (CNTs) have been shown to be uniquely successful in their ability to
remove organic contaminants and pathogenic microorganisms through filtration and
electrochemical filtratiorf72-76]. A comprehensive stydof the aqueous dye oxidation reactive
transport mechanism during electrochemical filtration was conductédubgt al. [74] In this
study, a sixfold enhancement of mass transfer was observed during electrochemical filtration as
compared to thabbservedduring batb electrolysis. This improvement was related to the
convection mass transport of organic molecules to the electrode surfacéyardelynamic flow
[74]. In anothestudy; it was reported that multilayer CNTs supported on a polyvinylidene fluoride
substrate jntegratedto provide more stabilityand flexibility for the filter, can be efficiently
employed for the mineralization of nitrobenzene by sequential reduction/oxidation pcess
using CNTs as both the anode and cathode mafé@hlMoreover,Rahaman et al. [72eported
on the efficiency of a CNT filter for the removal and inactiwatiof viruses through

electrodisinfection.

The adsorptive ability of CNTs for the removal of various organic contaminants from
agueous solutions has also been previously investigaltea. et al. [77¢liscussed the efficacy of
MWNTs graftel wi t h met hyl me t h a c r-dichlaihated hiphenyl. ihey r e mo \
reported that such surface modifications could enhance the ability of M\iéNiree removal of
the target molecule with an increased thermal stability due to strong adsorptioa model
contaminant on the modified surface. The stefatructure and the nature of CNTs related to the
adsorption of organic molecules was also investigated by molecular dynamic (MD) simulations in
a study investigating the adsorption of perfluoraaesulfonate on singlealled carbon
nanotubes (SWNTSs). Factors such as the size of the CNTs and electrostatic interactions were
observed to have significant influences on the affinity of adsorption. It was concluded that
adsorption of perfluorooctanesuffate on SWNTs was controlled by hydrophobic
interaction§78]. Moreover, theisefulapplication of CNTs as a substrate for the growth of boron
doped diamond (BDD), a widely used material for electrode fabrication in electrochemical
wastewate treatment, was introduced, and a methodology to increase the -tiydrle

capacitance, decrease impedance, and enhance the current collectionwaBpidposdd9].
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The presence of pharmaceulscan surface and ground water is an emerging aondee
to their persistence antheir harmful effects on human and aquatic ecology. Several
pharmaceuticals (e.g., ibuprofen, naproxen, sulfamethoxaaaleopromide) have been reported
to escape primaryeatment and exhibé# resistance toompleteremoval in subsequent biological
treatmerd[80]. Antibiotics have been shown to be resistant to conventional biological methods of
wastewater treatment; therefore, an efficient methodologthéoremoval of antibiotics requires

the application of other advanced treatment processes.

Electrochemical degradation is a subject of ongoing interest for researchers working in the
field of environmental science and engineering. The complete removaheofantibiotic
sulfachloropyridazine by electrooxidation was investigated on both BDD and platinum anodes,
and it was shown that completéminationof the antibiotic could be achieved on both types of
electrode materials under the conditions of Fentomgtey with sufficient residence tin[é3].
Electrochemical degradation of nitrobenzene was also successfully achieved using fabricated
titanium dioxide nanotubes/antimoapped tin dioxide/lead dioxide electrodes wahhanced
electrochemical stability, increased potential for oxygen evolution, and enriched formation of
hydroxyl radicals foithe electrooxidation of the carcinogenic molec{id]. Motoc et al. [81]
investigated e electrochemical degradation of ibuprofen  -[442-
methylpropyl)phenyl]propanoic acid) on multiwalled carbon nanotube/epoxy (MWCNT)and
silver-modified zeolite/multiwalled carbon nanotubpoxy (AgZMWCNT) composites and found
that AgZMWCNT provided better electrical conductivity, larger active surface areas, and better
electrooxidative removal performance of ibuprofen than MWCNT. However, studies on the
efficiency of CNTs for the removal gbersistent organic moleculesuch as ibuprofen by
electrochemical filtrationare notably absent in the literature. Electrochemical filtration resiov
contaminants ttough adsorptive filtration, as well as electrochemical degradation of the target
molecuesthroughapplied voltage. Moreover, this process overcomes solute transfer limitations
faced bycurrentbatch electrochemical processin which the contaminants are degraded through
direct electron transfer onto the electrode surface. Thereforenétisodis advantageous over

conventional batch electrolysis, in regards to time requirements and overall energy efficiency.

The current study aimed to investigate and provide suitable conditions for the removal of
ibuprofen from aqueous solutions via amatochemical filtration process with CNTs. This
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removal of ibuprofen through electrochemical filtration has not previously been tested, even
though electrochemical filtration has been shown to be an innovative technology with simple

installation requiremas and promising outcomga3, 76]

The goals of this research were twofold. The first was to establish appropriate pH conditions
and filter type and therefore accommodate suitable surface interactions bete/éleuaptiofen
molecules and the CNTSs, such thétdtion capacity is increased. Secondly, applied voltage was
tested for the removal of the target molecule, observing the contributions of both direct electron
transfer from ibuprofen molecules to CNTs untierapplied positive potential, and bulk oxidation
by the generation of electroactive speciBsinvestigate the effect of residence time on effective
ibuprofen removal, the residence time of ibuprofen molecules within the filter body was increased
(low flow rate) at these applied potential (2 ®)nditions to allow for optimal and complete
removal of the target molecule. A comparison was also made between pristine MWNTs and
MWNTs-COOH to gauge the difference iotal removal of ibuprofen from aqueous stbns.
Throughout the course of the study, MWNT®OH consistently exhibited better ibuprofen
removal performance under acidic conditions; these conditions led to the almost complete

elimination of ibuproferatapplied DC potentialef 2 and 3 volts.

3.2. Materials and Methods
3.2.1. Materials

Multiwalled carbon nanotube filters were prepared using both pristine MWNTs (99.8%
purity) and carboxylated MWNTs (MWNTSOOH) (> 95% purity and 1.8% COOH groups by
weight), purchased from Cheap Tubes Inc., Cambridge port, 8A&, Upon further investigation,
the puritywas ound to be O 98% for both MWNypssoft ypes,
MWNTs have an outer diameter (OD) wandaehgdh 20 nm
of 10 30 & m themanumgiverc Asbhserved by SEM, the OBnges from 1485
nm. An electrical conductivity of >100 S/cm was reported by the manufacamdrthe specific
surface area was determined to be 125.8/¢ for MWNTSs and 133.03 ffg for MWNTs-COOH.
lbuprofen (GsH1gO2)wi t h 098 % purity and a molecul ar wei ¢
from SigmaAldrich (Oakville, ON, Canada). Sodium chloride and hydrochloric acid were both
099 % t ity puechaged from Sigraldrich (Oakville, ON, Canada) and were usedhg
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preparation of thebackground solutions. Nitro blue tetrazolium chlor{@ssay98%), taurine

(as s ay O, addonhydfdgen peroxide were purchased from Sigidaich (Oakville, ON,

Canada) and were used for superoxide and hypochlorous acid assays. MWNTs &it-MW

COOH suspensions were prepared in 099% purity
Fisher Scientific (Ottawa, ON, Canaddflagnesium sulfate, sodium bicarbonate, calcium
chloride, potassium dihydrogen phosphate, ammonium chloride, and trisodiate cvere

purchased from Fisher Scientific (Ottawa, ON, Canada) and were used for synthetic secondary
wastewater effluent preparation.-e5m pol yt et rafl uoroet hyl ene (F
purchased from Millipore (Etoboke, ON, Canada) and used as filtebstrates.

3.2.2. MWNTs and MWNTs-COOQOH Characterization

Thermogravimetric analysis (TGA) was performed on both MWNTs types using TA
instruments, Trios V3.3 (Waters LLC, New Castle, DE, USA), to investigate the actual purity and
stability. The analysis was perfoeth as described b§ao et al. [82] where MWNTs and
MWNTs-COOH were subjected tstepwise temperature elations of 10°C mint, from room
temperaturgup to 150 °C and kept at 150 °C for 30 minutes, then temperaturyaiaglevated
at the same rate of 10 °C rlirup to 1000 °Cwhere it wagnaintained for another 30 minutes.
Specific surface area, porelume, surface area, and volume distribution were characterized using
Brunauer Emmett Teller (BET), Quantachromdutosorb Automated Gas Sorption System,
Autosorb 1 (BoyntorBeach, Florida, USA). This analysis used nitrogen ga#) an outgas
temperatureof 100°C and timeof 2.5 hours, bath temperatuoé 77.3°C, and analysis timef
1054.1 minutes. Surface morphology analyses were performed using Scanning electron
microscopy (SEM) and Energy dispersivaay (EDS), FEI Inspect-60 FESEM withEDAX
Octane 8per 60 mmZIDD and TEAM EDS Analysis Systefpawson Creek, Oregon, USA).

3.2.3.Cyclic Voltammetry

Cyclic voltammetry was performed using8achannelMulti-Potentiostatst Frequency
Analyzer (MPFA) 1470/1255B, Solartron Instruments (Hampshire, United Kingdohg. T
experiments were performed using 0.84 mg/MNTs and MWNTsSCOOH filters as working

electrodes, perforated stainless steelaasounter electrode, and Ag/AgCl (1 M KCI) (Pine

29



Research Instrumentation, Durham, NC 27705, USAhaseference electrod&.he scan rate

used was 50 mV/sec, and scan range-Wwas +1.5 V vsAg/AgCl for all experiments.

3.2.4.Electrochemical MWNTs and MWNTs-COOH Filter Preparation

Multiwalled carbon nanotube filters were prepared using the same protocol introduced by
Rahaman et al. [72T he preparation method included vacuum filtration of MWiEiid MWNTSs
COOH suspensions in DMSO ore5bm P TFE membr anes (Millipore)
The amounts of MWNTs and MWNIBOOH suspensions (0.5 mg/mL) used were 6 and 16 mL,
resulting in surface loadings of 0.32 mgfdimt provideda thicknessrangef5. 3 t o 9 & m
0.84 mg/cmthat provided a thicknessrangtl 4 . 2 t o 24 € m;sectoralviewdi cat
SEM imaging. The preparation process involved depositing the MWNTs or MYZXDI3H onto
the filter, rinsing once with ethanol (50 mL), rinsiogce with a 50:50 ethanol and DI water (50
mL) solution, and finally rinsing six times (50 mL each) with DI water (a total 325 mL of DI water
and 75 mL ethanpko wash off allremainingorganic solvent. The solution pH was adjusted to 2
during the MWNTsCOOH filter preparation procesy using HClto preserve COOH groups in
the protonated form and to mimic the experimental conditions. Freshly prepared MAMITS

MWNTs-COOH filters were used for each experiment.

3.2.5. Electrolyte Solutions

Solutions of 10 mMNad and 10 mMHCI (pH 2) were used as background solutions for
the electrochemical oxidation of ibuprofen on MWNTs and MWICIBOH, respectively.
Electrolyte solutions were shown to enhance electrical conductivity during the electrochemical
process as well @s provide electroactive chlorine species for indirect electrochemical oxidation
reactions in the bulk solutions. Throughout the course of the experiments, the MUK as
afilter material and 10 mMHCI (pH 2) as the background electrolyte were foumesxhibit the
highest output current (both instantaneous and ststadly), steadgtate currents were at around
1-4 mA compared to MWNTSs as the filter material and 10 M&LCI at 1 mA, probably due to
higher chlorine and hydrogen evolution. Conductiadculations, based on the MWNTs and
MWNTs-COOH total anode surface area and current outpugeein the range of 4.1x106-6.3
x10’S/cnt for a loading of 0.84 mg/cfrand 1.1 x10°- 1.7 x10°S/cn? for a loading of 0.32
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mg/cnt (currents used for these aallations are instantaneous currefisl concentrations of the

ibuprofen solutions were 1, 10 and 20 mg/L.

3.2.6. Filtration and Electrochemical Filtration

Both filtration without applying a DC potential and electrochemical filtration experiments
with an appliedDC potential were performed. The DC potential was supplied by an Agilent
E364xA power supply (Agilent Technologies, Rockaway, NJ, USA). The filtration and
electrochemical filtration setup used were the same as described in earlier[3@:ds83]for
deadend filtration, in which a carbon nanotube filter was employed as the anode material and a
0.1-mm-thick titanium ring used as an electrical connector. A rubber ring was used to separate the
titanium ring from he cathode, which was a 0-@8n-thick perforated stainless steel shim. The
DC potentials applied during the electrochemical filtration experiments were 1, 2 and 3 volts, and
the flow rates varied between 0.2, 1 and 2 mL/min, resulting in permeate fleseb8189x10 >,
4.44x107* and 8.8%10 *L/m2.h, respectively. The effect of temperature on the efficiency of the
electrochemical filtration process was also investigated at two different temperatures, 23 and 40
°C. The cell temperature was controlleg placing the whole reaction medium (the cell and a
collection beaker within a larger sealed beaker) in a water bath with an adjusted cell temperature

of 402 °C. The cell temperature was measured using a thermometer.

3.2.7. Quantification of Ibuprofen Removal and Sample Analysis

The quantification of ibuprofen removal from aqueous solutions was performed using a
PerkinElmer Lamda730V/VIS spectrophotometer (Waltham, MA, USA). The influent and
effluent ibuprofen concentrations in 2mL were calculated based ab#woebance values at 222
nm, and the removal percentages were determined from thigtatblV/VIS spectrophotometer
detects as precisely as 0.0003 (AU) and the MDL (method detection limits) for ibuprofen is 0.027
mg/L. The MDL calculation was performed kaking the average standard deviation values and
multiplying by a sixdegree freedom factor of 3.143, as described by PerkinBL@dvIS analysis
was performed using an Agilent 6210 EBDF instrument (Agilent Technologies, Santa Clara,

CA, USA) in posiive ESI mode using MassHunter acquisition software (v B.02.00). The dual ESI
source was operated with a capillary voltage of 4000 V and a nitrogen gas temperature of 350 °C

with a flow rate of 12 L/min. The nebulizer pressure was maintained at @4a4 kPa) ard the
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fragmenér and skimmer voltages were 100 and 60 V, respectively. The mass ranggzani@s

1000 with internal calibration using the reference masge$21 and 922 in the Agilent reference

mass solution. All raw dataas processed using MaHuntersoftwarea f t er 1 nj ecti ng
influent and effluent samples. The injection gradient was as follows: initial conditions of 30%
acetonitrile with a 1 min hold, up to 85% at 5 min, then 95% at 8 min and held for 1 min. The
column was reequilibraed at 30% acetonitrile for 4 min before the next injection. The mobile
phases A and B were water and acetonitrile (both containing 0.1% formic acid), respectively, with

a flow rate of 0.4 mL/min.

3.3. Results and Discussion
3.3.1.MWNTs and MWNTs-COOH Stability and Surface Morphology

SEM and EDS were performed on freshly prepared MWNTs and MWWDO®H filters as
mentiored in the methaglsection. Fig.3L A and 31 C, show the SEM images of MWNTs and
MWNTs-COOH, respectively. Carbon and oxygen content were examine®8yFigire3-1 B
and 31 D), for MWNTs and MWNTsCOOH, respectively. The results show a weight percent of
97.82% for carbon and 0.58% for oxygen in MWNTSs, and comparati®€l24% and 1.81% for
MWNTs-COOH. SEM and EDS were also performed on both fitgpes after subjecting the
filters to solutions of 1 mg/L of ibuprofen at neutral (10 mM NacCl, pH 6) and acidic (10 mM HCI,
pH 2) conditions as well as 0, 2, and 3 volts of applied potential at a flow rate of 2 mL/min and at
room temperature. The EDS argydid not show any signs of surface oxidation after treatment
except an increase the oxygen weight % from 1.81 to 7.57 for the MWNT®OH filter when
subjected to the ibuprofen solution under 0 voltsfeg32 D). Figure3-1 E and 31 F represent
the TGA results for aseceived MWNTs and MWNTEOOH, respectively. The TGA shows a
purity of 098 % f or b oasharplridpNnTtse weightpersent beiweahi ¢ a t
600 and 650 °C, the temperature at which all carbon content is degraded. lBel@mperature,

aslight, gradual drop in weight would be due to the release of hydrogen content as water vapor.

Total pore volume for MWNT is 0.002 &n0.241 cni/g x 0.008 g), the surface area is 10003.2
cm? (125.04 m/g x 0.008g) for a loading of 0.8tg/cn?, 7 x 10* cnm®, and 3751.2 cfy
respectively, for 0.32 mg/chior pristine MWNT. The total pore volume for MWNTOOH is
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0.0016 cm(0.198 cni/g x 0.008g), and the surface area is 10642.24(t88.03 m/g x 0.008 g)

for a loading of 0.84 mg/cm6 x 10 cm?®, and 3990.9 cfy respectively, for 0.32 mg/cnfor
MWNT-COOH and as measured by BET. The thickness isil2.22 & m, as indicate
(for further details, please referappendixA).
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Figure3-1. SEM images, EDS and TGA dgsis for MWNTs and MWNTSCOOH where (A) is
SEM for MWNTS filter at a surface loading of 0.84 mgfciiB) EDS analysis for MWNTS filter
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at a surface loading of 0.84 mg/&niC) SEM for MWNTsCOOH filter at a surface loading of
0.84 mg/cm, (D) EDS analysifor MWNTs-COOH filter at a surface loading of 0.84 mgf¢iiE)
TGA analysis for pure MWNTSs and (F) is TGA analysis for pure MWACTOH
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Figure3-2. EDS analysis after subjecting of MWNTs and MWNIT®OH to 270 mL of 1 mg/L
ibuprofen for B5 minutes where (A) MWNTareunder conditions of ibuprofen in 10 mM Nacl,

pH 6 and under 0 V of applied potential, (B) MWNareunder conditions of ibuprofen in 10 mM

NacCl, pH 6 and under 2 V of applied potential, (C) MWNifsunder conditions of ibupfen in



10 mM NacCl, pH 6 and under 3 V of applied potential, (D) MWNI3OH areunder conditions
of ibuprofen in 10 mM HCI, pH 2 and under 0 V of applied potential, (E) MWRTH are
under conditions of ibuprofen in 10 mM HCI, pH 2 and under 2 V of aggdotential and (F)
MWNTs-COOHareunder conditions of ibuprofen in 10 mM HCI, pH 2 and undeérd applied
potential Surface loading foboth MWNTS types was 0.84 mg/énExperiments were performed
at 23 °C.

3.3.2.MWNTs and MWNTs-COOH Electrochemical Perfamance Characterization

Cyclic voltammetry was completed for both MWNTs and MWMISOH anode filters
under the selected conditionsa)fibuprofen in 10 mM NaCl electrofiltered by MWNTSs abdin
10 mM HCI electrofiltered by MWNTEOOH. Figure 33 showsthe cyclic voltammograms
recorded at a scan rate of 50 mV/sec, a potential randetofl.5 Vvs. Ag/AgCI, and the linear
correlations between ibuprofen concentration and the current values at ¥43A9/AgCl.
Ibuprofen concentrations varied from 126 mg/L (1, 10 and 20 mg/L) on one filter for each
MWNTSs type, each ibuprofen concentration passing through the filter was maintained for 1 minute

before any step potential, and the cyclic voltammogreasoverlaid.

From Figure3-3 A and3-3 B, a trend ca be observed for a current increase with increasing
ibuprofen concentratiafrom 1 to 20 mg/L on both MWNTSs types, indicating that the current
peaks corresponding to 1.13 V vs. Ag/AgCI are likely due to ibuprofen oxidation evotkimg
MWNTSs electrodesOther researchers reported similar behavior at 1.2 to ¥s3AQ/AgCI [81,

84, 85] No other features corresponding to oxidation could be observed from the voltammogram,
except for the significant difference atd above 0.6 V vs. Ag/AgCl in both cases (FigRHRA

and3-3 B). The increased current values above 0.6 V might be attributed only to the oxygen or
chlorine evolution resulting from the water and background chloride oxidation at the MWNTs and
MWNTs-COOH anode surfaces. The maximum current peak was observed to be broader on
MWNTs-COOH (Figure3-3 B) as compared to MWNTs (Figur@3 A). Nevertheless, the
maximum current values were observed to be higher on MA@O®H than on MWNTS, which

could be attribigd to strong chlorine evolution occurring on MWNT®OH at pH 2, leading to

the broader peak at 1.2t0 1.3 V.
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Figure3-3. (A) Cyclic voltammogram for ibuprofen in 10 mM NaCl (pH 6), electrofiltered by
MWNTSs, (B) Cyclic voltammogram for ilarofen in 10 mM HCI (pH 2), electrofiltered by
MWNTs-COOH, (C) Linear correlation for currems. ibuprofen concentration (current values
reported corresponding to 1.13/8.Ag/AgClI) for the cyclic voltammogram recorded on MWNTSs

and (D) Linear correlatiorfor currentvs. ibuprofen concentration (current values reported
corresponding to 1.13 Ws. Ag/AgCl) for the cyclic voltammogram recorded on MWNTOOH.
Ibuprofen concentrations were 1, 10 and 20 mg/L, scan rate was 50 mV/sec, potential range was
1 to +1.5 Vvs. Ag/AgCl, MWNTs and MWNTsCOOH loading was 0.84 mg/énflow rate was

2 mL/min, and temperature was 23°C.

The linear increase in currem@ong with ibuprofen concentratipsuggests that diffusion
cannot be neglecteMlotoc et al. [81feported that removal of ibuprofen on MWNTSs, as indicated
by cyclic voltammetry, was neglected through batch electro[§4is In this current study, the
flow significantly assists molecule delivery to the MWNTSs electrode seidacindicated by the

cyclic voltammetry (Figre3-3 A and C). Therefore, the overall electrochemical filtration process
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can be described as diffusion mass transfer to MWNTSs anode filters surfaces assisted by the flow.
For the case of MWNTEOOH, the incrased maximum current indicates that electrochemical
activity is higher and the selectivity of chlorine evolution was probably favored over oxygen
evolution in acidic pH, which could apparently be considered an advantage for the
electrodegradation of emeng contaminants due to the spontaneous formation of reactive
chlorine. However, this results in higher energy consumption, when the applied voltage is
increased above 2 V, (Rige 3-4 C). The anode potentials corresponding to applied positive
potentials ofl, 2, and 3 V were determined to be 0.33, 0.74, and 1.4 V for MWNTSs in 10 mM
NaCl (pH 6) and 0.39, 0.9, and 1.72 V for MWNT®OH in 10 mM HCI (pH 2).

A reduction peak was observed aroudd to-0.8 V,which can be attributed to superoxide
radical formation, in agreement with previous repd88]. Since it is not clearly possible to predict
direct oxidation by electron transfer of ibuprofen at an applied potential of 2 V, other oxidation
pathways may beking place, mainly through bulk chemical reac$idro investigate the possible
contributionof reactive oxygen species (ROS) and reactive chlorine, a superoxide assay was done
for electrofiltration of NBT at 2 V of applied DC potential to observe ifesagide formation is
taking place, as well a hypochlorous acid assay was done for electrofiltration of pure background
10 mM NaCl and 10 mM HCIl at 3 V (Detailed information on the assays and their discussion can
be found inAppendixA). Both assays showgubsitive results and it was found that both oxidants
were produced during the electrofiltration process in the acidic and neutral conditions and on both
MWNTSs types, at 2 and 3 V of applied potential. The acidic conditions likely leadhto+
significantly less stable superoxide, as indicated by the assay, showing fast kinetics for the
interaction of superoxide with target molecules, as well, a higher production of hypochlorous acid
over the neutral conditions. From these results, it could be concludedabtve oxygen is likely
responsible for degradation of ibuprofen during electrofiltration at an applied voltage of 2 V on

both filter types.

Figure3-4 A shows the steady state current density corresponding to applied voltages of 1,
2 and 3 V during th treatment of 20 mg/L ibuprofen by MWNTs from 10 mM NaCl (pH 6) and
MWNTs-COOH from 10 mM HCI (pH 2). The current density increased significantly with
increasing applied voltage for the treatment by MWAMCI3OH in acidic condition, indicatingn
increasedconductivity, most likely due to improved chlorine evolution and hydrogen evolution
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reactionsFigure 34 C and Dshowthe energy consumption (EC) kwh/kg and mineralization
current efficiency (MCE) in % for the same aforentioned conditions dfigure 3-4 A. From
Figure3-4 C and D it isevidentthat the treatment by MWNTSOOH is morgowerefficient up

to 2 V of applied potential while at 3 V, the energy consumption increases significantly and thus
the mineralization current efficiency dropuhkie to he increased chlorine and hydrogen evolution
reactions on MWNT<COOH in acidic conditions.
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Figure3-4. (A) Steady state current densities for MWNTs and MVWACTXOH at surface loadings
of 0.32 and 0.84 mg/c(B) Anode potential’s. Ag/AgCI for electrochemical filtration of 20
mg/L ibuprofen by 0.32 mg/chMWNTs and MWNTsSCOOH in 10mM NaCl and 10 mM HCI
(C) is MWNTs and MWNTSCOOH energy consumption (EC) ikWh/kg and (D) is
mineralization current efficiency (MCE) in %, for electrocheahfiltration of 20 mg/L ibuprofen
by 0.32 mg/crAMWNTs and MWNTsCOOH in 10mM NaCl and 10 mM HCI. At 23°C, flow
rate of 2 mL/min and applied voltages 1, 2 and 3 volts.
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3.3.3. Efficiency of MWNTs and MWNTs-COOH for lbuprofen Removal at High

Concentration (Sngle Passage)

The performance of both pristine and carboxylated MWNTs was examined for the filtration
of ibuprofen from aqueous solutions at a high concentration and through a single effluent
collection. The MWNTSs filters were supplied with ibuprofea abncentration of 20 mg/L at room
temperature and under a flow rate of 2 mL/min, to akoaluation of thdilter for theremoval of
ibuprofen in high concentrations by a low surface loading of 0.32 mg/€he filtration
experiments were performed atrae/oltage to investigate the adsorption (retention) capacity of
the MWNTSs filters.The background solution was passed through the filter at O voltage for 5
minutes (10 ml of background solution at a flow rate of 2 mL/min) to saturate the filter in the
badground solutions. Then, a step potential was apjdiedithe background solution was allowed
to pass for another minute to allow tbe generation of electroactive speci&se ibuprofen was
thenallowed to pass for one minute, and afterward, samples eadlected Figure 35 shows that
the percent removal observed was 68016% on the MWNT<COOH filter using 10 mM HCI as
a background solution. |l buprofen contains a
chain. When filtration occurs with MWNTSOOH at a low pH (pH: 2), and below the pKa of
ibuprofen (pKa = 4.9) ibuprofen molecules are efficiently trapped on the nanotubes, most likely
due to hydrogen bond formation between the pr
of the MWNTsCOOH, along with strong ppi and hydrophobic interactions. Previous studies
showed that both carboxylated and hydroxyldtd®dVNTs have higher adsorption capacities for
organic molecules with oxygerontaining functional groups due to enhanced surface interactions

between carbon nandies and the target molecu[83-89].

On the other hand, when applying the filtration process for ibuprofen dissolved in a 10 mM
NaCl background solution at pH 6 with MWNTs and MWNJI®OH filters, removal perceages
were around 55.8 56.7 and 52.8- 54.6%, respectively (Fige 35 A). We correlate the low
removal of ibuprofen by MWNTs and MWNIGOOH filters at neutral pH and using NaCl as the
background solution to an increased hydration effaduced by theat electrolyte, leading to

deficiency of hydrophobic interactions between ibuprofen molecules due to the hydration barrier
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formed and the lack dadffectivehydrophilic interactions. However, studies have reported that the
saltingout effect of sodiurtontining electrolytes leads to enhanced sorption of organic
molecules; yet, it is significant only at higher salt concentrati®dp Therefore, by comparing
the performance of MWNTSs at neutral conditions to MWMNIBOH at acidic conditions fahe
removal of ibuprofen by filtration, it is likely that theydration effect is still significant at the

ibuprofen carboxylate heagtoups.

Tang et al. [91tudied the ionic binding of sodium and potassium ions td @@OH
groups of palmitic acid and the effect on the monolayer coherence at theniatice. They
observed that palmitic acid molecules are typically protonated at pH 6. Nonetheless, the
introduction of the positively charged monovalent cations introduces a high degree of
deprotonation of theCOOH groups of palmitic acid. lonic bindjietween the positively charged
ions and the negatively charged carboxylate ions can then, deadling to higherates of
hydrationshell formation and consequently larger intermolecular separations. Other researchers
have also reported similar obsereas with the introduction of salts, their role in increasing
hydration shells, and their effect on surface and hydrophobic interaf@r3]

Furthermore, another study showed that the adsorption of theo#iotgilfamethoxazole
on functionalized carbon nanotubes could be altered by the introduction of cations and anions. In
this study, the effect of the large hydration diameters of calcium and cesium, which block the
hydrophobic adsorption sites for sulfaim@tazole on the CNTs surface, was discu$9édl In
the case of ibuprofen filtration with MWNTs under acidic conditions, we attribute the percent
removal of around 52:52.9% to the lack opolar interaction i(COOH) sites on the pristine
MWNTs and therefore the deficiency of hydrophilic interactions (hydrogen bondsy€R3é B).

Electrofiltration with MWNTs and MWNTSCOOH filters was examined for the removal
of ibuprofen from aqueous soioms. At an applied DC potential of 1 V, the filters were provided
with ibuprofen in NaCl and HCI solutions in the same manner as the filtration experiments.
Removal percentages increased to around- 8% in the case of electrofiltration by MWNTs
and aound 59.560.4 % by MWNTsCOOH, with ibuprofen solutions at neutral pH values (K
3-5 C). Electrofiltration by MWNTs with ibuprofen solutions under acidic conditions also did not
exceed 59.2 60.2 % removal, whereas the remowalsincreased to 73.774.5 % in the case of

electrofiltration with MWNTsCOOH with ibuprofen solutions under acidic conditions (iFeg3
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5 D). The improved removal percentagesm the application of low DC voltage indicates
enhanced adsorption by the electrostatic surfaceartien between the MWNTs and MWNTs
COOH filters and ibuprofen molecules. Nevertheless, enhanced removal by MBODB at

pH 2 indicates that the amount of voltage applied at this point was not sufficient to reduce the bulk
acidity (pH remained at-2.1 far effluents after 1 V of electrofiltration). Consequently, surface

protonation was not lost and, therefore, hydrophilic interactions were maintained.

It was reported that CNTs can proviakigh electrocatalytic activity for efficient electron
transfer atlow applied voltageq95]. Previous studies on the electrofiltration of organic
contaminants at similar voltages showed that émeaval of organic moleculdsom the anode
surface was under the control of direct electron transfer and that the negative contribution of water
oxidation and oxygen evolution could be avoifiéd, 75] Due to thdow anode potentials (0.33
and 0.39 Ws. Ag/AgCl for MWNTs and MWNTsCOOH, respectively) corresponding to 1 V of
applied DC potentiahs compared to the observed potential for ibuprofen oxidation (1.48.V
Ag/Ag/Cl), the enhanced removal cannot beilatiied to an initiated direct oxidation at 1 V of
DC potential.

When the applied DC voltage was increased to 2 V, the removal was enhanced significantly
for both filter types. In this set of experiments, only MWNTSs at neutral conditions and MWNTSs
COOH atacidic conditions were tested, as the selected comparison conditions for the rest of the
study. The percent removal values were around 744.9% and 79 82.4% for MWNTs and
MWNTs-COOH, respectively (Figre 35 E and F). Increased ibuprofen removal bgreasing
the applied potential to 2 V could be attributed to bulk oxidation by superoxide aspetially
knowing that at 2 V of applied DC potential, the anode potentials are still below the direct oxidation
potential for ibuprofen (0.74 and 0.9 V fisfWNTs and MWNTsCOOH; 1.13 V for ibuprofen),
and therefore, as indicated byuperoxide assayigure A5, AppendixA), superoxide is most

likely participating in an indirect degradation reaction of ibuprofen during 2 V of applied potential.
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Figure3-5. Percent removal of Ibuprofen by MWNTs and MWNC®OH using (A) 10 mM NacCl

as the background solution at pH 6 and (B)10 mM HCI as the background solution at pH 2, with
no voltage application, at temperature 23 °C. Percent removal afofieapby MWNTs and
MWNTs-COOH filters using (C) 10 mM NacCl as the background solution (pH 6) and (D)10 mM
HCI as the background solution (pH 2), with an applied DC potential of 1 V, at temperature 23 °C.
(E) Percent removal of ibuprofen by MWNTSs using 1Pl iNaCl as the background solution at

pH 6, at DC voltages of 2 and 3 V and at&& 40°C. (F)Percent removal of ibuprofen by
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MWNTs-COOH using 10 mM HCI as the background solution at pH 2, at DC voltages of 2 and 3
V and at 23 and 40°C. The concentratidibuprofen was 20 mg/L, MWNTs and MWNTXOOH
surface loading was 0.32 mg/€and flow rate was 2 mL/min.

Liu et al. [74]studied the removal of methyl orange (MO) and methylene blue (MB) by
MWNTSs filters under similar conditions, and reported that the enhanced reknostits of MO
and MB correspond to faster direct oxidation pathways initiated by increasing the applied voltage
from 1 to 2 V.Rahaman et al. [724lso reported that at an applied DC potential of 2 V, the
inactivation and degradation of virus particles proceeds through direct oxidation by electron

transfer.

When the applied voltage was raised to 3 V, the percent removal of ibuprofen by MWNTs
under neutral conditions was around 7982.8% (Figire 35 E), whereasfor MWNTs-COOH
under acidic conditions near complete removal of ibuprofen was achievene(l3§ F). The
improved performance of both filter types at 3 V can be attributed to the increased contribution
from indirect electrooxidation pathways by the formatibneactive chlorine (hypochlorous acid)
with the increased formation of reactive oxygen (superoxide). The significant difference in
performance between the acidic (10 mM HCI) and neutral (10 mM NacCl) conditions at 3 V
demonstrates a likely favoring ofétchlorineevolution reaction and the formation of reactive
chlorine at acidic pH, over the oxygerolution reaction, which is delayed by the acidic phie

results for the hypochlorous acid assay congtroh a conclusion (Fige A7, AppendixA).

Scialdone et al. [613lso reported that low pH values favor the chlognelution reaction
over wateroxidation and the oxygeavolution reaction as well as the formation of hypochlorous
acid, whch is a powerful oxidizing ageif®1, 96] However the predicted productsT@ble A3,
Appendix A) exhibit a possibility of a higher reactive oxygen speaestribution over
hypochlorous acid ithedegradtion d ibuprofen, due to an inability to conclude any chlorinated
by-products, as will be discussed in a later section. In the same manner, the effect of the applied
potential (2 and 3 V) was also studied at 40 °C. It was observed that by increasing temgerature
40 °C at 2 V of applied potential, electrochemical filtration performance could be negatively
impacted, leading to a slight drop in the removal percentage for both conditions of MWNTs and
MWNTs-COOH used aheutral and acidic pHl'heresults at 2 V ofpplied DC voltage and 40

°C are in agreement with a previously reported effect of inetHasmperature on the removal of
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MO by MWNTs [74]. Therefore, it can be inferred that at an applied potential of 2 V, surface
adsorption and filtration are still effective, which can be negatively alteredldack of efficient

surface interactions at high temperaggue to the higher kinetic energy of the bulk molecules

and less chance for the necessary surface interactions to become established and good adsorption
of ibuprofen molecules onto the carbmanotube surface to occur. When the applied voltage was
increased to 3 V at 40 °C, msthe case of electrofiltration with MWNTSs under neutral conditions,

no pronounced effect of temperature was obseirvéite removal process. This result was unlike
what was expected of enhanced indirect oxidation kinetics under the effect of increased
temperature. This outcome indicates that the dominant reactions occurring at 3 V and neutral pH
are wasting reactions as water oxidation and oxygen evolution. In the fcls®&NTs-COOH

under acidic conditions, a temperature increase did not affect the process in any way, and the
removal of ibuprofen remained at nearly 100%. This indicates that under acidic conditions, and at
an applied voltage of 3 V, the removal of ibuprofeimarily depends on indirect bulk oxidation
pathways with little contribution from surface adsorption, most probably due to the enhanced
indirect oxidation kinetics by increased ibuprofen concentration. Neverthiglsssypothesizd

that by employingMWNTSs filters at 3 V and acidic pH, the removal of ibuprofen might be

improved due to the enhanced formation of reactive chlorine.

3.3.4.Efficiency of MWNTs and MWNTs-COOH for Ibuprofen Removal at Low
Concentration (Breakthrough Experiments)

The performance oboth filter types was testeover timefor the removal of 1 mg/L
ibuprofen in pure electrolytic solutions (10 mM NaCl by MWNTs and 10 mM HCIl by MWNTs
COOH) and synthetic secondary wastewater effluent. The composition of the synthetic wastewater
effluent was 311 mg/L NaCl, 18 mg/L MgS©25 mg/L NaHCQ, 22 mg/L CaGl, 2.3 mg/L
KH2PQ, 8.5 mg/L NHCI, and 33 mg/L NéC6HsO7 (as a carbon source) resulting in a pH of 7.3
and a TOC of 34.1 mg/L, modified fromrevious studieg§97, 98] Figure 36 shows the
breakthrough tr end%) fa tharemovalofxibupvotehby ®MWNTS and / m
MWNTs-COOH at 0, 1, 2 and 3 V of applied DC potentidie filtration kinetics at 0 V of the
MWNTs was steadgt thebeginning at around 66%, asdnificantfilter breakthrough began at
60 minutes. For the MWNTEOOH, in pure electrolytess nearly 100% removatate was
achieved in as little as 30 minutes of filtration time (fFeg36 A). This behavior shows the
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superior performance of MWNTSOOH in the removal of ibuprofen molecules when a low
concentration of ibuprofen (1 mg/L) was present and no DC potential was apptied)pared to

the MWNTSs performance thahowedless removal capacity and therefore later breakthrough.

The slight improvement observeghen 1 V was applied confirms that electrostatic
attraction is enhancing mass transfer by migration from bulk to surface, but, as compared to the
application of both 2 and 3 V, it evidentthat no degradation is taking place at 1 V. Also, the
similar outome at both 2 and 3 V of applied potential is an indication that major oxidation
pathways are similar, mo$ikely through the interaction of ibuprofen molecules with reactive
oxygen speciesit 2 and 3 V of applied potential, enhanced removal was oldéovéoth filter
types, with slightly better performance seen in the MWAETOH than in the MWNT¢$Figure
3-6 A). A relatively smaller increase in C/Co values at applied potentials of 2 and 3 V indicates
that surface adsorption is still contributing, allikgh oxygen evolution and increased surface
hydrophilicity are expected to be dominant. This demonstrates that at applied potentials of 3 V,
direct electron transfer miglttccur at the surface andontributetoward the overall oxidation
process. The largespecific surface area of MWNIGOOH (133.03 fig) as compared to
MWNTSs (125.04 riYg) mayalsocontribue toslower breakthrough.

When ibuprofen was introduced both filter typesn the same conditions of the synthetic
effluent, performance was observiedbe almost identical (Fige 36 B). The deterioration in
MWNTs-COOH performance at 0 V is most likely due to the introduction of NaCl among other
salts, leading to hydration formation at the MWNJI®OH surface and the loss of surface
hydrophilic interations between ibuprofen and MWNTOH at the neutral to alkaline pH. The
earlier breakthrough for both filters at 0 V is probably due to the increased TOC of 34.1 mg/L, due
to the introduction of N¥C6Hs0:.

Figure 36 C and D show the flux values corresyling to 0, 1, 2 and 3 V of applied DC
potential of MWNTs and MWNT€OOH for ibuprofen in 10 mM NaCl and 10 mM HCI,
respectively. It can be observed an apparent higher flux for MWNTs over MMZIDI3H at 1 V.

This could be related to poor MWNTSs removal othex first 60 minutesallowing more room for
ibuprofen molecules to be adsorbed under the enhanced electrostatic migration, yet a longer time
before the breakthrough.
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Figure 3-6. Breakthrough trends and flux values for MWNTs and MWHCK3OH filters over

time at 0, 1, 2 and 3 V of applied DC voltage, where i§¥)reakthrough plots in pure 10 mM
NaCl (pH 6) for MWNTs and 10 mM HCI (pH 2) for MWNIGOOH, (B)is breakthrough plots

in synthetic secondary effluent of the same composition and .8Hf0r both filter types, (C) are
MWNTSs flux values corresponding to 0, 1, 2 and 3 V of applied potential for ibuprofen in pure 10
mM NacCl (pH 6) and (D) are MWNTEOOH flux values corresponding to 0, 1, 2 and 3 V of
applied potential for ibuprofen in pairlO mM HCI (pH 2). The ibuprofen concentration was 1
mg/ L ( 4MWBNTssaM)MWNTsCOOH surface loading was 0.84 mgfgiand temperature

was 23°C.

To further investigate this speculation, flux values were calculated corresponding to the
removal of bothifter types at the conditions stitsection 3.3, Figure 35 C and D (Figire 37,
flux values corresponding to removal of 20 mg/L ibuprofen by MWNTs and MWBOIOH at
neutral and acidic conditions, respectively). It was observed that when both fileatgmipplied
with larger concentrationof ibuprofen, flux values are higher for MWNTXOOH in acidic
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conditions over MWNTSs at neutral conditions at an applied potential of 1 V. Therefore it can be
concluded that even if the MWNTSs could adsorb at maxinoapacity during the initial period

and at lower ibuprofen concentrations, conditiongrigiire 36, the time to the breakthrough
would be less than MWNTEOOH, due to the lower specific surface area and lower adsorption

capacity of MWNTSs.

MWNTs 1V
MWNTs-COOH 1V

280t
240t
2001
160}
120}

Flux (mg/m?xhr)
3

N
o

MWNTs MWNTs-COOH

Figure3-7.7El ectrost at i ¢ f£h df MWNIT$ dncd MWNTICQOH far 20 mg/lg / m
ibuprofen in 10 mM NaCl (pH 6) and 10 mM HCI (pH 2), respectively. MWNTSs loadings were
0.32 mg/cr, applied voltage was 1 V and temperature was 23°C (Correspondingite BEC

and D).

Integration of the breakthrough curves could provide a quantification of the amount of
ibuprofen adsorbed or removed per amount of MWNTSs used. The MWNTSs adsorption capacities

(q) in mg/mg, were first calculated using equati®i)[99];

. 0 .
O, p Qo0

n 2 g p
Where C and Co are ibuprofen effluent and influent concentrations in mg/L, F is the flow

rate in L/min and m is the mass of MWNTs and MWNT®OH in mg. Tablé\-1 in Appendix

A shows adsorption and removal aajlies by MWNTs and MWNTEOOH, at 0, 1, 2 and 3 volts

of applied potential, and the difference between each, represented as the amounts of ibuprofen

removed in mg, g, number of moles and number of molecules per mg, ¢ @h@éach MWNTSs

type, for Figire 3-6 A.
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Table A-2 in Appendix Ashows the adsorption and removal capacities synthetic
secondary wastewater effluent for both MWNTs and MWACTROH. The deterioration of the
MWNTs-COOH performance in the removal of ibuprofen from the synthetic segoatfarent
at pH 7.3 and 0 V is clear, suggesting that pH adjusting and solution conditions, together with the
nature of the target molecule and the type of MWNTS, all are critical factors that must integrate
togetherfor an optinal performance at 0 and\ application. In the case of 2 and 3 V of applied
positive potential, performance was significantly improved for both cases of removal from pure
electrolytes and synthetic effluent, confirming the effective contribution from different oxidation

pathwaysaward the overall performance.

3.3.5. Insight into Ibuprofen Degradation and its By-products

Ibuprofen degradation and the characterization of thgrbglucts formedvereinvestigated
through liquid chromatographyass spectrometry (L®1S), aiming for clear edence of the
stated outcomes, as well as an understanding of degradation pathways. The analyses were
performed at various conditions of applied voltage, flow rate, and CNTs loadinge &i§ A and
B show the chromatograms of ibuprofen before and atetrtrent with MWNTs and MWNTs
COOH under neutral and acidic conditions, respectively. The applied voltage was 3 V, the
MWNTs andMWNTs-COOHsurface loading wag.32mg/cnt, theflow rate was 2 mL/min, and
the electrofiltration was performed at 40 °C.-MS results are in agreement with the QNS
results, confirming that the removal of ibuprofen can be greatly impr@reti approach near
complete removal in acidic conditions with an applied potential of 3 V. Two minor product peaks
could be observed at retan times (RT) of 2.3 and 4.1 minutes after the electrofiltration of
ibuprofen with MWNTsCOOH under acidic conditions (kige 3-8 B). The fact that product
peaks could only be observed in the case of MWRTEOH under acidic conditions is not clear,
and t was expected that the reaction kinetics for the complete mineralization of ibuprofen would
be enhanced by increasing the reaction temperature. This might be attributed to a cleavage or loss
of the ionizable groups during the treatment in neutral comditior a lower hydraulic residence
time for the formed byroducts in acidic conditions, due to lower affinity for hydrophilic surface
interactionsHowever, the complete removal of the ibuprofen peak with the appearance of minor
product peaks at acidic wditions indicateshigh electrodegradation efficiency in acidic

conditions.
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The spectra for the minor product peaks at RT 2.3 and 4.1 minutes are showne348ig
E, and3-8 F. Four spectral peaks occur at 135, 193, 203, andr2dat RT 2.3 minutes (gure
3-8 E), and a single peak occurs at 18&at RT at 4.1 minutes (Fige 38 F). It was possible to
predict several, but not all, of the products corresponding to thésetios, due to the vast
possibilities of chemical structures correspondintheom/zvalues. The minor products at these
m/zratios were identified based on the METLIN metabolites database (http://metlin.scripps.edu/).
Several of the predicted productsere 4-ethylbenzaldehyde, -phenytl-propanone, 4'
methylacetophenone, -gghenypropanal, (4methylphenyl)acetaldehyde, 24)(1-
propenyl)phenol, Bnethyt3-hexen2-one, and Smethyl5-hexen2-one (Table A3, Appendix
A). Other possible bproducts could be methyl-trt-butylphenylacetate?,7-dimethyl6-

nonenoic acidand 2,7dimethyl-6-octenoic acid.

4-Ethylbenzaldehyde was observed to be a commeprdguct of the degradation of
ibuprofen by various method$4, 103104]. Caviglioli et al. [101]also reported monrcand
dimethyl derivatives ain/zvalues of 135 and 193 using &{S.

The formation of these byroducts indicates agiificant contribution from active oxygen
species to the interaction with, and degradation of, ibuprofen. It was previously discussed that the
production and reactivity of reactive oxygen species (namely superoxide) greatly depend on the
solvent used andhat superoxide production and reactivity occur in-agaoeous aprotic solvents
[68, 105] However, it was shown that superoxiadesildbe produced in aqueous solution from a
single electron reduction of oxygen at the cathode surface, ultimeseilfing in the oxidation of

organic moleculefs3, 106]
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Figure3-8. (A) Chromatograms of ibuprofen in a 10 mM NaCl background solution at pH 6, where
the upper trace is before treatmentdahe lower is after treatmenttWiMWNTs at a 3 V DC
potential.(B) Chromatograms of ibuprofen in a 10 mM HCI background solution at pH 2, where
the upper trace is before treatment and the lower is after treatment with MGOKDs] at a 3 V

DC potential. C) Mass spectra at RT 2.3 min of ibuprofen in 10 mM HCI (pH2) before treatment.
(D) Mass spectra at RT 4.1 min for ibuprofen in 10 mM HCI (pH2) before treatment. (E) Mass
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spectra at RT 2.3 min of ibuprofen in 10 mM HCI (pH2) after treatment with MWWBIDOH at
a 3 V DC potential. (FMass spectra at RT 4.1 min for ibuprofen in 10 mM HCI (pH2) after
treatment with MWNTSCOOH at a 3 V DC potential. The ibuprofen concentration was 20 mg/L,
MWNTs and MWNTsCOOH surface loading was 0.32 mgfgrflow rate was 2 mimin and

temperature was 40°C.

3.3.5.1.Effect of the Flow Rate on MWNTsCOOH Filter Electrochemical Performance

The effect of the flow rate on the MWNTIOOH filter performance under acidic
conditions for the removal of ibuprofen (10 mg/L) and itspbgducts wastudied at a surface
loading of 0.84 mg/cfand an applied DC potential of 2 V. Eig 39 A shows the chromatograms
for ibuprofen before treatment (black), after treatment with MWRTOH at a flow rate of 1

mL/min (red) and after treatment at a floweraf 0.2 mL/min (blue).

The effect of the lowest flow rate (0.2 mL/min) was significant for the complete removal of
ibuprofen and its byroducts, most likely due to sufficient residence time. Providing greater
opportunity for the ibuprofen molecules, afmrmed byproducts, to interact and continue
degrading with the in situ formed ROS (i.e., superoxide) advances the objective of complete
removal of the molecules. At a flow rate of 1 mL/min, ibuprofen was observed to be airtiasy

removed at 2 V; hoewer, two byproduct peaks were observed at RT 7.3 and 7.7 minutes.

The existence of the treatment products in the filtrate at a flow rate of 1 mL/min may be
attributed again to the residence time. With a fivefold lower flow rate (0.2 mL/min), sufficient
reaction time was allowed, leading to the total degradation and removal of ibuprofen and its formed

by-products.

Therefore, at a higher flow rate (i.e., a low residence time), thrdmjuct molecules were
not completely degraded and could infiltrate theTSNilter and flow into the effluent. The
chromatogram products peaks at RT 7.3 and 7.7 minutes were further identified by mass
spectrometry. Figre 39 B and C shows the mass spectra of ibuprofen (10 mg/L) at 6.8 min before
treatment (Figre 39 B) and afer treatment at 2 V and 0.2 mL/min (kg 39 C). Figure 39D
and E show the effluent after treatment at a flow rate of 1 mL/min at RT 7.3 and 7.7 minutes,
respectively. At RT 7.3 minutes, three spectral peaks could be observed at 177, 195,rafmd 241
values. At RT 7.7 minutes, one spectral peak was observed at/229
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Figure3-9. (A) Chromatograms of ibuprofen in 10 mM HCI as the background solution at pH 2,
where the upper (black) trace is before treatment, the middle (blue) drafteri treatment with
MWNTs-COOH at a voltage of 2 DC with a flow rate of 0.2 mL/min, and the lower (red) trace is
after treatment with MWNT€OOH at a voltage of 2 DC with a flow rate of 1 mL/min. {Bgss
spectra for ibuprofen in 10 mM HCI (pH 2) at BB min before treatment af@) after treatment
with MWNTs-COOH at a 2V DC potential. (INlass spectra for ibuprofen at RT 7.3 min in 10
mM HCI pH 2 after treatment with MWNTSOOH at a 2V DC potential. (Eylass spectra for
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ibuprofen at RT 7.7 min in 10 h HCI pH 2 after treatment with MWNTEOOH at a 2V DC
potential. The ibuprofen concentration was 10 mg/L, MWACT3OH surface loading was 0.84

mg/cn?, and the temperature was 23 °C.

The products obtained from the treatment at a flow rate of 1 mL/min ceuldebtified,
and some of the possible structures #t@7, 108] 4-isobutylbenzoic acid, and -(®-
isobutylphenyB1-ethano)2-(4-formylphenyl)propanoic acidT@ble A3, Appendix A). Other

possible products arechloro-3-oxoadipate and-@enzyloxy}1-chlorohexar2-one.

Others have reported the formation of methyl derivatives from ibuprofen deagradat
corresponding to 17ih/z[101, 109] Furthermore, in a study on the electron beam irradiation of
ibuprofen,  1(4-isobutylphenyBl-ethanol, 2(4-formylphenyl)propanocic acid and -4
isobutylbenzoic acid were deted at 177m/z[103]. The authors detected these intermediates
attributed to the hydroxyl radical 6s i nteract
unlikely thatthe formation of these bgroducts at 2 V of applied voltage has the same origin,
considering that hydroxyl radical formation requires a higher input voltage and a higher
ovelpotential for oxygen evolution (2.8 V), a characteristic of inactive electraderialg49, 55]
our anode potential corresponding to 2 V of applied DC potential was @@&wW{lioli et al. [101]
also detected the same intermediates from an oxidative and thermal treatment of ibSpedfén.
et al. [110]detected 44-isobutylphenyhl-ethanol from a photodegradatistudy of ibuprofen

and ketoprofen.

Quintana et al. [111httributed the formation of the fragment peak at 17z to the
microbial degradation of the parent molecule in two steps: first, th@Xyldtion into 2hydroxy
ibuprofen, and then decarboxylation. Using a liquid chromatography electrospray ionization
guadrupole time of flight mass spectromed@acobs et al. [112Jbserveda chromatographic peak
that was relatd to 4isobutyl acetophenone at 177/z after the photolysis of ibuprofehe
reported retention time of 7.4 min is similar to our retention time of 7.3 min. The formation of this
by-product was again related to the possibility of hydroxyl radical ictiera with the parent
molecule in another stud¥13]. These observations and their correlatiothefindings under tts
studyconditions present an opportunity to further understand electrochemical filtration at different

applied voltages and the contribution from oxy@etive species.
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3.3.5.2. Possible degradation pathways for ibuprofen during electrochemical filtration

Figure 310shaows a possible scheme for ibuprofen degradation based on mass spectrometry
data and comparisons to previous studies. It is commonly observed that degradation begins by
deformation at the terminal chains and the carboxylic functional group, leading tartiegiém
of largemolecularweight byproducts, such as-idobutylbenzoic acid, -{4-isobutylphenyh1-
ethanol and Z4-formylphenyl) propanoic acid, with the release of carbon dioxide and aliphatic
by-products. In our case, this could #®enonly when 2 VVwas applied. Further chain cleavage
followed by opening the benzene ring, leading to the formation of {aveéecularweight by
products that could be observed in effluents obtained at 3 V of applied DC potential, such as 4
ethylbenzaldehyd€4-methylpheyl) acetaldehyde, (23-(1-propenyl) phenol, phenylpropanal,
4'-methylacetophenon&;methyl3-hexen2-one, and Gnethyl5-hexen2-one.
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Figure3-10. Possible degradation pathways for ibuprofen during electrochemical filtration, based
on the LGMS results.
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3.4. Conclusion

An evaluation of pristine multiwalled carbon nanotubes (MWNTSs) and carboxylated
multiwalled carbon nanotubes (MWNTXOOH) was conducted teterminethe removal of an
antrinflammatory drug, ibuprofen, through filtration and electrautoal filtration. The removal
of the target molecule from aqueous solutions was successfully achieved at various applied
voltages, concentrations, a@iNTs surface loading#. is concludedhat the best conditions were
employed using electrochemical fdtron in acidic conditions, at 2 V of applied DC voltage and a
flow rate of 0.2 mL/min. It wasvidentthat the removal of ibuprofen at applied voltages of 2 and
3 V was controlled mainly by bulk indirect oxidation pathways. At an applied voltage of 2 V,
completeeliminationof the target molecule was achieved whdonger residence time within the
filter media was allowed. Three major-pyoducts were detected using electrochemical filtration
of the target molecule at 2 V:idobutylbenzoic acid, -{4-isobutylphenyl}1-ethanol, and Z4-
formylphenyl)propanoic acid, arising from the degradation of ibuprofen, which are known for
cytotoxic effects. Subjecting the target molecule to 3 V led to the removal of ibuprofen and its
major toxic byproducts and the fmation of lowesweight products. Lower flow rates and larger
CNTs surface loading results in longer residence times within the filter media, leading to a
complete removal of ibuprofen and all of its products by electrofiltration\atA significantly
erhanced performance of the MWNTOH filters compared to that of the MWNTSs filters was
observed at 0 and\, due to the presence of more hydrophilic sites and larger surface area of the
former, which allowed for better surface interactions and improveorption capacity.
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Chapter 4: Perceiving Different Factors of Influence during Deadend Electrochemical
Filtration of Bisphenol A using Multiwalled Carbon Nanotubes: Resistance to Surface

Passivation, Reactive Oxygen Species and Residence Time

Abstract

Bisphenol A is considered to be one of the most highly produced chemicatiustrin
Bisphenol A iswidely used in the manufacture of numerous products that are used extensively
around the worldOne ofthe major industries thatsesbisphenol A is th@roductionof consumer
and householgoods which results in pervasive human egpre to the chemical. Both pristine
and borordoped multiwalled carbon nanotubes were employed as filtration and electrochemical
filtration materials, resulting in a significant removal of bisphenol A. To understand the optimal
conditions for bisphenol Aemoval and reduction of toxic effects in aqueous solutions, the filters
were tested under different conditions and parameters. The electrolytic solutions were tested at
various pH in both the presence and absence of salt (NaCl) to better elucidateetioé rol
electrolytic species in the electrodegradation process during electrochemical filtration. It was
shown that the presence of salt is not critical for the highest contaminant removal effidiehcy
due to the vital role of other electroactive spedie.g. reactive oxygen species [ROS]). The
Asalting outo effect was examined by varying
bisphenol A and it was concluded that bisphenol A does not passivate the surface of multiwalled
carbon nanotubes WINTs) during the filtration process. Despite a significant difference in the
stability and purity of pristine multiwalled carbon nanotubes (MWNTSs) and bdoped
multiwalled carbon nanotubes (BMWNTS), as indicated by thermogravimetric analysis (TGA),
theelectrochemical performance of both types of MWMESalmost identical. This indicates that
a limited number of specific active sites on the MWNT and BMWNT surfaces participate in the
electrochemical filtration process. Regardless of the composition andf gk electrolytic
solutions, near complete removal of 1 mg/L bisphenol A at 2 and 3 V of applied DC potentials
was achieved, indicating that the electrochemical filtration process is voltage dependent at both 2
and 3 V. A significant reduction in toxtgi with an almost complete removal of 10 mg/L bisphenol

A, was achieved after 424 minutes of electrochemical filtration when the electrochemical filter
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residence was increased by a multiple of 7.4 fold (from 2.0 to 14.9 seconds) at 3 V of applied
potentid The degradation products of bisphenol A were identified using liquid chromatography
mass spectrometry (L-®1S) and it was found that most of the formed productsheghort chain
aliphatic carboxylic acids with no toxicity concerns, with complete gieag@nce of aromatic
products when a 3 V DC potential was applied. Based on these results, degradation pathways

corresponding to different tested conditions were predicted and developed.

Keywords Bisphenol A, Multiwalled carbon nanotubes, Doping, Elesttemical filtration,

Oxidation

4.1. Introduction

Endocrine disrupting chemicals (EDCs) and their existence in nature have been a growing
concern due to thettangerousealth effects. Bisphenol A (BPA) is among many EDCs used in
vital industries and is produceebrldwide in large quantitieat a reported rate @iver six billion
pounds daily. BPA is used as a starting chemical in many products such as adhesives, plastics,
powder paints, thermal paper and paper coatings, epoxy resins and mucf2n@¥ The
presence of BPA in wastewatsas beemletected in significant amounts ranging from 0.07 to 150
eg/L and 0.013 to 0.24 g/ g in prim§dyp2land se
Due to the growing demand for daily household products thatitoBPA, it is expected that

human and animal exposurethis harmful chemicals a mountingconcern

The electrochemical filtration process i emergingtechnology that shows afficient
ability to eliminatepathogens from wastewater and aqueoligisos andemo\e trace chemicals
thus eliminating their harmful and toxic effects from na{i 7476, 82, 83, 86, 11416]. The
electrochemical filtration process has shown a superior time efficiency, amdnbrgy savirg)
over batch electrolysis due to the combination of conventional filtration and electrochemical
degradation, therefore reducing operation times from hours to minutestf@tte/eparticipation
of different modes of mass transport was rtyeabserved during electrochemical filtration in
previous studies making this processy efficientand more practicals compared tconventional
batch electrolysi§r4, 114]

The elimination of BPA from watersing various advanced methods was investigated to

overcome the limited BPA removal efficiency of conventional wastewater treatment prd8esses
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37,59, 117, 118hang et al. [Bkhowed that BPA was succedbflegraded through oxidative
interactions with permanganate anions and that the formegrdojucts suggested that the
interaction of permanganate with BPA starts at benzoic rings, similar to the degradation of BPA
by ozonation. The same group also codellithat occurrence of solutes and humic acids during
the treatment process did not show any negative alterations to the removal of BPA via

permanganate oxidation apH of 7.

Cui et al. [59]studied the electrochemical degradation of BPA in a batch electrolysis system
using four differat anode materials: boratoped diamond (BDD), titaniwwsupported antimony
doped tin dioxide (Ti/SIISNQ), titaniumsupported ruthenium oxide (Ti/RyQand platinum
(Pt). They found that the different electrode materials have a substantial impact wertie o
process effectiveness in eliminating BPA. BDD and Ti&StO achieved the highest outcomes in
the electrodegradation of BPA, primarily due to their ability to produce reactive hydroxyl radicals
during the electrochemical degradation process, wittplarticipation from wasting reactions like
heterogeneous water oxidation and oxygen evolution. On the contrary, Pt and:Taék&d the
ability for higher production of hydroxyl radicals, thagminatingin poor outcomes. In the same
study, it was corladed that different factors like current density and electrode material are
important and should be combined to achieve the best results.flmaythat at low current
densities, Ti/SbSnG could perform efficiently but becomenstablewith increasing cuent
density, and thus BDD was able to perform better at current densities as high as 56.mA/cm

Rosenfeldt et al. [3@tudied UV photolysis and the UV photocatalytic advanced oxidation
process (UV/HO.). They concluded that UVA®. was a moreefficient approach ér BPA
removal, again due to the production of hydroxyl radicals and dlotireand unselective ability
to interact with and degrade BPA&ukahori et al. [117]developed Ti@zeolite sheets and
investigated their ability to surpatsee zeolitefree TiGy in adsorbing and decomposing BHAey
concluded that the enhanced adsorption on the surface of the zeolites could lead to increased
amounts of BPA, thus leading to better degradation by free hydroxyl radicals generated by
photolysison the TiQ surface. In their studyeborde et al. [118Jiscussed mechanistic insights
of the chemical pathways for the ozonation of BPA. They concluded that ozgreo (2 attack
the unsaturation sites in the benzene rings of BfRA1,3dipolar cycloaddition, efficiently
destabilizing BPA andausedegradation.
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In the previous study, an efficient remalv of a pharmaceutical (Ibuprofenyas
demonstratedhrough a dea@&nd electrochemical filtration process using multiwalled carbon
nanotubes (MWNTS) as an effective electrochemical filtéd4]. In this previous studywe shed
light on the importance of assimilating different factors including the surface functionalization of
the MWNTs filter, the chemical composition and pH of the background solution, and the flow rate.
We concluded that whea low DC potential is applied {D V), surface interactions play a
significant role and that adsorption is the dominant mechanism in removing ibuprofen from
agueous solutions. Hydrophilic and hydrophobic interactions were better integrated and provided
more efficient adsorption of ibuprofen on the MWNTSs surface when carboxylated multiwalled
carbon nanotubes (MWNTBOOH) were used at a low pAt a higher voltage application-@

V), bulk oxidation reactions were observed to dominate. Furthermore, pHswltli®n played a
significant role throughout the process for both low and high voltage applEetgardless of the
filtration material. Nevertheless, we concluded that bulk oxidation reactions mainly occurred
through ROS formations and that the paption of ROS wagreaterthan reactive chlorine

species produced from the background salt electrolyte.

As an extension to our previous observation on the presence and participation of ROS during
the electrochemical filtration process by MWNTSs, this currstiady further investigates the
involvementof ROS in the process by varying the composition and pH of the background solution
in addition to an overviewf the effect of doped MWNTSs. Moreovehis study isproviding a
detailed insight into the degradati of BPA during electrochemical MWNTSs filtration and the
major effect of increased residence time within the filter body for the complete removal of BPA
and its phenolic intermediates. The effect of voltage was clearly observed to be an important factor
for enhancing the kinetics of overall removalwas notedthat BPA is readily oxidizable and
easily removable during electrochemical MWNTSs filtration likely due to its relatively low

oxidation potential and that BPA has no fouling effects on the MWNAF filt

4.2. Materials and Methods
4.2.1. Materials

Pristine multiwalled carbon nanotubes (MWNTs3Dnm OD, average length-B0O0 & m

and electrical conductivity >100 S/cm) with 95 % purity by weight, as specifiedhéy
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manufacturer, was purchased from Cheap Tubes@amnbridgePort, VT, USA. The purity of

the pristine MWNTs was measured through TGA analysis and found to be around 99 %. OD was
estimated using SEM and ranged betweed4m. Borordoped multiwalled carbon nanotubes
(BMWNTSs 2040 nm OD, average lengtld5 ¢wedepurchased from Nanoted¢tabs NC, USA

with 1-2 % boron lattice doping and 8% residual iron by weight, amgereused as received. The

measured purity of BMWNTS, as indicated by TGA, was around 80 %. Specific surface area was
measured using Bnauei Emmett Teller (BET) and determined to be 165.97/gnfor pristine

MWNTs and 59.52 #ig for BMWNTSs. Bisphenol A with 99 % purity and molecular weight

228.29 g/mole was purchased frddigmaAldrich, Oakville, ON, Canada. Sodium chloride,
sodiumhydroxi e and sul furic acid with O 98 % purity
Ottawa, ON, Canada and were used in the preparation of background solutions and pH
adjustments. Nitro blue tetrazolium chloride (NBT) of assay 98%, -Didthyl-p-
phenylened ami ne with assay 97%, oxalic acid dehydr
horseradish (146 units/mg) were all purchased from Si§ldiach, Oakville, ON, Canada and

were used to prepare superoxide and hydrogen peroxide assays. MWNTs and BMWNTs
sugpensions were prepared in 99% pure dimethyl sulfoxide (DMSO), purchased from Fisher
Scientific, Ottawa, ON, Canadassm pol yt et rafl uoroet hyl ene (PTFE
from Millipore, Etobicoke, ON, Canada and usedafilter substrate. Magnesiusulfate, sodium
bicarbonate, calcium chloride, potassium dihydrogen phosphate, ammonium chloride, and
trisodium citrate were purchased from Fisher Scientific, Ottawa, ON, Canada and were used to

prepare synthetic secondary wastewater effluent.

4.2.2.Electrochemical MWNTs and BMWNTSs Filter Preparation

The preparation method for multiwalled carbon nanotube filters was as introduced in our
previous studyf72, 114] Vacuum filtration was used to deposit MWNTs and BMWNrisf
suspensionsinDMSOorss5m PTFE membranes (Millipore) as t
were prepared using both 20 and 40 mL of MWNTs and BMWNTSs suspensions (0.5 mg/mL) each.
The 20 mL sample resulted in surface loadings of 1.04 nfgfuhthickress ranges from 39.47
43.08 &m, whi | eledtoh surfageloading of .68mm/Brand had a thickness
ranging from 78.9 to 8-Zctignal viewaThe prepatation process by
involved depositing the MWNTs or BMWNTSs onto tR& FE membrane, then rinsing once with
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ethanol (50 mL), rinsing once with a 50:50 ethanol and DI water (50 mL) solution, and finally
rinsing six times (50 mL each) with DI water (a total 325 mL of DI water and 75 mL ethanol) to
wash off all of theemainingDMSO solvent. The freshly prepared MWNTs and BMWNTSs filters

were used for each experiment.

4.2.3. Electrolyte Solutions and pH Conditions

The composition and pH of electrolyte (background) solutions were varied to obtain a better
understanding of the role dlifferent reactive species in the electrochemical process. Sodium
chloride (NaCl) was used as a conductive electrolytic species and as a source of chlorides, which
can be oxidized in the process to form reactive chlorine with oxidative aljiifie$14, 119]The
electrochemical performance was also studied in the absence of NaCl at pH 3 and 9, to track the
participation of ROS in the absence of reactive chlofeecentrations of NaCl used were varied
from 1 to100 mM and the pH was around 6. In the presence (pH 6) and absence (pH 3 and 9) of
10 mM NacCl, the conductivity was observed to be in the range of 3 101162 x 10’ S/cnt for
MWNTs and 8.4 x 10 to 1.34 x 1 S/cnt for BMWNTS, at both 2 and 3 Vfapplied DC
potential. Instantaneous current densities using MWNTs increased significantly when the
concentration of NaCl was increased, from 1.8 % t@\/cn? at 1 mM NacCl to 3.5 x T®mA/cn?
at 100 mM NacCl, while steady state currents remained atx6l03 mA/cn?. The concentrations

of bisphenol A useth this study ranged from 1 to 100 mg/L.

4.2 4. Filtration and Electrochemical Filtration Processes

Conventional and electrochemical desd filtration processes were completed using a
bench scale electroemical filtration cell, as described in our previous sfu@y74, 83, 114, 116]
An Agilent E364_Apower supply, Agilent Technologies, Rockaway, NJ, USA was used for DC
voltage application. MWNTs and BMWNTSs wersad as anode electrochemical filters with a 0.1
mm thick titanium ring as an electrical connector to the surface of the MWNT anode filter and a
perforated stainless steel shim of thickness 0.05 mm was uskdaghode. During deaeind
electrochemical firation, 1, 2 and 3 V DC potentials were applied for electrochemical pathways
initiation and no voltage was applied during conventional filtration. Flow rates of 0.5 and 2
mL/min were used during electrochemical filtration to investigate the effecthairge in reaction

time on the toxicity reduction of bisphenol A during the process. The 2 mL/min flow resulted in a
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permeate flux of 0.072 L/fth on MWNTSs and 0.202 L/&th on BMWNTS at a surface loading of

1.04 mg/cm. All experiments were performed at mdemperature (23°C + 1).

4.2.5. Stability and morphology characterization of the MWNTs and BMWNTSs Filters

The content purity and stability of the MWNTs and BMWNTs were examined using
thermogravimetric analysis (TGA) TA instruments, Trios V3.3, Waters LLC, Nestl€GaDE,
USA. The protocol used for analysis was the same as described in our previoy8atudyl]
MWNTs and BMWNTSs were first exposed to temperaia@eases 010°C min' up to 150°C
maintained for 30 mirtes,then thetemperature was then further raised at the same rate up to
1000°C and maintained for 30 minutdhe samples were thetlowed to coqglthenweight %
and mass changes were recorded. BrunBuanettTeller (BET), Quantachrome Autosorb
Automatel Gas Sorption System, Autosorb 1, BoynBaach Florida, USA was used to evaluate
the specific surface area fy) and total pore volume (Sfg). The BET analysis was done using
nitrogen gas and outgas temperature was 1004 temperature was 77.3°@daanalysis time
was 1825.3 minutes. The surface characterization and analysis of the MWNTs and BMWNTSs was
performed usingcanning electron microscopy (SEM) aedkrgy dispersive Xay (EDS), FEI
Inspect F50 FESEM with EDAX Octane Super 60 mm2 SDD arielAM EDS Analysis System,
Dawson Creek, Oregon, USA, and the analysis was performed on the MWNT filters before and

after use in treatment.

4.2.6.Cyclic Voltammetry

The electrochemical characterization through cyclic voltammetry for bisphenol A and the
evaluatiaon of the electrochemical performance of MWNTs and BMWNTs was achieved using a
Multi- Potentiostats 8 channels + Frequency Analyzer (MPFA) 1470/1255B, Solartron
Instruments, Hampshire, United Kingdom. 1.04 mg@/tiVNT and BMWT filters were used as
working dectrodes, perforated stainless steel as a counter eleciratidg/AgCl (3 M KCI) as
the reference electrode. The scan rate was 50 mV/sec and the scan raiige wds5 Ws. Ag/

AgCl.
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4.2.7.Quantification of Bisphenol A Removal

An Agilent UV/VIS Cary 8454 spectrophotometer, Santa Clara, CA, USA was used to
determine concentrations of bisphenol A before and after treatment and to scrutinize bisphenol A
changes with time. Furthermore, the UV/VIS spectrophotometer was used to examine the presence
and paircipation of ROS through previously reported photometric asfE3@122]. 2 ml of
influent and effluent samples were used for analysis and the quantification was based on the
absorbance values at 225 nm. The methetection limit (MDL) for bisphenol A by UV/VIS was
determined to be 14 pg/L. Liquid chromatographgss spectrometry (L®IS) was used to
qualify bisphenol A degradation products and predict its degradation pathways from electrolytic
solutions with diffeent compositions, pH and flow rates. The-MS analysis was completed
using an Agilent 6210 ESIOF instument, Agilent Technologies, Santa Clara, CA, USA in
negative ESI mode with a Mass Hunter acqui sit
for analysis. The ESI source capillary voltage was 4000 V, nitrogen gas temperature was 350°C
and flow rate wa 12 L/min. The nebulizer pressure was maintained at 33hasiragmenér
voltageat 100 V, and skimmer voltagat 60 V. The mass range was 50000 m/z with internal
calibration using the reference masses 119 and 966 m/z in the Agilent refer@scelution.

The injection gradient was: initial conditions of 5 % mobile phase B with a 1 min holdaiked

to 95% at 8 min and held for 1 min. The column waeqeilibrated at 5 % mobile phase B for 5
min before the next injection. The flow rate for melphases A (water + 0.1 % formic acid) and
B (acetonitrile + 0.1 % formiacid) was 0.4 mL/min.

4.3. Results and Discussion
4.3.1.MWNTs and BMWNTs Stability and Surface Morphology

SEM and EDS were performed on freshly prepared MWNTs and BMWNTS filters as
mentiored in the methods section. Figutd A and 41 C, show the SEM images of MWNTSs and
BMWNTSs, respectively. Carbon and oxygen content were examined by EDS (FfBeand 4
1 D), for MWNTs and BMWNTSs, respectively. The results show a weight percent oR87ds5
carbon and 1.46% for oxygen in MWNTSs, and comparatively 93.52% and 2.80% for BMWNTS.
The EDS analysis was also done after the use of MWNTs and BMWNTs membranes in treatment

and did not show any signs of surface oxidation after treatrrgniré B3, AppendixB). Figure
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4-1 E and 41 F represent the TGA results forraseived MWNTs and BMWNTS, respectively.

The TGA shows a purity of 99 % for MWNTSs and 80% for BMWNTSs, indicated by the sharp drop

in the weight percent between 600 and 650 °C, the tenuperat which all carbon content is
degraded. Below this temperature, a gradual and slight drop in weight would be due to the release
of hydrogen content as water vapor. For BMWNTSs, a plateau like formation at arot#dd 22

weight % is probably due to therfnation of large iron oxide layers at the BWMNTSs surface.

Total pore volume for MWNTSs is 0.0104 érf1.037 cni/g x 0.01 g), the surface area is
16597cm (165.97 nd/g x 0.01g) for a loading of 1.04 mg/émThe total pore volume for
BMWNTs i s “4cBe(08058xcni/d »0021g), and the surface area is 5952 &9.52 nt/g x
0.01 g) for a loading of 1.04 mg/én®6 x 10* cm?®, as measured by BET. The thickness is 39.47
56.48 em, as i ndrther detaits,pledserefed tb dppegrid)xo r  f
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Figure4-1. SEM and EDX for MWNTs and BMWNTs where (A) is the SEM for the MWNT filter
with a surface loading of 1.04 mg/éniB) is the EDX analysis for the MWNT filter atsarrface
loading of 1.04 mg/cA (C) is the SEM for the BMWNT filter with a surface loading of 1.04
mg/cn?, (D) is the EDX analysis for the BMWNT filter with a surface loading of 1.04 mg/cm
(E) is TGA weight percent veemperature for MWNTS, (F) is TGAeight percent vdemperature
for BMWNTSs. Characterization for the MWNTs and BMWNTSs wdime before use in treatment.
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4.3.2. The Salting Out Effect on Bisphenol A Removal during the Electrochemical

Filtration Process

In thisportionof the studywe examinedrte fouling ability of BPA on the MWNTSs surface.
Thus &cording to previous studies on enhanced adsorption of neutral organic molecules by
increasing salt concentration (Salting out effect), we decided to vary the salt concentration to
mainly observe if theacrease in salt concentration can enhance the adsorption of BPA on MWNTSs
surface. The enhanced adsorption of BPA was expected to increase its polymeric fouling ability at
the MWNTs surface during the process, amiwas previously reportedBPA can indue

polymeric passivation during electrochemical degradd6@n59, 90, 123]

NaCl concentrations were changed from 1 to 100 mM without changing the pH, applied
voltage, filter loading nor BPA concentration. In ithetudy on the use of chitosdrased
molecularly imprinted polymer adsorbents for the selective removal of perfluorooctane sulfonate
(PFOS),Yu et al. [90]reported that increasing the salt (NaCl) concentration from 50 to 500 mM
could lead to enhanced adsorption of PFOS froneags solutions, and that in salt concentrations
below 50 mM the sorption amounts were constant. Therefore, we used low to moderately high salt
concentratioa (1 to 100 mM), to enable a clear comparison between a wide enough range of salt
concentrations ahthe possible salting out effect of high salt concentrationsL(®OmM) on
bisphenol A adoption or removal by MWNTas compared to lower concentrations. Higher

concentrations of salt would have corrosive effects and were not necessary for this study.

Figure4-2 A shows the breakthrough plots for the removal of 1 mg/L BPA fradlf@d mM
NaCl solutions at 0, 1 and 2 V of applied DC potential by MWNTSs, and over 106 minutes of
treatment time. The amounts of applied voltages were kept well under 3 V of dpPligatential
(1.54 V vs Ag/AgCl of anode potential) to minimize water oxidation and oxygen evolutidn 1
V vs. SCE)[49, 74, 124}which would increase the hydrophilicity of the surface. This would hinder
the pdymeric passivating effect of BPA on the MWNT surface by altering hydrophobic surface
interactios between BPA and MWNTSs. Figuie2 B shows the instantaneous astdadystate
current densities in mA/chduring the electrochemical filtration treatment ofnig/L BPA,

corresponding to Figuré-2 A.
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Figure4-2. (A) Breakthrough plots for filtration and electrochemical filtration of 1 mg/L BPA in
1, 2,10, 50 and 100 mM NaCl (pH 5.6) by MWNTs at 0, 1 and 2 V of applied DC potential
and (B) is istantaneous and steasiate current densities for electrochemical filtration of 1 mg/L
BPAin 1, 2, 10, 50 and 100 mM NaCl by MWNTs at 1 and 2 V of applied DC potential. Flow
rate was 2 mL/min., MWNTSs surface loading was 1.04 mgamd experiments wereeformed

at room temperature.

From Figure4-2 A and B, itcouldbe concluded that there were no fouling effects induced
during the treatment of 1 mg/L BPA irR1ID0O mM NacCl. At 0 and 1 V of applied DC potential, the
removal of BPA seemed identicd@igure4-2 A) indicating that atl V (0.35 Ws. Ag/AgCI of
anode potential), the removal of BPA is similar to that at 0 V andamdyrring due tghysical
adsorption (at pH 5:8). Therefore, the magnitude of the anode potential was not sufficient to
initiate any oxidative pathways for BPA. Looking to the breakthrough trends at 0 and 1 V DC
potential, an early breakthrough (frorl6 minutes of filtration and electrofiltration time) can be
observedindicating that BPA excessively consumes the MWNTSs active caidaes. Given the
enormous surface area of MWNTISB9 &N at a loading of 1.04 mg/cip the reason for such an
early breakthrough at 0 and 1 V is not clearly understood. In our previous study, we could shed
light on overcoming the limitations of MWNTslsorption of ibuprofen and we concluded that

surface oxyfunctionality ¢(COOH) in MWNTSs can lead to enhanced sorption capacity toward
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molecules with oxyfunctional groups-COOH) during the electrochemical filtration process at 0
-1V [114].

Other researchers also reported that oxygmrtaining molecules can beackly adsorbed
on carbon nanotubes (CNTs) with surface-bxyctionality [88, 89] In this current study, the
previous hypothesis is not ourimary interest; rather we wanted to better understand the
hydrophobic dsorptive effect of bisphenol A on the surface of pristine MWNTs. When the applied
voltage was raised to 2 V, the removal performance was greatly enhanced and acheanrbd
steady complete removal even after 106 minutes of operation time. This ouicdmated that
electrodegradation pathways were initiatedratipplied potential of 2 V (0.76 V M&ag/AgCl of
anode potential) and BPA was promptly and consistently eliminated overtime. The observation
that steadystate current densities were not alteoer time (stable #.03 x 1 mA/cn?) at 1
and 2 V (Figured-2 B) was another indication that the effect of surface passivation effect was not
the case. (For further information on removal flux, permeate flux, removal capacity values, and

energy consmption and mineralization current efficiency, please refer to supporting information).

4.3.3.MWNTs and BMWNTs Electrochemical Performance Characterization through

Cyclic Voltammetry

Figure4-3 shows the cyclic voltammograms for the electrochemical filtratioh, 80 and
100 mg/L BPA in 10 mM NaCl using MWNTs and BMWN({Fgure4-3 A and B) and the linear
correlation between BPA concentrations and current in{fAigure4-3 C and D). BMWNTS were
selected for observing their electrochemical performance in thentland a later section.
Previous reports have shown that doping increases the conductivity and specific capacitance of
CNTs and that among all CNTs, bordoped CNTs are the least prone to fouling. Furthermore,
boron and nitrogexdoped CNTs have a largeork function (the distance from the material Fermi
level to the vacuum level) compared to pristine CNTSs, with the largest reported fordogred
CNTs (5.2 eV), making it a more appropriate CNTs type for oxidative procsses25130].
Thus, inthe current studywe wanted to investigate and compare the apparent performance of
BMWNTSs to that of MWNTSn achieving the best results in BPA elimination by electrochemical

filtration.
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In agreement with a previousudly, the removal of aqueous phenol using pristine, boron
doped and nitrogedoped CNTs showed the overall performaoéotal organic carbon removal
(TOC) assimilar among the doped and pristine CI83. Our cyclic voltammogram exhibited
almost identical electrochemical performance during the treatmeBPaf by MWNTs and
BMWNTs (Figure4-3 A and B) and the absence of foulingesftson MWNTSs as shown in Figure
4-2.
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Figure4-3. Cyclic voltammetry for electrofiltration of 1, 5Gnd 100 mg/L BPA in 10 mM NacCl.
Where (A) isthe cyclic voltammogram for electrofiltration by MWNTSs, (B3 the cyclic
voltammogranfor electrofiltration by BMWNTS, (C)is thelinear correlation for currens. BPA
concentration on MWNTs (corresponding (&), current peak at 0.75 V)D) is the linear
correlation for currengs. BPA concentration on BMWNTS (corresponding to (B), current pgak
0.75 V), and (E)is the aode potentialss. Ag/AgCI corresponding to 1, 2 and 3 V of applied DC
potential andMWNTs and BMWNTSs loading was 1.04 mg/erExperiments were performed at

aflow rate of 2 mL/min and at room temperature.
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BPA concentrationwere varied on a single electrochemical filter of each MWNT type, and
the cyclic voltammogramseve overlaid (Figre4-3 A and B). MWNTs and BMWNTSs were used
as the working electrode, stainless steel as the counter eleetndd®g/AgCl (3 M KCI) was use
as a reference electrode. The scan rate was 50 mV/sec and the sweep ratdg®e &d&s Vvs.
Ag/AgCl. Anode potentials corresponding to 1, 2 and 3 V were 0.35, 0.76 and 1.5A4/AgCl
for MWNTs and 0.37, 0.79 and 1.57vg. Ag/AgCI for BMWNTS, respetively.

From Figure4-3 A and B, a consistent increase in oxidation current with increasing BPA
concentration from 1 to 100 mg/L was observed corresponding to 0.75 AgisgCl. This
behavior suggests that the oxidation potential for BPA is 0.75 V d¢m types of MWNTS.
Previous studies on the electrochemical detection and degradation of BPA using different
protocols showed that the oxidation potential of BPA was in the range of 0.5 to[6/ 131,

132]. Therelatively low oxidation potential of BPA could be the primary reason for BPA being
prone to oxidation and hence being readily removed at relatively low to moderate applied voltages
(0O 2 V). Thus, the degradati on noofdireBtRlactrana k e s
transfer from BPA molecules to the MWNTs and BMWNTS surface at 2 and 3 V of applied DC
potentials. A sharp rise in oxidation current can be observed at and above.AY/AgCI,
indicating an increased water oxidatiofthwincreasingpotential (Figuret-3 A and B). There are

also two minor reduction peaks-ab.45 and- 0.77 V. The peak at0.45 V is not in agreement

with any previous observations during BPA electroanalysis, thus it could be related to trace iron
reduction while the peak at- 0.77 V is most likely due to oxygen reduction and superoxide
formation[86, 114]

BMWNTSs have significantly less thermal stability than pristine MWNTS, as observed from
the TGA analysisKigure4-1 F), likely due to the presence of boron atoms within the sp2 lattice
of the CNTs. Despite this; the electrochemical stability of BMWNTs seems satisfattooy
high. Furthermore, the cyclic voltammetry showed no clear signs of iron oxidation or release
despie the presence ofg % iron by weight on the BMWNTSs surface (&g B-1, Appendix
B).Rather, the BPA oxidation took place efficiengyd the TGA analysis suggestadformation
of iron oxide layers on the BWMNTSs surface, yet not causing active sieiteseto be blocked.

The linear correlation between increasing BPA concentration and thesedreoxidationurrent

(Figure4-3 C and D) confirms that diffusion mass transfer is occurring, in agreement with our
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previous observatiofiLl14]. Therefore, once the molecules approach the surface rapidly under
flow, diffusion controlled mass transfer becomes the determining factor for adsorption and
oxidation on the MWNTSs surface. At pH 6, BPA molecules are expected to be neutral (fKa 9.6
11.3)[133, 134] and therefore migratiois not considered. The hydrodynamic flow is likely an
important factor that could significantly improve the delivery of the neutral BPA molecules from

the bulk to MWNTSs interface and thus would redtlestime and enhance energy efficiency.

4.3.4.Electrochemial Filtration Performance in the Presence and Absence of NaCl and in

Different pH Conditions

The participation of salt (NaCl) in the electrochemical filtration process was examined.
Furthermore, the absence of salt enabled the investigation and confirmaR® Sinvolvement
in the oxidation process. Figuied shows the breakthrough plots for the removal of 1 mg/L BPA
by MWNTSs at 0 and 3 V of applied DC potential in the pnegeof 10 mM NaCl at pH 6 (Rige
4-4 A), in the absence of NaCl at pH 3 (Eig4-4 B), and in the absence of NaCl at pH 9 (K
4-4 C). The figure also shows results for BMWNTS filtration in the presence of 10 mM NaCl at
pH 6 (Figure4-4 D), the absence of NaCl at pH 3 (&g 4-4 E), and tle absence of NaCl at pH
9 (Figure4-4 F).

The breakthrough trends for the absence and presence of salt are very similar indicating that
the participation of reactive chlorine species in the electrochemical degradation of BPA is not of
critical importance. In our previous study, the presendéad! did not result in the formation of
chlorinated byproductg114]. Therefore, i canbe concluded that the reactive oxygen species are
clearly participating in the process, most likely due to a higher reactivity and faster kinetics than
reactive chlorine ( namdal,ee6, hly]phs obsdrvatioromassfurthec i d
confirmed in the current study through the -MS analysis of BPA and its degradation- by
products after electrochemical filtration treatment at different condifiengresence and absence

of NaCl, different flow ratesandvariousMWNTSs surface loadings
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Figure 4-4. Breakthrough plots for filtration and electrochemical filtration of 1 mg/L BPA in the
presence and absence of 10 mM NacCl, at different pH vanesat 0 an@® V of applied DC
potential where (A) is electrochemical MWNTSs filtration in the presence of 10 mM NaCl (pH 6),
(B) is electrochemical MWNTSs filtration in the absence of NaCl (pH 3), (C) is electrochemical
MWNTs filtration in the absence of NaCl (pH 9),)(8 electrochemical BMWNTS filtration in

the presence of 10 mM NaCl (pH 6), (E) is electrochemical BMWNTS filtration absence of NaCl
(pH 3) and (D) is electrochemical BMWNTS filtration absence of NaCl (pH 9). Experiments were
performed at room temperatunath a flow rate of 2 mL/min and the MWNTs and BMWNTSs

loading was 1.04 mg/chn

The H was varied between acidic (pH 3) and alkaline (pH 9) levdtsiabsence of NaCl
to investigate the effect of ROS participation during electrochemical filtrdfqurions(4-1) and
(4-2) show that superoxide anionsafO would be favorably stable at a neutral to alkaline pH,

while at an acidic pH, the formation of hydrogen peroxidgodiwould be favoreds3, 68}

20 +H,0é HO%+ OH (4-1)
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20/ + 2HOA 20H+ H20; + O, (4-2)

Thus to differentiate the participation of superoxide and hydrogen peroxide, the pH was

varied between acidic and alkaline levels.

However, our current observationsngparing the outcoe from Figure4-4 B and E
(absence of NaCl at pH 3) to the extent of oxidized diphpiplienylene diamine (DPD
production in a hydrogen peroxide assay at pH 3ufleig316, Appendix B, suggests that
superoxide anions do not completely diminish towatdraction with and degradation of target
contaminants during electrochemical filtration in acidic conditions. This was indicated by the
seemingly limited production and stability of hydrogen peroxide in the proceskqasby the

hydrogen peroxide asgat pH 3).

Moreover, the role of hydrogen peroxide in the electrochemical degradation process is not
clear because the oxidative interaction of hydrogen peroxide with organic contaminants has slow
kinetics and would require a catalyzed process to generattive oxidants (Fenton chemistry)

[64, 66, 106, 135] Therefore, it can be concluded that superoxide patrticipation is the most
dominant factom the electrochemical degradation of BPA at 3 V of applied pateniih a more
notablecontribution and faster reaction kinetics over hypochlorous acid and hydrogen peroxide.
Furthermore, a superoxide assay was conducted at 3 V of applied potential in the current study and
was found to be positive (Rige B-13andB-14, Appendix B. (For further information on removal

flux, permeate flux, removal capacity values, and energy consumption and mineralization current

efficiency, please refer to supporting information).

Figure 45 shows the flux values for the treatment ohd/L BPA by MWNTSs (Figure %6
A) and by BMWNTSs (Figure 4% B), corresponding to Figure4t FromFigure 45 it is evident
thatwhen a 3 V DC potential is applied, the flux values increase significantly fretn®21 ne.ly /
at0Vtoaround 6@ 4 £.lg. The significant increase in flux values is due to the participation
of the electrooxidation reactions at the MWNTs and BMWNTsas@rfand in the bulk dhe
solution. Figure 4 shows the energy consumption (EC) valudd/itin/kg (Figure 46 A) and the
mineralization current efficiencyMCE) in % (Figure 46 B), corresponding téigure 44. The
sharp increase in EC for the acidic (BHbackground solution indicates the increased hydrogen
evolution and thus th&eubstantiaincreasen the output currerdscompared to the cases of neutral

and alkaline pH.
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Figure4-5. Removal flux for filtration and electrochemical filian of 1 mg/L bisphenol A in the
presence of 10 mM NaCl (pH 6), absence of NaCl (pH 3) and absence of NaCl (pH 9) using (A)
MWNTs and (B)BMWNTS, corresponding to Figure4t
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Figure 4-6. Energy consumption and mineralization current efficiencygre/l{A) is the energy
consumption for pH variation in the presence of 10 mM NaCl (pH6) and absence of NaCl (pH 3
and 9) using MWNTs and BMWNTs at 3V of applied DC potential, (B) is the mineralization
current efficiency for pH variation in the presence @M NaCl (pH6) and absence of NaCl (pH

3 and 9) using MWNTs and BMWNTSs at 3V of applied DC potential. The loading for MWNTSs
and BMWNTs was 1.04 mg/cdnthe BPA concentration was 1 mg/L and the flow rate was 2

mL/min and at room temperature.
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4.3.5. Liquid Chrom atography Mass Spectrometry for Monitoring Bisphenol A Degradation

and Factors Affecting Degradation Pathways
4.3.5.1.Effect of Applied Voltage

LC-MS was used to monitor the degradation of BPA at different applied voltages (2 and 3
V) and the effect of increaginvoltage on thefficiencyof BPA electrodegradation. Figude7
shows the mass spectra for 10 mg/L BPA in 10 mM NaCl before electrochemical MWNTs
filtration treatment and after treatment at 2 and 3 V of applied DC potential. Samples were taken
at 5, 46 ad 106 minutes along a total of 106 minutes of operation time. Electrochemical filtration
was performed at 23°C+1 with a flow rate of 2 mL/min and the MWNTSs loading was 1.04mg/cm

BPA has a major spectral peak at 227 m/z and a fragment at/27®/hen 2/ was applied
(Figure4-7), BPA peaks were observed to be eliminated after 5 min of treatment time, spectral
traces could be observed after 45 minutes and had increased by 106 minutes. This observation
confirms that BPA has an exhaustive effect on MWNSIisjilar to our previous observation for
the electrochemical filtration of ibuproféhl4]. When 3 V was applied, near complete elimination
wasachieved after 46 minutes and spectral traces could only be observed after 106 minutes of
treatment. These observatides to the conclusion that the adsorption of organictaminants
has yet to take place at 3 V and that there is likely a wide range of reactions (direct and indirect

oxidation) occurring at the surface of the MWNTSs.

The observation that BPA could consumedhbgvesurface sites at 2 and 3 V indicates
that suface adsorption takes place and direct electron transfer is likely occurring even at 3 V
(1.54 V vs Ag/AgCI of anode potential). Thisouldindicate that either heterogeneous water
oxidation and oxygen evolution are not excessively taking place whemdide potential is 1.54
V, or that it takes place y‘eti mtodorlwmdndpipbdices el y
interactions between BPA and the surface of the MWNTSs. Furthermore, an applied voltage of 3
V clearly shows an enhanced removal ofBfdmpared to 2 V for the same operation time. This
indicates that both direct electron transfer and indirect oxidation pathways were improved by
increasing the applied voltage from 2 to 3 V, thus increasing the overall degradation kinetics for
BPA.
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Figure4-7. Mass spectra of 10 mg/L BPA in 10 mM NaCl (pH6) before treatment (red trace) and
after electrochemical MWNT filtration treatment (black traces) at 2 and 3 V of applied DC
potential after 5, 46 and 106 minutes of electrochemical filtratim®. Experiments were

performed at room temperature with a 2 mL/min flow rate ad\WNTSs loading of 1.04 mg/cfn

Figure 48 A shows the formation of the degradation byproduct at a retention time (RT) of
7.8 min andrigure 48 B shows the 243 m/z speakpeak corresponding to RT 7.8 min in the
same conditions of treatment for kig4-7. The formation of the 243 m/z (RT 7.8 min) indicates
the formation of hydroxylated BPA derivativig, 65]

Cui et al. [59] reported the formation of BPA hydtglated derivatives from the
electrochemical oxidation of bisphenol A using different electrode materials in a batch electrolysis
system. Furthermor&dzmen et al. [65$tated the formation of the same starting products from
an electrochemically gemated (in situ) Fenton reagent during electrochemical oxidation of
bisphenol AKlein et al. [136]andOturan et al. [137&lso reported the formation of hydroxylated
derivatives from the interaction of hydroxyl radicals with benzoic acid and after formation of
cyclohexadienyl intermediates. They also reported d@hamatic compounds are susceptible to

attacks from hydroxyl radicalfp9, 65, 136, 137]All of the previously reported outcomes
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suggested that hydroxyl radicals are primarily responsible for the formation afxigiated
phenolic intermediates. In our case, we doubt the possibility of the formation of hydroxyl radicals
(formation potential 2.8 V49, 55]at 2 V (0.76 V vsAg/AgCl of anode potential) and 3V (1.54

V vs. Ag/AgCI of anode potentials). Our current observation for the formation of hydroxylated
BPA derivatives in the absence of hydroxyl radicals is in agreement with our previous observation
for the formation of oxyfunctional byproducts from the degradation abuprofen by

electrochemical filtratiof114].

Thus it can beoncluded from our current and previous observations that other ROS, likely
superoxide anions, are attacking and degrading target organic contaminants during electrochemical
filtration, in a very similar manner and close reactivitylas of hydroxyl radcals. Additionally,
the relatively rapid flow rate of 2 mL/min results in a residence time of 2.01 seconds for BPA
molecules within the MWNT filter, considering MWNTSs total volume (at a loading of 1.04
mg/cnt) and cumulative pore volume. Hence it can hdarstood that a residence time of 2.01
sec is most likely sufficient for superoxide reactions with BPA to take place and form the
hydroxylated intermediates, while reactive chlorine (from the NaCl background solution) would
probably require longer residem times to interact with and degrade BRAus producing

chlorinated byproducts as proposed in a later sectionyféd3-30, Appendix B.

From Figure 48 it isclearthat the production of the 243 m/z hydroxylated BPA derivatives
increased with increagjrapplied potential from 2 to 3 V at a flow rate of 2 mL/min aMWNTs
loading of 1.04 mg/c This suggests an excessive electrodegradation of BPA and a more rapid
accumulation of the product with increasing applied potential in the reported conditions

agreement with the denlhg trend of BPA observed in Figude?.
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Figure 48. LC-MS of 10 mg/L BPA in 10 mM NacCl (pH6) before treatment (red trace) and after
electrochemical MWNT filtration treatment at 2 and 3 V of applied DCniatieat 5, 46 and 106

minutes of electrochemical filtration time (black traces) showing the formation epeoldyct at

RT 7.8 min (243 m/z)

spectra at 243 m/z (corresponding to 7i8)mExperiments were performed at room temperature

with a flow rate of 2 m

A
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m/z

, Wwhere (A) is the liquid chromatograms for 7.8 min and (B) is the mass

L/min and the MWNTSs loading was 1.04 mg/cm
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4.3.5.2.Major Degradation Pathways of Bisphenol A

The proposed BPA degradation pathways anahéar degradation products, Figur®,dare
in close agreement with previously reported pathways in studies of BPA degradation from different
advanced oxidation treatment meth¢8s20, 59, 65, 118, 138Figure 49 shows the proposed
BPA degradation pathways ardde degradation products formed during the electrochemical
filtration of BPA at a flow rate of 2 mL/min anch&WNT loading of 1.04 mg/ciytotal reaction
time of 2.01 sec.).

The BPA degadation products shown in Figureare from the set of various catidns
of electrochemical filtration at 2 and 3 V of applied DC potential in the presence (pH 6) and
absence (pH 3 and 9) of a NaCl salt electrolyte. It was observed that the majority of the BPA
degradation products were detected after the electrochéifitirediion treatmentsn the presence
of NaCl (pH 6) and absence of NaCl (pH 3), while only the hydroxylated BPA derivatives at RT
7.8 (243 m/z) could be observedtire absence of NaCl (pH 9) (Rige B-19, Appendix B. This
likely indicates more enhancedectrochemical activity in the salt and the acidic electrolytes
compared to alkaline conditions.

Previous studies havendicated that aromatic compounds and hydroxylated phenol
derivatives including hydroquinone, benzoquinone, catechol, hydb@n#oicacid, resorcinol,
isopropyl pheno] and isopropenyl phenol can result from the electrochemical oxidation of
phenolic compoundfs9, 65, 139] In our analysis, these intermediates were not deteloted

hydroquinoneand phenol were proposed.
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Figure 49. Degradation reaction pathways for BPA during the electrochemical filtration process
at 2 and 3 V in the presence (pH 6) and absence (pH 3 and 9) of 10 mM NaCl. Experiments were
performed at room temperature withlaw rate of 2 mL/min. anéan MWNT loading of 1.04

mg/cnr?.

The degradation of BPA starts by the formation of hydroxylated derivatives due to
superoxide§ a tom thecaomatic rings. Following this step, isopropyledene bridge cleavage
takes placdeadingto the formation of oneing hydroxylated phenolic derivatives at 167 and 195

and 149 m/zFigure4-9.

The creationof phenolic derivatives is reported to lead to the formation of reversible
polymeric productg59]. The lack of any polymeric passivation during the electrochemical
filtration process indicates thainy polymeric intermediates formed are likely reversible and
therefore unstable. Furthermore, phenolic products were detected only during the treatment in
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acidic pH (pH 3 withthe absence of NaCl) at 211 and 241 m/z. The formation of phenolic
derivatives dring treatment aheacidic condition and in the absence of NaCl suggests that ROS

(Superoxide) are participating in the electrochemical degradation of BPA in acidic conditions.

No aliphatic products could be detected in¢baditionsabove Figure 49. Thus it could
be observed that during the electrochemical filtration of BPA at a flow rate of 2 mL/mianand
MWNTs loading of 1.04 mg/ch(2.01 sec. Residence time), only aromatic intermediates can be
detected, some of which have toxic properties. Toamree this problem, the residence time was
increased by 7.4imes by decreasing the flow rate 0.5 mL/min and doubling the MWNTs
loading (2.08 mg/cr). This could result in further deformation of the phenolic intermediates
(aromatic ring cleavage) ancetformation of nortoxic aliphatic products (Fige B-30, Appendix
B). It was also observed that chlorination was taking place in these slower conditions with the
presence of 10 mM NaCl (pH 6) suggesting that the residence time was sufficient for orieracti

between the reactive chlorine and the phenolic derivatives.

4.3.5.3.The Effect of Flow Rate and the MWNTs Loading (Residence Time)

Figure 410 shows the mass spectra of BPA at RT 8.39 min, showing the disappearance of
the BPA spectral peaks at 226hd 273 m/4rom effluent samples collected at 20, 184d 424
min. This suggests that increasing the residence time can significantly improve the participation
of different degradation pathwaysesulting in a nearly complete elimination of target

contaminants.

It is worth noting that direct electron transfer has slower kinetics than indirect oxidation
pathways Thus the participation of electron transfemwould be more obvious during longer
residence timefl14]. Therefore, the constant removal of BPA using 3 V of applied DC potential
up to 424 min of operation time demamasés an effective elimination of BPA by direct electron
transfer and other indirect oxidation pathways. (For further details on BPA degradation data, please
refer toAppendix B.
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Figure 410. Mass spectra for 10 mg/L BPA in 10 mM NacCl beftneatment (red trace) and after
electrochemical MWNTSs filtration treatment at 3 V of applied DC potential after 20ah84424

minutes of electrochemical filtration time (black traces). Experiments were performed at room

temperature with a flow rate 6f5 mL/min ancan MWNTSs loading of 2.08 mg/cfn

4.3.6. The Effect of the Initial Concentration of Bisphenol A on Electrochemical Oxidation

Reaction Kinetics during the Electrochemical Filtration Process

The rates of electrochemical removal were calculated t@mrolh mechanistic insiglto

the effect of increasing the BPA influent concentration at different applied potentials assuming

first order kinetics forhe degradation of BPA. Figurell shows the electrochemical removal

rates of

BPA

i fnl

wawm tmi BBP Ay eda srucse ntnr at i

on

change

100 mg/L) at 1, 2 and 3Vof applied DC potentials with a flow rate of 2 mL/miraandWNT
loading of 1.04 mg/cf

85



<6 : .
£ m 1V :
E50 e 2V A
g4l 4 3V °

E

¢

221 ¢

S N

El- - = " "
gore ™ . . .
B 0 100 200 300 400 500
L

Influent BPA [mV]

Figure 411 Electrochemical removal ratess. initial concentration for theslectrochemical
MWNT filtration of 4.4 to 439.6 €M BPA in 10
Experiments were performed at room temperature using a flow ratenbfmin andan MWNT

loading of1.04 mg/cr.

The trend at ¥ of applied potetial in Figure 411 shows a mild increase in rate up to 0.85
eM/ min, with increasing influent BPA concentr :
concentrations 0851.7 and4 3 9. 6 & M. This behavior shows an
(adsorptim) with increasing initial concentration followed by saturation whergroathin the
rate is observed. As previously mentioned, this indicates the absence of BPA degradation on the
surface of the MWNTs when 1 V is applied. When the applied potentradrsased to 2 and 3 V,
a steep increase in the rase BPA concentration can be seen with a linear dependerice 1R
This indicates that the degradation kinetics are rapid at 2 and 3 V and continue to increase with
increasing initial BPA concentratioas observeavith cyclic voltammetry, Figure-8. Contrary
to the behavior at 1 V, this indicates that at 2 and 3 V, electrochemical reactions are taking place

and that the process is diffustoontrolled.

The close resemblance for the rate values atd 3V indicates similar degradation
pathways through the combination of both direct and indirect oxidation. There is also a
significantly higher participation from indirect oxidation pathways given the significant difference
between the anode potentials @76 and 1.54 V corresponding to 2 and 3 V of applied DC
potentials, respectively. The anode potential (0.76 V) corresponding to 2 V is almost half that (1.54
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V) corresponding to 3 V of applied potential resulting massivepositive shift in direct eldron

transfer participation from 2 to 3 V; however, this is expected to be the case if the adsorbed
molecule is negatively chargedu et al. [74]noted that methylene blue (MBJ)as less oxidized

than methyl orange (MO) at an applied voltage of 3 V. They attributeddhncreased charge
repulsion between the positively charged surface of the CNTs and the positive charges in the MB
molecules and an enhanced surface interaction between the CNTs and the negatively charged MO
(electromigration enhanced mass transfehis Teads to greater direct electron transfer rate for

MO at 3 V due to charge accumulation at the CNT surface. In thiswassxpect the neutrality

of BPA at pH 6to be a sort of barrier against such an effect. Thereforantidgpatedhat at pH

values of 1112, the effect of electrostatic attraction for BPA electrofiltration can be more

pronounced and direct electron transfer participation will then be more obvious.

Based on these findings, it can be assumed that at 2 and 3 V of applied DC Iptiientia
electrochemical removal of BPA is mainly controlled by the production and reactivity of bulk
reactive species and that the rate of indirect oxidation pathways is significantly hightettzae
of direct electronransfer.

4.4. Conclusion

BPA removalwas evaluated using pristine and boron doped MWNTSs. It was found that
BPA can be eliminated by both types of MWNTSs under 2 and 3 V of applied DC potential, which
indicates theefficient and sufficient performance of pristine MWNTs and the absence of the
polymeric passivation effect of BPA on MWNTSs during the electrochemical filtration process. The
lack of the polymeric passivation effect of BPA on MWNTs was further evaluated by increasing
the salt electrolyte concentration above 50 nad it was found thaBPA dcesnot induce a
fouling effect, most likely due to the fast overall electrochemical degradation kinetics during the
process. By varying the background solution pH in presence and absence of salt electrolyte, it was
concluded that RO8ebOhawmelkytheuperadomi nant spe
filtration at and below 3 V of applied DC potential. Increasing the residence time fojd7idad

to aromatic ring cleavage and the formation of-tmxac aliphatic products.
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Chapter 5: Crossflow ElectrochemicalFiltration for Eliminating Ibuprofen and Bisphenol

A from Electrolytic Solutions in Pure and Fouling Conditions

Abstract

Crossflow electrochemical filtration was employed for the removal of two contaminants of
emerging concernpuprofen andisphenol A. A flat sheet crossflow setup vesdiedfor the
first time forthe removal of the two contaminangnd nultiwalled carbon nanotubes (MWNTS)
blend buckypaper wassedas a flat sheet dual membraredectrode The crossflow mode was
studied to observe the contribution of the shear flow and the enormous surface drea of t
buckypaper membrane in an electrochemical filtration process. Ibuprofen and bisphenol A
guantification was achieved using a UV/Vis spectrophotometetheadbgradation pathwaysf
the two contaminantaere followed using liquid chromatographyass spdcometry (LGMS).
Breakthrough experiments revealed that crossflow configuration could contalaugeynificanty
increasecefficiency inthe elimination of the two contaminants when 2 and 3 V DC potentials
were applied, and over an operation time dd &fnutes. The shear flow mechanism provided a
consistent surface coverage that resulted in better sorption performance. The long residence time
of the two contaminants within the membrane (18.3 seconds) was sufficient to altmmigete
degradation othe phenolic aromatic products and quinoid rings into the formation of aliphatic
carboxylic acids, which was significant at the highest applied voltage (3 V). The formation of the
nontoxic aliphatic carboxylic acids is a clear indication of the superlect®chemical

performance of the crossflow mode.

Keywords Crossflow electrochemical filtration, Buckypaper, Ibuprofen, Bisphenol A
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5.1. Introduction

Electrochemical filtration is ra emerging technology that aims to advance both
electrothemical degradation and adsorptive filtration. Electrochemical filtration combines the
favorableoutcomes of both processes, while at the same tmdeieng the limitations of both
processes, aiming for effective elimination of trace organic contamimdraspersistent and
hazardous nature. The incorporation of electrochemistry with the sorption mechanism can reduce
the membrane fouling rate and increase sorption efficiency through the destifciidsorbed
organic foulants.This propertyresults ina reduced requirement for membrane regeneration

through chemical or physical cleaning procestemaintain optimal permeabilif{t40, 141]

Mass transfer limitatiomarea common problem in batch electrolysis, whiekulsin long
operation times and thuiscreagd energy consumptiorlso, electrode fouling problemsad to
the requiremenfior a high voltageinputto decrease fouling propensity during batch electralysis
The high voltage inputesults in increasedurface hydrophilicity, hence poor hydrophobic
adsorption of target contaminants, and recuiigh power consumptiofbl, 52, 56, 57, 59, 61,
142-144). Electrochemical filtration provides multi-fold enhancemenbf electrochemical
degradation reaction kinetics due to the convection motivated madsiti@inontaminants under
flow. This offers the advantageougsults of faster and more efficient removal of target
contaminants by the contribution of both direleicéron transfer and indirect oxidation pathways
[73-76, 116, 14Q]Moreover, electrochemical filtratidrasprovento bea very successful process

in viral and bacterial inactivation througjine electrodisinfectio mechanisnfi72, 83]

The incorporation of the crossflow mechanism in electrochemical water treatment has not
been profoundly studied. However, there esyisist research on crossflow filtration for wastewater
treamentand the enhancement of antifouling capacity during crossflow filtrgtiés157]. The
inclusionof electrial fieldstowardsanincreased antifouling capacity during crossflow miemod
ultrafiltration wasalsoextensivelyexamined in previous studi¢s58-171]. In these studiesna
original approach to the role of electric fislth capacitive antifouling waprovided aiming to
decrease micro and ultraembrane faling propensity and thus improve membrane expectancy

and maintain permeate efficiency.
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Zhang et al. [168¥tudied the use of highly conductive carbon nanotylodg/inylidene
fluoride (CNT-PVDF) as a capacitive organic fouling reduction electrode, with the aim of
lessening the natural organic matter (NOM) fouling of polystiésne (PES) membranes. They
studied the effect of constructing different electrosembrane configuratiorte achiee the best
antifouling performance by motivating electrokinetic improvement, and thus imgrakie
rejectionrate of negatively chargedrganic matter and maintain a time efficient permeability. In
their study, attention was drawn to the nature of the fouling molecules toward the capacitive
rejection performance. They concluded that higher charge density, togethethevitmited
molecularweight distribution of the fouling molecule, can leadjteaterfoulant rejection. It was
alsofound that capacitive filtration increased energy efficiency by maintaining effective ultra
filtration membrane performance, thus improving permeate flux twex, as compared to

traditional crossflow filtration.

Huotari et al. [158Fktudied the effect of applying an external electric fielénhane the
flux for thecrossflow membrane filtration of a model oily wastewater using a carborciieon
composite membrane # cathode. Thy found that limiting flux was improved significanthy
the application oklectrial field and was increased from 75 14mto 350 L/nf.h. The same
authors reported that permeate quality was improved when an electric field was applied during
crossflow fltration and whentesting a membrane witirelatively large pore size. They concluded
that the most important factors for enhancing the limiting flux were the electrophoretic mobility
of the oily droplets and the strengthtbe applied electric field. fus, it was concluded th&d
obtain a good flux in oily wastewater, all other depositing foulants must be affected by surface
charge and must have the negative electrophoretic mobility. The authors also concluded that
further increasein the electricfit d str ength above a specific Act
improvements and would only result in increased energy consumption. The same authors stated
that increasing crossflow velocity for particles larger than 100 nm in size results in a fitop of
values.The authors alsmdicatedthatthe capacitive antifouling model resulted in increased foam
formation at the cathode surface, whiel to a significantdecreasén flux, a feature thatvould

only beconsidered to be a problamsignificantlyoily wastewater applicatian

Therefore, applying the capacitive antifouling mechanism in order to decrease fouling
propensity in membrane filtration has some disadvaniagksling: increased fouling of cathode
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surface when using oily wastewatarreaqiirement for 8 depositing foulantdo havea negative
electrophoretic mobility hence onlyorking with negatively charged particlebe possibility that
theylead to increased fouling of the oppositely charged electrode wtaghesult in deterioration
of the electric filed and drop in process efficiency, ardequirement foadjustments of electric

field strength and crossflow velocity in order to maintaath energy and economic efficacies

Therefore, these approaches can be useful for lesséridgposition of negatively charged
species like natural organic matter (NOM) on micro and-filtration membrans However, they
do not discuss the effect of the capacitive dotiling on the electrochemical degradation of
hazardous and toxic contamants in water and wastewater.dther wordsthey do not mention
the contribution othecrossflow mechanism in the electrochemical degradation of plodisgants

The application of crossfloitration in electrochemical degradation of contaminanta of
hazardous and persistent nat(ire. emerging contaminants (E;)as not been covered time
literature. HoweverZaky et al. [172]studied the electrochemical removal eimgthoxyphenol
using a reactive electrochemical membrane (REM) consisting of a porous substoichiometric
titanium dioxide (TiO;) tubular ceramic electrodgperated in crosfow filtration mode. In their
study, they reported that the major oxidation pathway took place through the reaction of the
contaminant with the Hsitu generated reactive hydroxyl radicals at the anode surface. Adsorption
of the target cotaminant and its bproducts was reported to be neglecteithéabsence of applied
current. At potentials lower thatime formation potential of hydroxyl radicals eleciassisted
adsorption took place and direct oxidation was observable. From this staaly,be concluded
that crossflow mechanism can perform efficiently in the electrodegradation of target contaminants.

The advantage of using carbbased electrodes is the high adsorption affinity to organics
at low or no voltage, which results in a hagtiiltration efficiency. In previous studies, it was
shown that carbon nanotubes (CNTslemonstrate excellent efficiency in deaeknd
electrochemical filtration processfor the removal of emerging contaminants and for viral and
bacterial inactivatiofi72, 114] In our previous studies, the removal of ibuprofen, which is an anti
inflammatory drug reported to exist in natural water and wastewater in different concentrations
with reportedhealth concerns, wasgvestgated In this study, we employed conductive
carboxylated multwalled carbon nanotube (MWNAEOOH) membrane electrode in a deaudl

electrochemical filtration proce$$14]. Employing the same deahd electrochemical filtration
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system, the removal of bisphenol A, an endocrine disrupting chemical repadoeddeasednto
natural water and wastewater from different industries, was also successful under different applied

conditions

In the current study, superconductive MWdNBlend buckypaper electrode membranes
were used in a crossflow electrochemical filtrateetupto studythe removal of both chemicals
ibuprofen and bisphenol A. The purpose of the stugyfas the first time,to observe the
electrochemical removal performance of both contaminants sepafiaisiypure electrolytic
solutions in a crossflowilfration mode. Moreoverjt aims to observe the removal of both
contaminants in a mixturef organics free electrolyte, and from fouling conditions using
synthetic secondary wastewater of a total organic carbon (TOC) of 34 mg/L, aiming to mimic a
real gplication challengérinally, the goal igo perceive and highlight the difference in outcome
between crossflow electrochemical filtration in removing these two contaminants, and gyevious

stated outcomes from deadd electrochemical filtration using N based membrane electrodes.

5.2. Materials and Methods
5.2.1.Materials

Highly conductive20 gsmMWNT s blend buckypaper was purchased from Nanotexdbs,
NC, USA, and was used as received. The measured purity of the MNigKypaper, as analyzed
by Thermogravnetric analysis (TGA) was 92 %. Specific surface area was measured by
Brunauei Emmeti Teller (BET) and determined to be 106.7%/gnandhave atotal porosity of
0.4 cni/g. Ibuprofen (GsH1s02) with 98% purity and a molecular weight of 206.29 g/mole and
Bisphenol A Ci5H1602) with 99 % purity andamolecular weight 228.29 g/mole were purchased
from SigmaAl dri ch, Oakvill e, ON, Canada. Sodium ch
from SigmaAldrich, Oakville, ON, Canada, and was used aasupporting electrolyte in
background solutions. Magnesium sulfate, sodium bicarbonate, calcium chloride, potassium
dihydrogen phosphate, ammonium chloride, and trisodium citrate were purchased from Fisher
Scientific, Ottawa, ON, Canada, and were used to prepare synthetic secondary wastewater effluent.
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5.2.2. Electrolyte solution

10 mM NacCl electrolytic solutions (pH 5i%) were used for the electrochemical crossflow
filtration of ibuprofen and bisphenol A lan MWNTs blend buckypaper sheet@igeometric area
of 50 cnt and 109459.75 cfrof total surface area (106.7% gy x 0.1025 g). NaCl was used as a
backgrouncelectrdytic species, as chlorides are a constituent of natvatdrand wastewater and
are known to provide reactive chlorine for indirect oxidation processes under applied voltage, and
for conductivity improvement during electrochemical applicatiomhe condativity was
measured at 2.17 x 102.16 x 10’ and 2.14 x 1¢ S/cn? and the current densities were measured
at 2.17 x 10°, 4.33 x 10° and 6.42 x 1¢ mA/cn?, corresponding to 1, 2 and 3 V of applied DC
potential during the study, respectivelihe mncentratiors of ibuprofen and bisphenol A used in

the study were 0.5, 1 and 10 mg/L for each chemical.

5.2.3. Crossflow electrochemical filtration setup

Crossflow electrochemical filtration experiments were done using a constructeedoateh
flat-sheet crasflow filtration holder similar to as described previougly68]. Anode and cathode
membrane electdes were both a flat MWNSIbuckypaper sheet of the same geometrical area of
50cnfand thickness of 52.7 em. The electrode sh
Agilent E364_A power supply, Agilent Technologies, Rockaway, NJ, USAg titanium sheets
of 1 x 5 cmin dimension for 1, 2 and 3 V of DC voltage application. Arpas Teflon rubber
separator of 2 mnthicknesswas used to separatee anode from cathode and was the same
geometrical area as buckypaper sheets, to prestartcircuiting. The influent solution was
driven from a feed reservoir into the cell holder gsa¥521110 model,115 VAC Gear pump
drive purchased frorthe Cole-Parmennstrument Companywernon Hill, USA. The pressure was
adjustedo 20-25 psi, resulting in a permeate flow rate of 1 £0.5 mL/min during electrochemical
filtration experiments, iging a permeate flux of 2.7 x 187 8.2 x 10° L/m2.h. The flow rate was
calibrated using a graduated measuring cylinder of 10 mL + 0.1 total volume at permeate (effluent)
outlet. 1 mL of effluent (permeate) samples were collected for analysis. The cotecesatsanot
recirculated to the feed reservoir in order to keep the feed concentration atamtwalue during

experiments. Flowate at the concentrate outlet was measureedan8/min.
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5.2.4. Buckypaper surface characterization and purity

Scanning electromicroscopy (SEM) and energy dispersiveay (EDX) wereperformed
using FEI Inspect 50 FESEM with EDAX Octane Super 60 nin8DD and TEAM EDS
Analysis System (Dawson Creek, Oregon, USA) for buckypaper surface inspection and thickness
determination. Thetability and purity were qualified by thermogravimetric analysis using TA
instruments, Trios V3.3 (Waters LLC, New Castle, DE, USA) and the analysis protocol was
performedas previouslydescribed114]. BrunauetfEmmettTeller (BET) was done to quantify
membrane surface area and total pore volume wsf@gantachroméutosorb Automated Gas
Sorption SystenfAutosorb 1, Boyntomeach Florida, USA, and the analysis conditions were as

described previously Chapter 4

5.2.5. Analysis and quantification

Individual @ncentrations of ibuprofen and bisphenol were calculatedfrom the
absorbance valueg sampledefore and after treatmematt 222 and 225 nm, respectively, using a
UV/VIS Agilent Cary 8454 spectrophotometer, Santa Clara, CA, USAniked samples of
ibuprofen and bisphenol A.:1), a major (22226 nm) and a mino2{3-285 nm) broad spectral
peakwasobserved in one spectrum. The average wavelength of the major spectri@3seakn)
was used fodetermination ofmixture concentrations. Liquid chromatographgss spectrometry
was done using maXis impact MALDI Auteft 11l- TOR(BRUKER), Bruker Daltonics Inc.
Massachusetts, USA, in negative ESImads i ng 20 €L of samples for
capillary voltage was 4500 V, nitrogen gas temperature was 3&0&8heflow rate was 8 L/min.
The nebulizer pressure was maintained at 1 bar. The mass range W¥80m/z with internal
calibrationusing the reference masses 119 and 966 m/z in the Agilent refenassesolution.
The injection gradient was: initial conditions of 5 % acetonitrile with a 1 min holdjriberased
to 100 % at 8 min and held for 1 min. The column wasqailibrated aB0 % acetonitrile for 5

min before the next injection. The flow rate for was 0.3 mL/min.
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5.3. Results and discussion

5.3.1. Buckypaper surface characterization, purity and stability

SEM and EDS were performed on buckypaper membrarme Eifore use in treaent.
Figure5-1 A showsthe SEM images of the MWNsIblend buckypaper membrane, found to be a
rich collection of MWNTSs of different diameters ranging from below 20 nm to above 250 nm.
Carbon content and impurity content were examined by EDS (FiglirB)5The results show a
weight percent of 89 % for carbon and 8 % for iron. EDS was also performed after subjecting the
filter to solutions of 1 mg/L of ibuprofen and bisphenol A (1:1pakutralcondition(10 mM
NaCl, pH 6)under3 volts of applied potentianda flow rate of 1 mL/mipand room temperature.

The EDS analysis did not show any signs of surface corrosiontliiereatment. Figure-3 C
representthe TGA results for MWN$ blend buckypaper. The TGA shows a purity of around 92

%, indicated bythe sharp drop in the weight percent between 600 and 650 °C, the temperature at
which all carbon content is degraded. The plateau formation at around 8 % by weight would be

related to residual iron.

Total pore volume for a 50 Grbuckypaper membrane is @Dcn? (0.4 cni/g x 0.1025g),
the surface area 509459.75 crh(106.79 m/g x 0.1025 gYor a loading of 102.5 mg/cthas
measured by BET. The thickness is 52.7 ¢&m,
to Appendix C).
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Figure 51. SEM images, EDS and TGA analysis for MWNT blend buckypaper where (A) is SEM
for buckypaper membrane at a surface loading of 102.5 rAg(BJnEDS analysis for buckypaper

membrane filter at a surface loading of 102.5 md/qi@) is TGA analysisor MWNTSs blend
buckypaper.

5.3.2. Crossflow filtration and electrochemical filtration performance over time

Crossflow filtration and electrochemical filtration performameere evaluatedover time
for the removal of individual ibuprofen and bisphenol A frontepd0 mM NaCl solubns
(breakthrough experiments). Breakthrough plots were developaoserve the best sorption and
electrochemical degradation outcomes of the two contaminants by MWiEkypaper
membrans in a crossflow mode. Furthermorthis allowsus to relate thefindings to those
previously reported fronthe deadend processFigure 52 shows the breakthrough plots for
individual 1 mg/L ibuprofen and 1 mg/L bisphenol A, in pure 10 mM NaCl solution. Frgune
5-2 A, ibuprofen sorption kinetics & V were steady starting atC/C, value of 0.12 up to 20
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minutes of operation time. This behavior is consistent with previous obses/ationdeadend
filtration of ibuprofen on MWNTs membrane and indicates a poor adsorption of ibuprofen on
MWNTs membanes due to lack of efficient hydrophilic surface interactions between the molecule
and MWNTSs and the presencetbé&hydration shell effect at the polar groypd4].

However in the current study, sorption seems improaed the C/Gstaredat lower values
(0.12 at 0 V for Figre 52 A), compared tdhe previousobservation for deadnd filtration of
ibuprofen (0.33 at 0 V). This could be attributed to the shear flow, which is most likely providing
a better and more consistent coverage of the molecules at the buckypaper surface, compared to the
flow through in ded-end filtration. Additionally, the large surface area of 109459.75afrthe
buckypaper membrane is providing more sorption sites. However, and despite this enormous
surface area, the breakthrough starts at arous@D28&inutes, indicating that sorpti@ctive sites
are limited and therefore, breakthrough starts earlier than expected. WhemC\pofential was
applied (Figure 8 A), a slight increase in adsorption capagitgs be observed, which can be
attributed to electrostatic interactions takirgge between the positively charged surface and the
negatively charged deprotonated ibuprofen molecules (pKa, 4.9) at p& Bof bisphenol A
sorpton kinetics at 0 and 1 V (FigurebB), a near complete removal of the molecule could be

observedvithin 10 minutes of sampling time.

The filtration kinetics were almost identical for bisphenol Aagplications o0 and 1 V
indicating that adsorption is likely through hydrophobic surface interactions, due to the neutrality
of the molecule. The sharper platéengfor ibuprofen adsorption (Figure5A) compared to the
case obisphenol A (Figure B) at 0 and 1 V, indicates faster adsorption kinetics for the former.
Althoughthe reason for the faster ibuprofen adsorption at 0 V is not clear, it can bekplned
in thecase of 1 V application to the electrostatic surface interactions. The overall behavior in the
case oboth0 and 1 V application is in agreement with our previous observations usingmuigad

filtration, indicating the absence of eleah@mical activity when 1 V is applied

98



Q Q
O l—=—0vVv|, O 1—=—o0ovV
—o—1V -1V
|——2vVv |—a—2v
- s —v—3V . - i —v—3V
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Time (min) Time (min)

Figure 52. (A) Breakthrough plots for the removal of 1 mg/L Ibuprofen from 10 mM NaCl and
(B) for the removal of 1 mg/L bisphenol A from 10 mM NacCl, under 0, 1, 2 and 3 V of applied
DC potential, appliedoressure is 20 pgi137.9 kPa) permeate flow rate is 1 mL/min and

experiments performed at room temperature.

Due to the inability to perform cyclic voltammetry and electrode potential measurements
using the current crossflow setup, we rely on previoteghprted values obtained from our dead
end studies for ibuprofen and bisphenol A in order to interpret the existing behavior (D383
V vs. Ag/AgCI of anode potential corresponding to 1 V of applied potential, oxidation potentials

for ibuprofen and liphenol A were determined to bdl3 and 0.75 V, respectively).

The filtration kinetics at 2 and 3 V of applied potential for both contaminants show nearly
complete removal up to 300 minutes of sampling time. This outcome shwststanding
electrochemial performance of thélend MWNTs buckypaper in a crossflow configuration.
Previous superoxide assafyom deaeknd electrochemical filtratioshowed the formation of the
reactive anion radical on MWNTSs at 2 and 3 V of applied DC poteAfisd, it was rgorted that
carbon based electrodes can provide electrocatalytic reductive sites for the efficient production of
reactive oxygen species (ROS) from diatomic oxygen with high oxidative jé6®&et14] The
enormoussurface area (109459.75 ®nand the great conductivity (274703 mA corresponding
to 17 3 V) of MWNTSs buckypaper, are important factarsproviding superior electrochemical
performance at the membrane surfatean affordable ratéElectrochemical de@dation takes

placethrough direct electrolysis by electron transtedindirect oxidation pathways.

Figure 53 A and B shows the breakthrough plots for the treatmemheof mg/L (1:1)
ibuprofen/bisphenol A mixture from 10 mM NaCl kdion (Figure 53 A), and from synthetic

99



secondary wastewater of the same composiis previouslyeported(Figure 53 B) [114]. The
breakthrough trends are similar to those of individual molecules,rsholigure 53 A, with a
breakthrough starting at 42D minutes at 0 V and 250 minutes at 1 VFor Figure 53 B, a
breakthroughstars at 10620 minutes at 0 and 1 V. Remarkably, and despite the high TOC
concentration of the synthetic secondary wastewater (TOC 34 mg/L), the overall breakthrough
behavior is very similar to the case of electrofiltration from 10 mM NaCl. While in wiqus
studies on deadnd mode, the performance clearly detereatdbr breakthrougtwith the same
composition synthetic wastewater, due to the incorporation of such high TOC content and the
filtration kinetics started at higher G/®@alues. Thisagaincan be explained in terms of better
surface coveraghroughtheuse otthe crossflow shearing mechanism, and to the larger membrane
surface area of the buckypaper membrangployedin the current study compared to the
constructed MWNTs membranes used @adlend studies. At 1 V of applied DC potential, and
comparing the perforence from pure 10 mM NaCl (Figure35A) to that from syntletic
secondary wastewater (Figure35B), there is a slight shift to higher G/@nd a earlier
breakthrough for figure-8 B. The citrate molecules (33 mg/L) which constitute the major content

of the synthetic secondary wastewater, and which contain three carboxylate groups per each
molecule, might be responsible for suaoutcome. The presence of citrate resulta slightly

rapid blocking and consumptioof surface sorption sites, motivated by electrostatic interactions,

ascompared to the case afganics free electrolys€Figure 53 A).

When 2 and 3 V of DC potential were applied, near complete removal ofriterdnants
wasobserved for the mixture from 10 mM NaCl up to 30ihutes of operation time (Figure®
A). In the case of electrofiltration from synthetic wastewater at 2 Vu(Eig3 B), a slight
deterioration can be observed starting at 120 minutesharehsing at 270 minutes of operation

time.
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Figure 53. (A) Breakthrough plots for the removal of 1 mg/L lbuprofen and bisphenol A (1:1)
mixture from 10 mM NaCl and (B) from synthetic secondary wastewater (TOC 34 mg/L, pH 7.4),
under 0, 12 and 3 V of applied DC potential, applied pressure is 2Q11331.9 kPa) permeate

flow rate is 1 mL/min and at room temperature.

The fact that the deterioration is very slight (C/Co = 0.0035) is again due to the
combination of good surface covgeaby the shear flow, the great conductivétyd the enormous
surface area, which all contribute toward great electrochemical performance, compared to the
flow-through mechanism in de&hd studiesOn the other handt was previously reported that
using conductive carboiased CNTs as cathode mateyiadsults in an excellent contribution
toward improving anode performance. This is mainly due to the enormously larger specific surface
area of CNTs compared to conventional metallic electrodes, whichnineds to a significant
reduction of the cathodic charge transfer resistance and reflects in increased anode potential.
Therefore, the magnitude of electrooxidation at the anode surface wouldabgrediterextent
[140].

5.3.3. Crossflow filtration and electrochemical filtration flux
The insightful numericalquantification offiltration and electrochemical filtration kinetics
with beingobtained from the integration of the breakthrough pldtggure 54 and Figure %

show thdfiltration and electrochemical filtration flux values for the removal of individual 1 mg/L
ibuprofen and bisphenol A from 10 mM NacCl (kg 54), and the removal of 1 mg/L (1:1)

101



ibuprofen and bisphenol A mixture from 10 mM NaCl and synthetic secondatgwater (Figre
5-5), corresponding to Figureband 53.

Despite the previously reported effect of the large specific surface area of CNTs on
increasing anode potential and hence increasing the magnitude of electrookidejdiv 3, 174]
the contribution of a 1 V of applied DC potential is yet to be limited to insignificant in thenturre
study. In Figure 8t A, the difference between flux values for 0 V and the application of 1 V for
ibuprofen removal is 02 & ¢ h"mdnd in Figure & B, the difference value for bisphenol A
removal i $h0Thethigheeflgx vatue for ibuprofen (pKa, 4.9) compared to bisphenol
A (pKa 9.6-11.3) can onlyand as reported previously here, be attributed to thepocation of
electrostatic surface interactions toward the adsorption of the former. In our previotendead
studies, we could not conclude any electrochemical activity when a 1 V DC potential was applied,
which was mainly due to the higher oxidation ptitdrof ibuprofen and bisphenol @&scompared

to anode potentials corresponding to 1 V of applied potential.

Additionally, the increased MWNsIbuckypaper membrane surface area used in the current
study, compared to the MWNTs membrane surface area usesbithethdresearch{10-11 folds
largerforMWNTSbuckypaper c¢crossf | ow dramandmpravereent. TdHe d n 6 t
significantly greaterflux values when 2 and 3 V DC potentials were appdileowan agreement
with our previous deadnd stug observabns, in whichelectrochemical oxidation pathways of
i buprofen and bisphenol A are generated at O
3 V DC potential application confirms that electrooxidation pathways are analogous at these
voltages, which are due toetlcontribution from direct electrolysis and indirect oxidation by

oxidative intermediate@.e. superoxide and reactive chlofine

In Figure 55 A, asimilar outcome of a slight increaseflux value at 1 V above 0 V by
0. 14 2&¢ likewise the cae of individuamoleculescould be observed. In Figuress, the
opposite trend of a drop in flux value at the application of 1 V below thatat 0\ @by0 9 28 g ml
h™* confirmsthe competition on surface sorption sites between the target contamirdmtsan

likely, citrate molecules in the synthetic wastewater background solution.
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The smalldrpof-0 . 0 9 2&i"galsmshows that despite the presence of 33 mg/L citrate
in the solution, the surface sorption sites withinlttigemembrane surface area were not largely

depleted by the effect of the competing citrate molecules.

At 2 and 3 V, simar observations of significantly greater incresaigeflux valuescanbe
observed (Figure-5 A and B), for the removal of the contaminant mixture from 10 Mm NaCl and
synthetic wastewategs seenin Figure 54. The closely similar flux values applicatons of2
and 3 V and in both cases remow&ll0 mM NaCl and synthetic wastewater (5.5.6 g 2mT
h™1) confirms that major degradation pathways are through indirect oxidation by the interaction of
ibuprofen and bisphenol A with oxidative intermediates (i.e. superoxide arttveectdorine) at
bulk. This observation i; agreement with our preus observations during deadd studies. In
our previous deadnd studies, it was shown that bisphenol A is more readily oxidizable at 2 and
3 V ascompared to ibuprofen, mainly due to the lower oxidation potential of the fo8matar
outcomes for theemoval from pure NaCl solution and synthetic wastewater also show that

production of reactive species is greatly efficient in both solution conditions.

5.3.4. Qualification of Ibuprofen and bisphenol A (1:1) mixture removal, and byproducts

characterization by liquid chromatography mass spectrometry

Ibuprofen and bisphenol A mixture samples were analyzed bivBbefore and after
crossflow electrochemical filtration treatment to obtamirgsight into the effectiveness of the
process in eliminatig the two target molecules and reducing their toxicity. A large initial
concentration of 20 mg/L of (1:1) ibuprofen and bisphenol A mixture in 10 mM NaCl was used to
enhance electrochemical reaction kinetics, obtain a significaptdguct spectraand b avoid
spectral noisénterferencefrom any background specigsigure 56 shows the LEMS analysis
for ibuprofen and bisphenol A mixture before and after treatment under 2 and 3 V of applied DC

potentials, at 5150 and 300 minutes of operation time.

Figure 56 A shows the overlaid LC chromatograms in which two significant peaks were
detected inhesample before treatment (blue trace) at retention times (RT) of 7.1 and 8.7 minutes,
that were assigned to ibuprofen and bisphenol A, respectively. Adegntent under 2 V, the two
peaks were not detected in the samples obtained at 5 and 150 minutes of operation time, while

traces of ibuprofen and bisphenol A could be detected only in the samples obtained at 300 minutes.
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Under 3 V,similar observations were found withfewer traces obserd only after 300 minutes.
Figure 56 B shows the masspectra corresponding to Figur® B\, confirming the complete
removal of ibuprofen (m/z 205) and bisphenol A (m/z 2&ithin 150 minutes of electrochemical
filtration. Nine other MS peaks were detected in samples after treatment at m/z 59, 73, 89, 103,
107, 109, 115, 157 and 171 (kg C-6 to G9, Appendix Q. The peaks at m/z 107 and 109 were
only detected after treatment under 2 V and were predicted to corregpthredformation of p
benzoquinone (m/z 107), hydroquinorend catechol (m/z 109). Several authors previously
detected and reported the formation of hydroquinone @éehpoquinone from the degradation of
ibuprofen and bisphenol 8, 57, 59, 139, 175]

Ambuludi et al. [175]detected the formationf p-benzoquinone from the oxidation of
ibuprofen through thehydroxyl radical attack on the parent molecule and a consecutive
hydroxylation, in an electr&enton proces€ui et al. [59detected the formation of hydroquinone
and benzoquinone during the electrochemical degradationpbfdris| A using different electrode
materials in a batch electrolysis process. The authors attributed the formation singlehng
aromatic products from bisphenol A, tteefirst step of Isopropylidene bond cleavage resulting in
the splitting of the nolecule,followed byfurther hydroxylation to phenolic intermediates and the
deprotonation of hydroquinone to benzoquinone. Moreover, the formation of hydroquinone and
benzoquinone is an indicatiaf a formation of phenolic derivatives, and that couldaltethe
formation of unstable polymeric compounds during bisphenol A electrd@j65, 176178].
Murugananthan et al. [57Zhang et al. [8]Cui et al. [59] G6zmen et al. [65AndKatsumata et
al. [179]all reported the formation of hydroquinone and benzoquinone tinerdegradation of
bisphenol A, which is reported to be followed by tbemation of simple aliphatic carboxylic

acids.

Watanabe et al. [13&ttributed the formation &f catechol group from bisphenol Arstly
to thecreationof phenolic derivativeat an m/z of 149, which uponrther oxidation yield a 1;2
quinone group. Such phenolic derivasat m/z 149veredetected in our previous study on dead
end electrochemical filation of bisphenol AThus the formation of the m/z 1Q@atechol
suggestshe same oxidative seguce inthe current study. Figure Bshows a suggested common

degradation pathway for both ibuprofen and bisphenol A, based on our detected products.
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Figure 56. LCMS for the treatment of 20 mg/L Ibuprofen and bisphenol A (1:1) mixtare fr
10 mM NacCl, where (A) are the overlaid LC chromatograms for mixture before treatment (Blue
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trace) and after treatment (Black traces) and (B) is MS spectra for mixture before treatment (Blue
trace) and after treatment (Black traces). Applied voltages #and 3 V of applied DC

potential, applied pressure is 20 (537.9 kPa)permeate flow rate is 1 mL/min and at room

temperature.
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Figure 57. Possible degradation pathway for ibuprofen and bisphenol A during crossflow

electrochemical fitation

As reported, the formation ainglering phenolic products could be a common outcome
from the oxidative degradation of both ibuprofen and bisphenol A. The fact that these phenolic
products could only be detected in the samples obtained frome#imént under 2 V, while at 3
V they were not detected (kige G8, Appendix Q is a clear indication to the effect of increased
voltage toward faster degradation kineticBhis result also indicatem more efficient

transformation of the parent moleculasd their phenolic products during treatment using the
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current crossflow configuration and applied conditions. Moreover, the longer residence time of
18.3 seconds (corresponding to averageflow rate of 1 mL/min) compared to the lower
residence times iour previous deadénd study on bisphenol A degradation, is another critical
factorin further degradation to the point fafst formation of aliphatic byproducts in the current

study.

The degradatiopathway startsvith cleavage of aliphatic chainsitouprofen (isobutyl and
propanoic acid chains) and bisphenol A (Isopropylidene grbyphe effect ofsuperoxides or
other possibleROS. Further hydroxylation would take place at the phenyl and quinoid rings,
resulting in ring cleavage and subsequeninfiion of simple aliphatic carboxylic acids. The
aliphatic carboxylic acids detected in the current study were acetic acid (m/z 59), propanoic acid
(m/z 73), oxalic acid (m/z 89), malonic acid (m/z 103), and maleic acid (m/z 115). The formation
of these aphatic acids also suggests a possibility of further complete mineralization of ibuprofen
and bisphenol A into the final products of carbon dioxide and water. The observed spectral trend
of increased intensity of these acids at 8¢ompared to 2 V alsimdicatesheir faster and more
intense production when the voltage was raised from 2 to 3 V.

Other possible chlorinated products could be formasthdicated by the formation of m/z
157 and m/z 171 only in the samples treated under 3 V. These m/zwaheeslso detected from
our previous deaénd electrochemical filtration treatment of bispHehander 3 V and low flow
rate. The m/z values of 157 and Istiggesthat reactive chlorine interaction with bisphenol A is
of significantly slow kinetics andequires high input voltagascompared to ROS (superoxide)

interactions.

5.4. Conclusion

A superconductivelendMWNT s buckypaper membrane was successfully employad in
electrochemical filtration treatmefdr two emerging contaminants, ibuprofen andphenol A,
using a flat sheet crossflow configuration. The removal of the two target molecules was evaluated
individually and in a mixture of 1:1 equimolar composition. It was shown that the crossflow
configurationshowsgreat potential in eliminating thevd contaminants in individual and mixture
solutions. The superior electrochemical efficiency of the crossflow mode in the elimination of the

two contaminants was mainly attributed to the shear flow, which likely leads to a consistent surface
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coverage anche excellentconductivity of the MWNE blend buckypaper membrane whzand

3 V DC potentials were applied. The long residence time of 18.3 seconds led to a degradation
outcome of the two contaminants and their toxic aromatic produdistla® and 3 V ofapplied

DC potential. The LCMS analysis showed a complete removal of the two target contaminants, and
thetotal degradation of their phenolic products into aliphatic carboxylic acids at 3 V. This outcome
has a majoindication that there is possibilityof complete degradation intbefinal products of

carbon dioxide and water during the process.
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Chapter 6: Contribution, Conclusion and Future Recommendations

In this chapter, major contributions of this thesis are outlined. A summary of the findings is
also providedand future recommendations for making the praeses®tedmore efficient and

implementale are made

6.1. Contribution

In this study, electrochemical filtratioan emergindechnology for water and wastewater
treatment, was employed for the first tifioe the removal of two chemicals emerging concetrn
ibuprofen and bisphenol A. Ibuprofen is a rgirroidal antinflammatoryoverthe-counter drug
(NSAID OTC), which isa drugof significantproduction and consumption worldwidéontinued
exposureto Ibuprofenhas beeneportedto causeadversehealth effectswith serious negative
consequencesn various human and animal organs. Bisphenol A is an endocrine disrupting
chemical oheavy use and production in numerous industries, primarily in plaBtiesefore, due
to the large quantities dfisphenol Aprodu@d its accumulation in water and soilasserious
concern Both chemicals have shown resilience against conventional methods of wastewater
treatmentThus efforts and advancementstivefield of wastewater treatment toward the efficient

removal of thes chemicalgrea necessity.

Through this study of electrochemical filtration for the removal of ibuprofen and bisphenol
A, different factors wereinvestigated to varying degrees amarious parameters were
implemented This systematic investigatiowas for the purpose obetter understanding of the
process as a step forward towaedl world applicatiors. The qualitiesof the electrochemical
filtration materias were reasonably varied as an important factor in this proaessg to show
the importancefo me mbr ane el ectrode mat er itsabilifydor bul k
surface interactions with the target contaminant. MWNTs were selected as the basic
electrochemical filtration materiabnd attention was drawn their applicationcapacity and
limitations in conventional filtration and electrochemical filtration at low applied voltages.
Improving the selectivity and increasing the functional surface area of M\Wid3shown to be

a feasibleendeavorand whichmaybe controlled for better perforance.

Background solution pH and composition were studied asdifferent factorsaimed at

providing a deeper insight into the role of electroactive species in the process. Different
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electroactive species were assayed and charactegizaid, addition,a detailednvestigation into

the importance of the nature of background solution during conventional filtratiocowascted

The important role of applied voltage in initiating different electrochemical routes was
comprehensively discussed, and the arsthnding of thesearious routes was clearly and
concisely provided. The study alsonsideredthe relation between the magnitude of applied
voltage, the degradation potential of the target contaminants the formation potential of

electroactive spees participating in the process.

However, the majocontributions of this work arg=irstly, exploring and mappinghe
different degradation pathways of the two cheatsc ibuprofen and bisphenol, Aluring
electrochemical filtration, anghedding light orthe major factors that greatly contributethe
elimination of the two chemicals and their toxic products during the process. Secondly, applying
two different modes of electrochemical filtratiGsheadend and crossfloyy and pointing out the
strength andveakness of each mode compared to the ddwmologiesn removing the two
emergingchemicals. This way of comparing deandd and crossflow modes provided a clear
understanding of the mechanistic role and contribution of the flow thtbeghechanism bdead

end mode and the horizontal shear flow mechanism of crossflow mode.
Journal Papers

1. Bakr, A.R. and M.S. RahamagJectrochemical efficacy of a carboxylated multiwalled
carbon nanotube filter for the removal of ibuprofen from aqueous solutions anidic
conditions.Chemosphere, 201653 p. 508520.

2. Bakr, A.R. and M.S. Rahamaperceiving Different Factors of Influence during Desxd
Electrochemical Filtration of Bisphenol A using Multiwalled Carbon Nanotubes:
Resistance to Surface PassivatiorgaBtive Oxygen Species and Residence .Time
Preparation).

3. Bakr, A.R. and M.S. Rahamagrossflow Electrochemical Filtration for Eliminating
Ibuprofen and Bisphenol A from Electrolytic Solutions in Pure and Fouling Conditions

(In Preparatioh
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6.2. Concludon

This work provids a systematianvestigationof different aspectsand characteristics of
electrochemical filtratiors an emergingtechnologyfor water and wastewatéreatmentor two
model emerging contaminants of concelm this study, parametersd the process o¥arying
importance were deeply explored and discussed with the aim of understandingitnportance
of these parameterfor the processand in ways that were not delivered previously. The
competence ofhe electrochemical filtratiorprocess in removing two contaminants of growing
concernibuprofenand bisphenol Awas investigated under different conditiofibese conditions
were proposed and testi the purpose of revealing the adequate chemigtrgemonal of the
two contaminats andelimination oftheir hazardous effects during electrochemical filtration. The
study providesa comprehensive investigatianto the performancedeadend and crossflow
electrochemical filtrationwith anin-depthdiscussion of the similarities andférences between

the two processes.

Deadend electrochemical filtration was used for the first tinmethis studyto remove
ibuprofen.lbuprofenis a molecule of a weak acidic nature, whielries a polar carboxylic group
Therefore,a carboxylated mtilvalled carbon nanotub@MWNTs-COOH) membrane was used
and tested under acidic conditions for the removal of ibuprofen in aetehdlectrochemical
filtration processA comparison was also made between MWICIBOH andpristineMWNTS to
underline the enlmced performance of MWNTSOOH for the removal of ibuprofen using
electrochemical filtration process under acidic conditions. Using MWBIDOH under acidic
conditions (pH 2) provideduitable condition$or the creation of hydrophilic surface interactions
between MWNTSCOOH and the polar daoxylated ibuprofen molecules. This hydrophilic
surface interactiortould be clearlyobserved from thetandardfiltration performance during
application of0-1 V DC potential. Moreover, hydrophobic surface interactimts/een ibuprofen
and MWNTsCOOH were better accommodated due to the absence of hydration effects at the
MWNTs-COOH surface irthe acidic condition. It was also shown that complete removal of
ibuprofen could be achieved at a 2 V of applied DC potentiahvaiew flow rate was applied in
the samesolution conditions. This outcome was attributed to thesitn generation of reactive
oxygen species (Superoxide) and their rapid interactions with ibuprofen, and simultaneous

degradation of its bproducts, undethese conditions.
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Observing the removal behavior of ibuprofen over time (breakthiowgien a 3 V DC
potential was applied, the contributions difect (Direct electron transfer) and indirect (bulk
oxidative interactionsglectrooxidation pathways coube confidentlyproposed The application
of 3 V DC potential under acidic conditions resultednreacellenremoval outcome, which was
attributed to the improved formation of electroactive species (Reactive chlorine) and its
contribution in the bulk oxlative reactions. Furthermore, the application of 3 V under acidic
conditions resulted in less wasting reactjombich consume the electrode surface active ,sites
during the process. Thereforthis increased thehancs for the contribution of ibuprofen

degradation by direct electron transfer at the electrode surface.

Ibuprofen degradation bgroducts were successfully identifieshd it was found that major
toxic byproducts were -sobutylbenzoic acid, -{4-isobutylphenyhl-ethanol, and Z4-
formylphenyl) propanoic acidpoth known fortheir cytotoxic effects. When the applied voltage
was raised from 2 to 3 V DC potential, it was possibiitoinate ibuprofen and its cytotoxic by
products completelyWhen lower flow rates and larger MWNTOOH surface loading were
applied, longer residence times were achieved within the filter media, leading to a complete

removal of ibuprofen and all of its products by electrochemical filtration at 2 V.

Deadend electrochemical filtration was also employed for thst fime for the treatment
of bisphenol A-To have a clear understandinfjithe best conditions for bisphenol A remqval
treatment conditions were varied. Bisphenol A is a phenolic molecule with previous iefmrts
its ability to create a polymericpagsat i on t o el ectrodeds surfaces
and sorption treatments. Therefore, to observe bisphenol A deformation behavior and whether or
not bisphenol A might exert surface polymeric fouling during electrochemical filtrétiesalting
out effect during bisphenol A removal was studetd boron doped MWNTSs were tedtIt was
concluded that bisphenol A does not exert surface polymeric fouling to MWNTSs, which could be
attributed to thecceleratedlegradation kinetics of bisphenol A dugideadend electrochemical
filtration. The electrolytic solutions were tested at various pH in both the presence and absence of
salt (NaCl) to better elucidate the role of electrolytic species and greatly observe the extent of their
role in the electrodegdation process during electrochemical filtration. It was shown that the
presence of salt is not critical for the highest contaminant removal efficiency likely due to the vital
role of other electroactive species (e.g. reactive oxygen species [ROS]).
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It was observed that regardless of the composition and pH of the electrolytic solutions,
complete removal of bisphenol A at 2 and 3 V of applied DC potentials was achievable, indicating
that electrochemical filtration of bisphenol A is \age dependent at o2 and 3 V. It was
concluded thatisphenol A is readily oxidizable under sufficient voltage applicatibkely due
to its low oxidation potential. The influence of allowing sufficient residence (Reaction) time was
carefully examined by observing thegidadation outcomes and pathways of bisphenol A in two
residence times within the MWNTs membranes, 2.0 and 14.9 seecontisyder 3 V of applied
DC potential. It was concluded that during a residence time of 14.9 seconds, further degradation

to the point 6formation of nortoxic aliphatic products could be reached.

ROS was concluded to be the predominant species responsible for the indirect oxidative
degradation of contaminants during electrochemical filtration by MWNTSs. Different assays were
repeatedlyperformed and it was found that superoxidesz)) is greatly contributingo the
electrochemical filtration process. It was also found that other electroactive species are produced
during the procesg.e. hydrogen peroxide and hypochlorous gordth limited to insignificant
contributiors during the process. The minor contribution from hydrogen peroxide and
hypochlorous acidanmainly be attributed to their slow interaction kinetiascompared to that
of superoxides. Different parameters were systenitistadied for indepth evaluation of dead
end electrochemical filtration processfor ibuprofen and bisphenol A removal, including
electrochemical performance (Voltammetry), adsorption capacities, reraodapermeate flux.
Moreover, the performance déadend electrochemical filtration was evaluated for the removal
of the two contaminants from synthetic secondary wastewater to mimic real conditivas
found thatunder 23 V of applied DC potentiathe removabutcomes othe two contaminants
from synthetic secondary wastewateassimilar to the removal from pure electrolytic solutions.

Crossflow electrochemical filtration was employed using a flat sheet setup for the removal
of ibuprofen and bisphenol A, in individual and equimolar solutidifee novelty in using
crossflow electrochemical filtration was introducedlifiering aspect®f the studyincluding the
use of MWNTS based material (Buckypaper) for the remosaibuprofen and bisphenol Ahe
study providesn indepth mechanistioveniew of the removal of the two contaminants and their
degradd#on fates inthecrossflow modeOverall, ths studyprovidesan integratedommunication
on the electrochemical filtration process with its commonly employed modes (Baddcnd
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crossflow) anda comparson oftheir outcomes. The importance of studying the crossflow mode
is due toits challengingntegration, yetmminentcapacity for real application due to its provision

of an antifouling mechanism and thus increased membrane expectancy. & sothoration of

the crossflow mode in electrochemical filtration is considered to be of great importance in making

the process more applicable.

MWNTSs blend buckypaper was used as a daabde and cathode) membrane electrode.
The MWNTs blend buckypapewas found to provide larger specific surface area ahah
conductivity for electrochemical applicatgrdue to its rich MWNT content per unit area. From
the filtration and electrochemical filtration over timargakthrough), it was observed thae
crossflow configuratiorcould offergreat performanceesults The highperformance relative to
operation time was significant in treating individual and mixture forms of both contaminants in
pure and fouling electrolytic conditions, which was significan2-8 V DC potential. It was
concluded that the shear flow mechanism in crossflow mode could result in better and more
consistent surface coverage, and prevahger residence tinsefor the contaminants within the
membrane at a given flow rate, comparedtiie deadend mode. It was observed that the
substantialresidence time of 18.3 seconds during the crossflow electrochemical filtration is
sufficient to allow forcompletedegradation of the phenolic aromatic products and quinoid rings
into the formatiorof final nontoxic aliphatic carboxylic acids, which was significant at the highest
applied voltage (3 V).

6.3. Future Recommendations

Through this work, some challenges wesbservedwith electrochemical filtration,
requiiing further work to improve the procesThese challenges can be summarized under three
axes. The first axis is the sorption capacity of MWNTs and MVERased materials. Through the
course of the study, it was found that conventional filtration resulted in limited outcomes. Given
the enormoussurface area of MWNTSs, as measured by BET, the reason behind thed limit
adsorption of the two contaminants by MWNTs was not completely understood. In this study,
limitation in adsorption capacity was attributed to pinebablelow number ofsurface adsotjve
sites on MWNTSs. Therefore, increasing the sorption capacity of MWNTs could be a key solution
to sucha limitation. During conventionaldeadend filtration of ibuprofen in this study, it was
clearly observed that the use of carboxylated MWhdidd significantly improve the adsorption
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of carboxylated ibuprofen under adequate solution conditions. Therefore, it was proposed that
selectivity between adsorbing substrate (adsorbent) and the adsmrhatarameter that must be
considered during conventiorfdtration. Future work on increasing functional area or adsorptive
sites of MWNTSs is important, and which can be explored through increasing tHanztypnal

groups at MWNTSs surfagand the creation of networks thiese functional group$uch surface
modification can culminate in improved filtration performance of contaminants with- oxy

functional groups.

The second axis is the electrocatalytic activity. When sufficient DC potentials were applied
in this study, the electrochemical performance of MWIdiid MWNTS blend buckypaper was
found to bevery efficient. However, in a scalag processa higher magnitude applied potential
might be requiredwhich couldresult in larger energy consumption and henceef@eonomic
efficiency. Therefore, increasinigd electrocatalytic activity of MWNTS by incorporating surface
catalytic materialcould beessential. Innovations in carbon composite synthesig bea step
forwardin providing faster toxicity reduction of treated contaminants. Of the chemical stucture
that can be explored and that can be blended with MWNTS in suitable proportions, are oxides of
perovskite structurge.g. strontium cerium oxide (SrCe€Q barium cerium oxide (BaCel)
strontium zirconium oxide (SrZr) and barium zirconium oxide (BaZg)). These oxidebave
beenshown to be super stalileelectrochemical applications, superconductive, and have a great

catalytic capacity for hydrogen fuel generation.

The third axis is the chemical activity in the bulktbé solution. Bulk electrocheroal
activity was concluded to be effective in the removal of ibuprofen and bisphenol A in this study
andshownto be due to the #situ generation of electroactive species. Therefore, enhancing the
propertes of bulk chemical activity was not concludedtie of critical necessity in this study.
However, other emerging contaminants could be more stubbomaywkquire further inpto
an efficient process. Therefore, advancements in chemical catahasyeed to be tackled and
assimilatedwith the electochemical filtration process. The incorporation of catalytic processes

such as Fentonds chemistry wi tfuithereexpmwred as@c h e mi

proactive step for future challenges.
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Appendices

Appendices include supporting dataformationand setups imagésr chapters 3, 4 and 5. Each
of the aforementioned chapters has a separate appsetion titled as AppendiR, B or C
corresponding to Chapter 3p#5, respectivelyAppendix D shows different images for dezid
electrochemical filtration, crossflow electrochemical filtrafiand multiwalled carbon nanotubes

different crystalline structure and membrayges

Appendix A

Appendix A contains supporting information and additional data that further elialate
confirms the information provided for the electrochemical treatment of Ibuprofen using MWNTSs
and MWNTsCOOH in neutral and acidic conditions.

In appenix A, additional data are provided arounte surface characterizatiostability and
purity of MWNTs and MWNTsCOOHincluding SEM images for MWNTs and MWNXSOOH

after use in treatment (Figure-d, TGA mass loss plots (Figure-d, BET plots, cumulatie
surface areaand pore volume relative to pore width and their differential distribution for both
MWNTs types (Figures 8 and A4). Superoxide and hypochlorous acid assays with their
procedures and explanatioRigures A5 to A-8). Breakthrough for th&reatment of Ibuprofen
using MWNTsCOOH containing 7% COOH by weight and the permeate flux for MWNTs and
MWNTs-COOH (Figure A9). Mass spectra for the treatment of Ibuprofen by MWNTs and
MWNTs-COOH (Figure A10). Removal flux values for the treatment otifisofen by MWNTs

and MWNTsCOOH from pure electrolytic solutions and synthetic secondary wastewater (Tables
A-1 and A2). Furthermore, the degradation products for electrochemical filtration treatment are
listed (Table A3).
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Figure A-1. SEM after subjecting of MWNTs and MWNA3OOH to 270 mL of 1 mg/L ibuprofen

for 135 minutes where (A) is MWNTs under conditions of ibuprofen in 10 mM NaCl, pH 6 and
under 0 V of applied potential, (B) is MWNTs under conditions of ibuprofd®imM NacCl, pH

6 and under 2 V of applied potential, (C) is MWNTSs under conditions of ibuprofen in 10 mM
NaCl, pH 6 and under 3 V of applied potential, (D) is MWNI®OH under conditions of
ibuprofen in 10 mM HCI, pH 2 and under 0 V of applied potenti&)l,if MWNTsCOOH under
conditions of ibuprofen in 10 mM HCI, pH 2 and under 2 V of applied potential, (F) is MWNTs
COOH under conditions of ibuprofen in 10 mM HCI, pH 2 and under 03V of applied potential and
(G) is lateral thickness (1424 ¢ m t dférentsides of 1 chémbrane). Surface loading for
both MWNTSs types was 0.84 mg/énExperiments were performed at 23 °C.

Mass (mg)
Mass (mg)

200 400 600 800 1000 0.0 260 460 660 860 1000

Temperature (°C) Temperature (°C)

Figure A2. TGA mass loss plots, (A) MWNTSs, (B) MWNIGOOH
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Figure A3. (A) BET plot for MWNTSs, (B)cumulative surface area relative to pore width for
MWNTSs, (C) differential surface area distribution relative to pore width for MWNTSs, (D)
cumulative pore volume relative to pore width for MWNTs and (E) differential pore volume

distribution relative to pe width for MWNTSs.
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Figure A4. (A) BET plot for MWNTsCOOH, (B) cumulative surface area relative to pore width
for MWNTs-COOH, (C) differential surface area distribution relative to pore width for MWNTSs
COOH, (D) cumulative pore volumeelative to pore width for MWNT€OOH and (E)

differential pore volume distribution relative to pore width for MWNISOH.
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Figure A5. Superoxide assay, where (A) is absorbance spectra for filtration of NBT at 0 V by
MWNTSs, (B) is absorbance spectra felectrofiltration of NBT at 2 V by MWNTSs, (C) is
absorbance with time for the NBHormazan (Product of reaction of NBT with superoxide) for
electrofiltration of NBT at 2 V by MWNTSs, (D) is absorbance spectra for filtration of NBT at 0 V
by MWNTs-COOH, (E)is absorbance spectra for electrofiltration of NBT at 2 V by MWNTs
COOH and (F) is absorbance with time for the NlBdrmazan (Product of reaction of NBT with
superoxide) for electrofiltration of NBT at 2 V by MWNTZOOH. When a concentration of 0.05
mM (41 mg/L) NBT in 10 mM NaCl (pH 6) was filtered and electrofiltered by 0.84 mg/cm
MWNTSs at 2 V and when a concentration of 0.05 mM (41 mg/L) NBT in 10 mN HCI (pH 2) was
filtered and electrofiltered by 0.84 mg/€nVIWNTs-COOH a flow rate of 2 mL/min and
tempeature of 23°C.

138



The mechanism of reaction of NBT with superoxide anion is electron saturation of the 2 tetrazolium
rings by 4 mole ratio of superoxides, followed by thé&Nbond cleavage of the tetrazolium rings.
Acceptance of 1 proton by each nitrogen dexh to the nitrdboenzne groups then follows (Figure
A-6).

@ @\ ) Qm
Rt S

Nitro blue tetrazolium chloride Nitro blue tetrazolium-Formazan
Soluble (Yellow color) Insoluble (Purple color)

Figure A6. Reaction mechanism of NBT with superoxide to form NBIrmazan and diatomic

oxygen

Superoxide Assay

This assay was employed for the specific detection of the presence and peréomwhahe
Superoxide anion or (Superoxide radidaB0, 121, 18Q]In our case, electrofiltration is employed

as the experimental technique for removal of emerging contaminants. GMISL@sults always
indicated he presence of ROS (reactive oxygen species) as well as CV results, and which was
suspected to participate in the electrodegradation of target molecules. Therefore, it was essential to
perform such assay to help observe and understand if superoxide i3 tima@uspected ROS and

to obtain experimental confirmation on their contribution. By undertaking this assay, it is now
obvious that superoxide anion plays a role in the elimination of organic molecules under applied

voltages.

The experimental procedureews s i mply i ntroducing an Al ndicata
process. This indicator (Nitro blue tetrazolium salt or NBasa specific behavior if interacts with
superoxide. NBT has a characteristic very pale yellow color with a specific abserlat the

invisible UV wavelength of 259 niii80], (*) SigmaAldrich.
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If NBT reacts withsuperoxide, it will get reduced in an explicit manreading to the formation of
NBT-Formazanwhich has a purple color and a spechisible absorbance at 530 nm (Reaction

above). The experiment was performed at the following conditions:

- 0.84 mg/cm pristine MWNTs and MWNTSOOH
- 2 ml/min of flow

- 0.05 (~ 41 mg/L) mM NBT in 10 mM NacCl or HCI
- 0 and 2 V of applied DC potential

Results showet that filtration of 0.05 mM NBT at O V had an excessive breakthrough effect on the
MWNTSs filter, the same thing was also observed when the same concentration was introduced at
2V. As well, at 2V another peak showed a breakthrough trend ab89861m and eak at 530 nm,

indicating the formation of NB'Formazan.

The observation of NB-'Formazan in 10 mM HCI (pH2) electrolyte, and despite the fact that
stability of superoxide ani@decrease in acidic pH, is an indication that formation of superoxide in
the first place is independent of the pH conditions and its interaction with the introduced target
organic molecule is as fast if not faster than its interaction with water molecules, (Reaetigns
2 andA-3) [53, 104.

20+ 26 A 20 AFL)

20 +HOé HO*2+ OH (A-2)

20, + 2HOA 20H+ HO0+ O (A-3)

In conclusion, the formation of the 530 nm peak that corresponds to the formation ef NBT
Formazan, is a strongefirmation of the contribution ocfuperoxidein the removal of organic

molecules by electrochemical filtration process.
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Figure A7. Hypochlorous acid assay where (A) is UV absorbance spectra for taurine, taurine plus
effluent of 10 Mm N&I with and without addition of 12 mM #@,, influent 10 mM NaCl (pH 6)

and effluent of 10 mM NaCl with and without addition of 12 mMo: (B) is taurine chloramine
absorbance corresponding to 250 vertaurine concentration for 10 mM NacCl (pH 6) assdyere
MWNTs was used as electrofiltration membrane. (C) is UV absorbance spectra for taurine, taurine
plus effluent of 20 mM HCI with and without addition of 12 mM@, influent 10 mM HCI (pH 2)

and effluent of 10 mM HCI with and without addition of 12 niyO2and (D) is taurine chloramine
absorbance corresponding to 250 ventaurine concentration for 10 mM HCI (pH 2) assay, where
MWNTs-COOH was used as electrofiltration membrane. MWNTs and MWBIDOH filters
loading was 0.84 mg/cthapplied voltage was\8 of DC potential, taurine concentrations were 10,

20 and 30 mg/L, flow rate was 2 mL/min, temperature was 23°C and measurement blank was pure
DI water.
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