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Lay abstract

With rapid industrial development, industrial wastewaters are heavily contaminated with
hazardous pollutants and valuable resourcas.a result, there are social and economic needs
for efficient industrial wastewater treatment to remove harmful contamiteuiand to extract
usefulcompoundsMetalsof particular interesin industrial wastewatesare organizednto two
categories, toxic metals (e.g., arsenic, zinc, nickekcury,and cadmium) and precious metals
(e.g., gold, silvemplatinum,and palladiun). An effective metal separationfrom industrial waste
solutions isa major goal for the sustainable development of industrial procesSesventional
metal removal technologies haventensive chemical consumptionproducing secondary
pollution. Here, we itroduce two novel environmental approaches for metal removal with
minimal chemical consumptionThe first approach replasechemical coagulants with
electrochemically generated 4situ coagulants for toxic metal removal from industrial
wastewater. The seew approach introducga closed loop continuous process for adsorption
and electredesorption of toxicand preciougnetals from aqueous solutions usirgarbon nano
tubes CNT¥sorbents. The closelbop continuous regenerative process enables the use of highly
effective CNT sorbentfor metal removal from waste solution¥hedesorptionprocess is based
on electrochemicategenerationof CNTgrom metals which avoids the needf acids or other

solvents to regenerate the CNorbens.



Abstract

Since the industrial revolutiomf the 18" century, rapid growth occurred in the energy,
electronic, fertilizers, pesticides, detergents, pharmaceutical, mining and paper indystries
among others Consequentlywastewaters producedrém these various industries is highly
contaminated with hazardous pollutés including toxic metals and organic contaminants as well
as useful resources such as phosphates and precious métaleecessary to remove hazardous
pollutants from industrial wastewater to méahe environmental disposal regulations or to
enable sée recycling of the treated wastewater in other applications. It is also economically
beneficial to separate the valuable resources from the industrial waste solutions. Several
technologies have been employed for metal and other contaminants (e.g., osgamianinerals)
removal from industrial wastewater including chemical precipitatiocgagulation and
flocculation membrane separation, ion exchasgadsorption, chemicaloxidation, and
biodegradation Chemical precipitation, coagulation and flocculati@amd chemical oxidation
processes have a high chemical consumption. Adsorption and ion exctlamgerequire a high
chemical consumptiorwhile separating pollutants from wastewater, nevertheleasids and
chemical reagents are required for thegeneration of sorbents and ion exchange resfostheir

reuse in subsequent processes. Membrane technologies suffer from membrane fouling and
scaling, which require the use of chemical reagents and antiscalants to mitigate these problems.
The use of bacteria ibiodegradationis a common alternative in many wastewater, but this
procesgequires a toxidree environmentwhich is rarely the case industrial wastewatesdue

to the presence of toxic metals in most of the industrial effluedts.such, this process is not



appropriate for most industrial separations, requiring additional unit operations to rertaxie

metals before the biodegradation processes whialisesigher operational and capital cost.

The objective of this thesis is tosubstitute metal and associated contaminants conventional
removal methods with novel electrochemical approaches to decrease the chemical consumption,
lower the environmental impactextract precious metals and to decrease the overall unit

operations during industrial wastewater treatment.

In the firstpart of the thesis,using chemical coagulants was substituted by electrochemically
induced insitu coagulants to remove toxic mesdrom mixed industrial wastewater. The newly
introduced technique utilized the presencé iron in the waste solution and converted it into
iron hydroxide coagulants through the reactiohiron with the hydroxyl groups generatedia
water electrolysis ahstainlesssteelcathode.The generated coagulants interacted with the toxic
metals(i.e., arsenic, cadmium, lead, nickel, copper, chromiumnthle wastewater and separated
them from the solution To decrease the overall unit operations thfe mixed industial
wastewater treatment, the associated organic pollutants in the waste soluticere
simultaneously degraded® dmensionally stable anode (DSA) was used to oxidize the organic
contaminants irthe solution simultaneoug with the metal coagulation occurring at the cathode.
Theelectrochemical oxidatioin-situ coagulation (EGQT) processesulted in a treated solution
with a substantially lower heavy metal content, lower organic content, greater effective diameter

of the suspended particles, and distinct phases that can be separated for further treatment

In the secondpart of the thesis,a closedloop continuous cycle for metal adsorption and

electrodesorption using CNT sorbents was inveniedhis process, 1) metaése adsorbed onto



the surface of CNTs, 2) the metadturated CNTs are filtered onto a microfiltration (MF)
membrane to form a temporary membrane electrode, 3) the €Ndted membrane is used as

an anode in an electrochemical cell, 4) an applied electiermgial desorbs the metals from the
CNTFmembrane, and 5) the CNTs are separated from the membrane to be reused as adsorbents
in a closedoop processThe closedoop regenerativecycleallowed recycling the effective but
expensive CNT sorbesih subsegent adsorptionelectrodesorption cycles. The electrochemical
regeneration of CNTs eliminated the need for using acids and chemical reagents for CNTs
regeneration. The proposed technique was successfully employed for adsorption and
electrodesorptionof copper (a model toxic metal) from aqueous solutions and gold (a model
precious metalfrom acidic chloride solutions mimickingweaste leachateThe results othis

study demonstrate a chemicélee method for metal removal that achieves removal at rates
comparable to conventional chemical methods and adsorbent regeneration as high as that

achieved with chemical methods

In the third part of the thesis limitations and source of error during electrochemical water
treatment wereidentifiedto be taken imo consideration by future researcheis. the frst phase

of this researchsource of error arisingin batch electrochemical cells weikustrated Batch
electrochamical experiments are considered the baseline for testing porous electrodes and
electrochemical membranes (ECMs) in water treatment applications (including metal separation
and contaminant removal) before being used in continuous processegs identifed that
electrochemical dissolution of metal fasteners hialgiporous conductivanembranesin batch
electrochemical cell®ccur, even wherkeeping the metal fastenersutside the electrolyte

solution This phenomenon can confound water treatment experimental results in batch cells.



The reason for this phenomenon wasvestigatedand a simple solution to prevent it was
proposed.In the secondphaseof this researchJimitations on using metal feed spaceras
electrodes during gypsum solution (secondary pollutants produced during metal removal from
mining wastewater) RO filtration was identifiedsingelectro-assisted filtrationhas a lower
environmental impactthan usingantiscalantsfor preventing gypsmn scale formation on RO
membranes Nevertheless, using metal feed spacer electrodes for this purpose was not effective
due to low generation of hydrogen gas artle spacers'anodic electro dissolution. Inert
electrodes to electro dissolutiofi.e.,CNTs cated polypropylendeed spacersare proposed as

an effective and economic option for electessisted filtration of gypsum solutions.

Vi
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Chapter 1

Introduction



1.1 Industrial Wastewater Pollution

With the rapid growth in industrial activities, industrial wastewater problem is escalating as it is
heavily contaminated with a broad spectrum of hazardous pollutdfis These pollutants
include organics, pesticidesjicroplastics dioxins, metals, andpathogenic organissi[2¢4].
Discharging industrial wastewater directly to the environment into the aquatic ecosystems or
soils will severely impact livelihood, fisheries and food chiihsOn the other hand, disposing
industrial wastewater to the municipal wastewater treatmdatilities has to comply with strict
discharge regulations to avoid fing&s7]. Thus, an enaf-pipe treatment is required at the plant
before industrial wastewater is released to the environment or to municipal facilit[8s9].
Moreover, the efficient treatment of wastewater will enable their internal recycling in industrial
applications such as mining and papetustries[6,10]. Useful resources such as phosphates and
precious metals can also be extracted by proper industrial wastewater treatfh&rit2] To this

end, efficient industrial wastewater treatment has become a major goal for the sustainable

development of industrial processes.

Among the pollutants in industriabastewates, toxic metalsrepresent a severe hazard for
humans, animals, and aquatic Iffe3]. Toxic metals of particular concern include arsenic, zinc,
copper, cadmium, chromium, lead and mercydy]. These metals are carcinogenic, Ron
biodegradable and tend to accumulate in living organi§b®. Therefore, toxic metals present

in wastewaters are onefahe most serious environmental problems nowadays and their efficient
removal is considered an environmental priofity3¢15]. On the other hand, precious metals are
also present in industrial wastewaters especially that generated from electronic and mining

industries [16¢18]. Precious metals in industrial wastewater include gold, silpé&tinum,

2



palladium and rhodiunj19]. These precious metals have a high value as theyeamsed for
jewelry, electronics, catalysis, and hydrogen storf&f@. Thus, here is @ economic need to

effectivelyremove precious metals from industri@hstewates.

1.2 Metal Contaminated Indusit Wastewaters

Metal contaminated wastewaterare generated from various industries far ranging aslectro
plating, battery technology, petrochemicals, pesticidesing, and electronimndustries[13,21}
Among the different categories of metabntaminated industial wastewaters, four types are
widely spread. First, mixed industrial wastewater generated from oil and gas, and petrochemicals
industries which is rich itoxic metals and organicontaminants and this type needs several
stage unit operationso effectively remove the toxic metals and the associated orgd@as?4).
Second, electroplating wastewater generated from surface plating operations which is rich in
various types ofoxic and preciousnetalsused for platingncluding brass, nickel, zinc, silver,
copper, lead, platinumchromiumand gold25,26] Third, acid mine drainage producedrn the
mining industries which is rich toxic and preciousnetals and sulfiric acid produced from the
reaction of oxygen and water with the sulfatdssolving fronthe mined rockg§27,28] Faurth,
wastewater generated from electronic wasteidicleaching which is rich in precious metéls.,

gold, silver,platinum and palladiun) dissolved mainly from the printed circuit boards (PGBs)

the electronic deviceR29¢31].

1.3 Conventional Removal Technologies

1.3.1ConventionaMetalsRemovallechnologies



There is a present environmental and economic need for removing toxic and precious metals
from the industrial wastewaters. Several technologies are being used for metal removal from
wastewater including chemical precipitation, ion Baoge, membrane filtration, coagulation and
flocculation, flotation, and adsorptiof21,32] In this section, the advantages and drawbacks of

the most conventional metal removal technologies will be discussed.

ChemicaPrecipitation

Chemical precipitation is the most widely used metal removal technique in industry because it is
easily operated and does not need high capital ¢83}. In the precipitation process, chemicals
react with the metals ions in the wastewater to form insoluble precipitates which are then
removed from the solutiorvia filtration or sedimentation34]. Hydroxide precipitation and
sulfide precipitation are the most conventional metal precipitation proced823. In the
hydroxide precipitation process, hydroxides (conventionally lime (calcium hydroxide)) are added
to the wastewater and precipitate metals as metal hydroxides. Nevertheless, hydroxide
precipitation generates a large sludge volume cagslewatering and disposal problefi]. In

the sulfide precipitation process, sulfides (e.g., iron sulfide or calcium sulfide) are added to the
wastewater and precipitate metals as metal sulfides. $hiide precipitation process produces

a sludge with better thickening and dewatering characteristics in comparison with the hydroxide
precipitation proces$35]. However, metal contaminated wastewaters are often acidic, and the
addition of sulfides will favor the production of toxicydrogen sulfide gas causing an
environmental hazard21,32] Besides the specifidrawback for each chemical precipitation

method, metal removal using chemical precipitation methods consumes a large amount of



chemicals and are not efficient for removing metals with low concentrations (below 5 ppm)

because the soluble fraction and vemyd particles are challenging to precipitdl,36}

Coagulation anélocculation

Coagulation and flocculation are widely used for nheganoval from wastewatef37¢40]. In the
coagulation process, coagulants are useddamove particulates and impuritidsy neutralizing

their charges which allow their attachment into larger particlesby hydrophobic interactios
[41,42] The most widely used coagulants for metal remavaalumina, iron hydroxides and
iron sulfates[32,41] In the flocculation proces$igh molecular weighpolymersare usedfor
clumpngthe contaminants together to form micribocswhich can besasily removed from the
wastewater[43]. Polyaluminiumchloride (PAC) , polyacrylamide (PAM) and polyferric sulfate are
widely used flocculants for metal removal from wastewai#4]. After the coagulation or the
flocculation process® the aggregated particles are removed by floatation or filtration or
sedimentation[45,46] The coagulation and flocculation processes have a low capital cost and
are simplein operation. Nevertheless, they have the same drawbacks as the chemical

precipitation process; high chemical consumption and incomplete metal reni2i/&8]

Flotation

Flotation process are also used for metal removal from wastew§dar,g8] Air is bubbled into

the solution, and the wspendedmetals attach tothe air micro bubbles and float tadhe water
surfaceto be removed as sludggl9]. The avantagesof this technology are the absence of
chemicals consumption and the low operating cost. While the major drawback of the floatation

process is the high initial co§t3,21] Floatationusuallyfollows the coagulation/flocculation



processeso separate the formed aggregates in these processes hyirilgpthem to the surface

as shown irFigure 1.145,50]

Coagulant

Flocculant

l

v

Barrier

Waste-

water
Mix tank
Spargef Sludge Froth
w—»Air vent
Water S ‘:1 l
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with air Air under Clarified
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Figure 11: Schematic diagrarfor an air flotation treatmentprocesgollowinga coagulation
flocculation proces§s0]

lonExchange

lon exchange processes are widely used for metal removal from industrial wastewater due to
their high removal efficiency and fast kinet[82,51,52] The metakcontaminated wastewater is
forced through a column containing on-exchange ress The resins are fabricated from cross

linked polymers functionalized with chemical groups, most commonly sulfonic acii)80



carboxylic acid (COOH) groy@4,51] The metal cations in the wastewater are exchanged with
hydrogen ions in the functional groups resulting in metal separation from the waste solution
[21,34] While the on exchange process has a high metal removal efficiency, it is an expensive
process and it is not effective in treating highly contaminated wastewaters (e.g., oily wastewater)
as the resins are easily foul§8¥]. Moreover, the spentan-exchange resins amnventionally

regenerated by chemical reagents caussegondary pollutiorthat needs to be treate@3].

MembraneFiltration

Membrane filtration technology has beersedfor metal removal from wastewater as it has a lot

of advantages such asase of operation and low space requiremgs4¢57]. The membranes
utilized for metal removal include ultrafiltration (UF), nanofiltration (NF) and reverse osmosis
(RO) menbraned34,38] UF membranes hawepore sizenuchgreater than thesizeof hydrated

metal ions[54]. Therefore, polymer or surfactants araddedto form polymer or micellesnetal
complexes witha sizebig enough to be retained by UF membrgbé,58] These processes are
known as micellar enhanced UF (MEUF) or polymer enhanced UF (PEUF), and they consume large
amounts of chemical§s7,59] Since the active layers &0 membraneare very dense, RO
membraneshavea high retention efficiency fonearly every type bmetal [54]. But taking into
consideration the high operating pressure {20 bar), the high energy requirements§3Wwh),

the high propensity of RO membranes to foul in mixed wastewaters, the delicate nature of these
membranes, and the difficulty in cleaning RO membranes, RO processes are not favored for metal
removal from wastewatej21,54] NF processes are intermediate proasdsetween UF and RO

NF membranes hava pore size(1-10 nm)smaler than that of UF membraneand require a

lower operating pressure thaRO membranef4,60,61] NFmembraneshave a skctive thin



skinthat together with the small pore size are sufficient foetal retention[54,55] Therefore,

NF is preferredver UF or RO for metal removal large scale applicationBleverthelessthe

main drawback for the NF isurface and internafouling especially when treating metal
contaminated wastewater that is rich with associated contaminants (e.g., organics, colloids,
surfactants) that deposit on the membrane surface causing pore blockada subsequent

decline in permeate fluq38].

Adsorption

Adsorptionis currently consideredas an effient and economic method for metaémoval from
industrialwastewater The adsorption processflexible in design easilyoperated, andhas a low
chemical consumptiorf62]. Adsorption is a reversible process, several adsorbents can be
regenerated to be reused in subsequent adsorption cy[@8% Various adsorbents were used

for metal removal including zeolitd64], clay minerals (e.g., kaolinites, bentonites, and mica)
[62], biomaterials (e.g., alggé5]; fungi[66]; crab, seed and egg shel&/¢69]; potato, citrus

and banana peel$30,70,71] and sawdus{72]) , MOFg[73], COF474], and carbonaceous
materials (e.g., grhene[75], activated carbon (AQY6] and carbon nanotubes (CNTZY]).
Among he different classes of adsorbents, nanomaterials have orders of magnitude greater
adsorption capacity than other sorbents due to their high surface area to volume ratio and high
reactivity [62,78] Specifically, CNTs have been recently recognized as excellent sorbents for
several metals (e.ggold [31], copper[79], zinc[80], arsenic[81] , nickel[82], mercury[83],
cadmium[84], and silve85]) due to their high specific surface area, porosity, and mechanical
and chemical stability86]. CNTs can also be functionalized with different chemical moieties

which increase their adsorption capacity and allow for selective metal adsorption from mixed



solutions[87,88] However, CNTs have a relatively higher cost in cosgarvith other sorbents
[76]. Besides the highod drawback of CNTs, the major problem of the different classes of
sorbents (including CNTSs) is the high acidic chemical consumption usually needed for sorbent

regeneration from metals, which causes a secondary polly86r89]

1.3.2ConventionaAssociated Organics Degradation Technologies

Metal rich industrial wastewaters are usually contaminated with associated organics including
organic dyes, organic acids, hydrocarbons (e.g., alkanes, alkenes, alkynes, and aromatic
hydrocabons), phenols and aming80,91] Some of these rganic pollutants are toxic such as
alkenes and phenolic compounds, and others (e.g., organic dyes) transform into toxic metabolites
through the hydrolysis/oxidation processes occurring in wastewgg2y93] Organic pollutants
degradation is required for safe disposal or reqyglof the industrial wastewaters. There are

several conventional methods such as biodegradation, chemical oxidation hataocptalysis

Biodegradation

Biodegradation is a conventional method for organic pollutant removal from industrial
wastewater[94,95] Biodegradation is based on the ability of certain microorganisms to degrade
organic contaminants in wastewate Microorganisms that have been used for organics
degradation include cyanobacteria, halophilic bacteria , archaea, and fi®&gb8]. In
comparison with other physical and chemical methods for organics degradation, biodegradation
is less expensiv§96]. Nevertheless, the organic biodegradation effectiveness significantly

decreases in metal rich wastewater due to the metal toxic effect on the microorgaf#9mi90]

ChemicaDxidation



Chemical oxidation of the organic pollutants into less toxic products is a widely used technique
for organic contaminant degradation from industrial wastewaf88]. Among the different
chemical oxidation techniques, ozonation and Fenton oxidation are convelfitionsed for
organic pollutant degradatiofiL01,102] In the ozonation process,,@acts with dissociated O
atom to form ozone (€) which is then bubbled into the wastewatf38,103] At alkalinepH,

ozone undergoes interactions to produce highly reactive species such as the hydroxyl radicals
(OH) and superoxides (#w which can mineralize organic contaminafi4]. At acidic and
neutral pH, the oxidative radical production is much lower, and the organics degradation is done
with the ozone itself{105]. The drawbacks for the ozonation process include the chemical
consumption to obtain the alkaline pH and the hicgpital cost for ozone productiofiO1]. In

the Fenton process, hydrogen peroxide@) reacts with iron ions (B8 in the presence of
strong acid to produce the highly oxidative hydroxyl radical¥®@hich can degrade the organic
contaminants in solutiof106]. The optimum pH for the Fenton reaction lies in the range
between 23.5 to avoid iron catalysts deactivation through precipitation in the form of ferric
hydroxideg102]. Therefore an extra acidic consumption will be required to degrade the organic
pollutants via the Fenton process in neutral or alkaline industrial wastewaters. Moreover, there
are extra costs and risks related to the provision, transportation, and storageCaf Phother
drawback for the Fenton process is the difficulty of recycling the spent catalysts from the treated

solution[98].

Photocatalysis
Photocatalysis is considered an environmentally friendly technique for organic pollutant

degradation with a minimal chemicalonsumption [91]. The process involvesradiating
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semiconductors with visible/UV light when they are in contact with the water and oxygen in the
waste solution. Upon irradiating the semiconductor with an energy greater than its band gap
energy, the valance band (VB) electrorns &ee excited ad transfer to the conduction band (CB)
leaving positive holes {hin the VB[107]. Water molecules react with*tio produce hydroxyl
radicals (OB, while adsorbed oxygen molecules in the solution react withoegenerate
superoxide radicals @y, as shown ifrigure 1.438,108] These radicals as aforementioned are
capable of organic contaminant degradation in the wastewaters. The most widely used
semiconductors for wastewater degradation are titanium dioxide ¢Yighotocatalysts due to
their photostability and strong oxidizing powgt09]. Nevertheless, the organics degradation
efficiency using semiconduats (including Tig) is always limited by the high/le*recombination

rate [98]. Several approaches have been researched to decrease’/titerecombination rate
including doping the photocatalysts with metal or noretal ions and depositing nanoparticles

on the photocatalyst surface, but these approaches complicate the photocatalyst fabrication
process [110]. Another drawback for the photocatalysis degradation is the absence of
concentrated sunlight most of the year in se&l countries which necessitates the use of UV

excitation sources, increasing the overall capital ¢b88].
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Figure 12: Photocatalysismechanisnfor pollutant degradation[38]

1.4 Electrochemical Water Treatment

With the stringent environmental regulations in the last two decaddscteochemical(EC)
technologies haveegaineda greatimportanceto be used inndustrial wastewatetreatment
because itrequires a minimal chemicabosumptionin comparison with other conveianal
processes as chemical precipitation, coagulation, flocculation, chemical and Fenton oxidation
[7,111] EC processes are also less complicated than biotreatment processes as they do not
require living orgaisms that need nutrition and netoxic environmentg112]. EC processes can

be built in continuous systems and have fast water treatment kinetibich save time and

operational cost$113].

1.4.1 Electrochemical Technologies for Metal Removal
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ElectroclemicalDeposition

Electrochemical deposition (ED), which is commonly known as electroplating, is one of the oldest
EC metal removal technologies introduced by Luigi Brugnatelli in[18d% An external source

of electricity is used to apply an electric current through an electrochemical cell whishhgse
wastewater required tdoe treated as an electrolyte. The metal cations in the wastewater
attracted to the negatively charged cathode by the action of electrostatic forces,aamd
subsequentlyreduced to form a metallic layer on the cathode surf@t#5]. EDprocessis used

for the removal of precious metals (e.g., Au, Ag, Pt) as well apremious metals (e.g., Cu, Zn

Ni) from industrial wastewatell16,117] The adantages of the ED process are the absence of
any generated sludge, and the high metal selectivity gained through applying electric potentials
corresponding to the reduction potentials of the selected metals to be remoMdd].
Nevertheless, the metal removal efficiency of thisgess is limited by the electrode surface area
and highly porous electrodegquirements Another drawback is the formation of spongy or
loose deposits and dendrites on the cathode surflcet]. Also, in a highly contaminated metal
wastewater especially with organic pollutants, competing cathodic reactions wihnibtal

reduction reactions will occur decreasing the metal removal effici¢ht§].

Electrosorption

Electrosorption(ES)is a novel EC process for metal removal from water and wastewater
[119,120] The process is a combinatiosf metal electrosorption and electrodesorption
processeq121]. The mechanism dESprocess resemblethat of capacitive deionization (CDI)
technology Upon applying electric potentialhe metal catons ae electrically attracted to the

porous cathode andemporarily storedby forming anelectrical doubldayer insidethe porous
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electrodewithout chemical reactions. After the metal is electrically adsorbed to the electrode,
the treated water solution is relased from the system. The following step is to retlegtelectric

field such thatthe metal ions are released from the electrode by action of electrostatic repulsion

in a draw solution (as shown Fgure 1.3 [122,123] ES electrodes are usually fabricated from
carbonaceous materials such as CNTSs, activated carbon (AC) and graphene aerogelstbeing to
their high electrical conductivity and large specific surface §t84¢126]. In contrast to the ED
process, metals should not be deposited on the electrode surface in the ES process to avoid
decreasing the available surface addhe electrode. Thus, the applied electric potential should

be maintained lower than the reduction potentials of the metals to be treated from the
wastewater[127]. While the ES technique has a high metal removal efficiency, the process has a
low metal selectivity and requires the fabrication of highly porous electr¢il#4]. Moreover,

metal solutions must be convected inside the porous electrodes to allow for metal
electrosorption on the electrode surfacehich requires more pumping power and engineering

design considerations.
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Figurel. 3: Schenatic diagramillustrating electrosorptiorelectrodesorption procesg 28]

Electrocoagulation

Electrocoagulation (ECOG g widely used process for metal removal from industrial wastewater
[129¢131] The proceswas first proposed in 1889 for sewage wastewater treatmaritondon

[38]. In this process, a sacrificial metal anode is electrochemically dissolved through applying an
electric field and produces metal hydroxides upon dissolution in solution. Thergifed metal
hydroxides act as coagulants that can remove metals from the waste\Wig82r133] The most
widely used materials for electrocoagulation anodes are iron and aluminum as they are
inexpensive materials and generate strong coagulating agents (ian, hydroxides and

aluminum hydroxides) for metal removdl34]. The produced coagulants destabilize the
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suspended metal ions in the solution allowing their aggregation in larger particles which can be
easily precipitated and removed by filtration or sedimentatid35]. The electrocoagulation
process has a mimal chemical consumption and produce less sludge in comparison with the
chemical coagulation procefk36]. Nevertheless, the sacrificial electrodes need to be monitored
regularly as they dissolve in the solution which necessitates their frequent replaceeseititng

in plant downtime and adidional operational costs in the form of replaced electrod&87].

Electroflotation

Electroflotation (EF) is another EC process used for metal removal from wastgda8rin this
process an electric potential enough for water electrolysis (1.23 V) is applied to pradyce
bubbles of hydrogen at the cathode and oxygen at the andthe gas bubbles producdidat

the metal ions and bring them up to the water surfddéé&4]. The EF isonventionallycombined
with electrocoagulatiorprocess and thiscombinedprocess is known as the electrocoagulation/
electroflotation (ECF) procesd39]. Where the generated metatoagulants aggregates
produced from the electrocoagation process are floated to the liquid surface by the action of

hydrogen and oxygen gases produced from the water electrolysis, as shéwgune 1.4
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1.4.2 Electrochemicdlechnologie$or Grganics Degradation

ElectrochemicaDxidation

Electrochemical oxidation (ECO) is recognized as a very promising technology for organic
pollutant degradation in wastewatgv]. Anodic oxidation of organic contaminants can be carried

out in different ways including the direct and inelt oxidation methodg113]. In the direct
oxidation process, organic molecules are adsorbed to the anodkame electrochemically
oxidized by losing electrons directly to the anode without any intermediate oxidizing agent
shown inFigure 1.5The direct oxidation of organic compounds usually requires a lower electric
potential than that required for water electrolysj413]. Nevertheless, this process has a low

organic degradation efficiency because the anode is rapidly fouled by the deposited organic
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matter, which is commonly known as the electrode poisoning effélctTo avoid the poisoning
effect, the applied potential should be increased to the water electrolysis potential to generate
supeoxide and hydroxyl radicals in the solution that can oxidize the organic compounds, which
is known as the indirect electrochemical oxidation technifLie2,113] The efficiency of organic
indirect oxidationby superoxide and hydroxyl radicalould differ accordingd the anode
materials.Using active anode@.e., dimensionally stable anodes (DSabyicated from materials

with low oxygen evolution overpotentials (e.g., platinum, iridium dioxideofla@dd ruthenium
dioxide (Ru®), partial degradation of the organic pollutant will oc¢cas some of the applied
potential is scavenged by the production of oxygen[@d4,142] While using notactive anodes
fabricated from materials withhigher oxygen evolution overpotentials (e.g., bomoped
diamond (BDD), lead dioxide (PH@nd tin dioxide (Tn£)), a higher organic mineralization
(conversion of organics into €@nd inorganic ions) efficiency is achievidd3,144] Active
anodes are commeraily available and have high electrochemical stability in comparison with
non-active anodes which have high cost and film stability problg$]. In the presence of
chloridesaltsin solution, active chlorine species (i.e., chlorine)(8ypochlorous acigHCIO) and
hypochlorite (CIO)) are produced via the anodic oxidation of chloride i¢Ak Active chlorine
species have high oxidizing power and can rapidly degrade the organic polljiz2}s
Interestingly, ative anodes have a good electrochemical activity for generating active chlorine in
contrast to nonactive anodes wich do not favor the production of active chlorine as their high
anodic potential promotsthe conversion of Ghto chlorate (CI®) and perchlorate (CIQ which

are not strong oxidizing agenf8,146] Thus, when choosing the electrode materials for use in
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ElectreFenton oxidation

ElectreFenton oxidation of organic contaminants, unlike the classical Fenton oxidaticess,

can mitigate the problems associated with supplying, transporting, and storing tg®icIH this
process, oxygen or air is fed to a carbonaceous cathode to electrochemically gengdatedh

salt is supplied to the solution to react with®kto generate hydroxyl radicglsvhich have high
organics degradation efficiendt12]. While the electreFenton process eliminates the>®b
addition to the treated solution, it still requires acidic conditions (pH betwe&n3) to avoid iron
hydroxide precipitation[148]. Consequently, this process is only suitable for treating acidic

wastewaters similar to the classical Fenton process.
Electrephotocatalysis
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Despite having the highest organic degradation efficiency;axiive anodes (e.g., BDD anodes)
are expensive antlave stability problems. DSA, in contrast, have high electrochemical stability
and are less expensiy&45]. Nevertheless, DSA have a lower organic degradadificiency due

to their limited generation of highly reactive oxidants especially in the absence of chloride salts
in the treated wastewater[7,112] Recent studies have shown that the integration of
photocatalysis and electrocatalysis can owene this limitation. Where irradiating the DSA
anodes with UV light has enhanced the generation of highly reactive oxidants in solution
[149,150] Moreover, in the presence of chloride salts, UV irradiation ¢k Bodes increased

the generation of active chlorine species which enables higher organics degradation efficiency
[151]. However, research is still ongoing to eliminate the engineering design and energy cost

problems when coupling electrocatalysis and photocatalysis processes.

1.5 Objective and Thesis Structure

The objective of this research iso develop and quantitatively aess novel environmentally
friendly electrochemical approaches as alternatives to conventional methods for removing
metals and associated contaminants from industrial wastewaters. Specifically, the research in
this thesis aimso decrease chemical consunig, lower the environmental impact, and to
decrease the overall number of unit operations, while also extracting value from waste in the
form of precious metal extractiaimhe research in this thesis was divided into three phases. In
phase 1 (Chapter Zhe research goal was treating real mixed industrial wastewaters rich in toxic
metals with a chemicdtree technology. Conventionally, chemical precipitation or coagulation
techniques are used for metal removal from mixed industrial wastewa{&38,39]

Nevertheless, these processes have high chemical consumption causing secondary pollution
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[21,38] Another valid alternative is using the electtoagulation (ECOG) technology for metal
removal from the wastewater. Hower, the ECOG process uses sacrificial electrodes which
require regular monitoring and replacement resulting in an additional operational and capital
cost[137]. In this research an isitu ECOG process was used for metal removal from the waste
solution without chemical consumption and without using sacrificial electrodes. The high iron
concentration in the mixed industrial wasteter was used to generate iron hydroxide
coagulants irsitu through the reaction of dissolved iron in solution with the hydroxide ions
generated from water electrolysis at the cathode. Simultaneously with the metal removal process
using the electrochemiclgl generated coagulant at the cathode, dimensionally stable anodes
(DSA) were used to electrochemically degrade the associated organic contaminants in the
solution. This research introduced an electrochemical oxidatesitu coagulation (ECOIG)
process wich has the potential for both metal removal and associated organic removal and
degradation from industrial mixed wastewaters using minimal unit operations and without the
need for additional chemicals .

In phase 2 of the research, the goal was solvingeavironmental problem using novel CNT
sorbents. CNT sorbents are one of the most effective sorbents for toxic and precious metal
removal from wastewaters due to their high specific surface area, chemical and thermal
stabilities, and excellent mechanicptoperties [86]. CNTs can also be functionalized with
different chemical moieties which increase their adsorption capacity and allow for selective
metal adsorption from mixed solutiori87,88] Nevertheless, CNT sorbents are conventionally
generated using acidic solutions causing a high chemical consumption and secondary pollution

problems[80,89] In this poject, CNTs were generated using electric fields to minimize the
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chemical consumption anlbwer the environmental impactThis research project was divided

into two parts. The first part (Chapter 3) invented a clokmmp process for adsorption and
electrodesorption of toxic metals from aqueous solutions using CNTe closedoop
regenerative cycle allowed recycling the effective but expensive CNT sorbents in subsequent
adsorptionelectrodesorption cycles. The electrochemical regeneration of CNTs efeitize

use of acids and chemical reagents for CNT regenerdtit@nsecond part of this project (Chapter

4) was extending the adsorptieglectrodesorption technique to effectively extract precious
metal (i.e., gold) from acidic solutions (mimicking/aste leachate) and elute the adsorbed gold

into neutral solutions.

In phase 3 of this research, potential sources of error and limitations that can occur during
electrochemical water treatment were investigated. Part 1 of this research (Chaptariified

the source of errors occurring in batch electrochemical dBECC)Labscaleexperiments in
BECCare the baseline for developing electrochemical membrgii#€3Msand porous electrodes

that are widely used for metal and organic removal from waste smhsti[152¢154].
Eledrochemical dissolution of metal fasteners used to hold porous conductigmbranesin
BECCavas observed, despite kping the fastenersoutside the electrolyte solution. The
electrolyte ions migrated through the porous membranes by the action of capillary forces
forming a closed electrochemical circuit with the metal fasteners. This unexpected leaching can
lead to misleading results fahe electrochemical water treatment experimentssingporous
electrodes and ECMs BECC# simple solution for the problem was proposed; separating the
metal fasteners from the porous membrane electrodes by graphite sheets to open the

electrochemical cingit. In part 2 of this research (Chapter 6), eleeassisted RO filtration of
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calcium sulfate solutions was investigatéghlcium sulfate is a secondary pollutant produced
during the metalrich mining wastewater treatmen{155,156] Calcium sulfates are then
deposited as gypsu scale during the RO filtration of the treated solution, causing a low
permeate flux and possible damage for the RO membrdhbg,158] Usingantiscalantsfor
gypsum mitigation during RO filtrationled to a high chemical consumptioncausing
environmental problemsUsingelectrochemical technologies fgypsummitigation can reduce
the environmentalimpacts caused by antiscalantgn this study,conventional polymeric
membrane spacers/ere replacedwith electrically conductivenetal spacers andn electrical
potential was appliedto these spacers tonvestigate mineral scalingmitigation on the RO
membranes.Applying electric potentials ometal spacers showed limitations @ypsum scale
mitigation due to the electrochemical dissolution of metal spacéngrt electrodes to electro
dissolution (i.e., CNTs coated polypropylene feed spacers) are pmo@ssan effective and

economic choice for electrassisted filtration of gypsum solutions.

This thesisntroduced two novel environmental electrochemical approaches for metal separation
with minimal chemical consumption and unit operations. It also derrated potential sources
of error and limitations that can occur during electrochemical water treatmehe Mmain
contributions of the thesisand future perspectives to foster next step reseaach summarized

in Chapter 7.
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Chapter2
Mixed Metal Oxide Anodes Used for the Electrochemical Degradation

of a Real Mixed Industrial Wastewater

Reprinted from MA Ganzoury, S Ghasemian, N Zhang, M Yagar, CF DeNlxeqloy.
metal oxide anodes used for theeefrochemical degradation of a real mixed
industrial wastewater Chemosphere, 2022, 286, 1316@pyright (2022), with

permission from Elsevier.
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2.1 Abstract

Mixed industrial wastewaters are often highly contaminated with heavy metals and organic
pollutants. Treating these mixed wastewaters requires many stagewise unit operations. Our work
investigates using an electrochemical oxidatiossitu coagulation (EG{T) process as a pre
treatment step toward the efficient treatment of real mixed industnahstewater rich with
heavy metals and organic contaminants. The process degraded organic contaminants in the
wastewater via anodic electrochemical oxidation. Simultaneously, heavy metals were
precipitated in the solution by coagulants (iron hydroxidesjrfed in-situ by cathodegenerated
hydroxyl ions reacting with the significant amounts of dissolved iron in the wasteviigdeiRuQ

mixed metal oxide anodes were identified as the best electrodes for organic compound
degradationdemonstrating 97% degradation of methyl orange (MO) as a model compound
within 15min. These anodes were used to treat real industrial wastewater produced fhe
industrial cleaning of train tanker cars transporting industrial solvents. The electrochemical
treatment experiments resulted in a treated solution with a lower heavy metal content, achieving
96% reduction in Fe and 30% reduction in As content. @rdglerate decreases in organic
content were observed up to a maximum of 13% reduction in total organic carbon after 1 h of
treatment. Electrochemical treatment of the mixed industrial wastewater produced greater
effective diameter of the suspended particlasd distinct sediment, liquid, and suspended foam
phases that could be easily separated for further treatment. EBCEhows promise as an efficient
and chemicafree method to coagulate heavy metals in real industrial wastewaters and could be

an effectivepre-treatment in their separation.
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2.2 Introduction

Pollutants produced by heavy industry, specifically the chemical and oil and gas industries,
produce heavily contaminated wastewaters containing both organics and heavy rfista]s

These mixed industrial wastewataepresent an environmental hazard and must meet stringent
guality limits before they can be accepted by municipal wastewater treatment facij#i&$ For
example, Ontario has an Industrial Discharge Limit to sewer treatment plants for Total Suspended
Solids (350 ppm), Biological Oxygen Rach (300 ppm), iron (50 ppm), manganese (5 ppm),
phenolic compounds (1 ppm) and arsenic (1 pgp6cR]. Thus, effective treatment of mixed
industrial wastewaters is needef.0,11] The major challenge for treating these wastewaters is
the high ost required to meet the environmental regulations as these wastewaters can not be

treated directly by municipal process¢4,12].
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Several treatment technologies have been scaled for treating industrial wastewater; these can
be broadly categorized as biological, chemical and physical treatment me{bd3. Biological
methods include aerobic and anaerobic digestion, which are effective for treating wastewater
containing a high BODOD ratio, however, the efficiency of these methods decreases as the
BOD/COD ratio decreasgsl]. Moreover, if the wastewater is contaminated with heavy metals,
biological treatment will often not be effective because heavy metals are not biodegradable and
are toxic to many bacterifl2,15] When heavy metals are present, biological treatment of
wastewater should be preceded by chemical methods such as alkaline precipitgtiyh6]
While effective, chemical precipitation is limited to reducing aqueous heavy metal
concentrations to approximately 5 ppm because very fine particles and thélsdiaction of
heavy metals are challenging to precipit§l®,17] These concentrations are often higher than
acceptable environmentalisposal levels. For example, according to Ontario Industrial Discharge
Limit several heavy metals are regulated including zinc (3 ppm), lead (2 ppm), nickel (2 ppm) and
arsenic (1 ppm), which are representative of discharge limits across North ArjGg®a8] As

such, chemical precipitation is eft followed by a physical method, such as sand filtration, to
remove heavy metals from the solution to meet environmentally regulated lirfiig].
Conventionally, several technologi®@perated as separate unit operations are needed when
treating mixed industrial wastewater and each additional unit operation incurs additional cost to
safe disposal.

Electrochemistry has recently been used in several environmental applications suchkasgdr
water and wastewater treatment, membrane fouling detection, and soil remedigti®q22].

Electrohiemical methods as compared with conventional methods require fewer or no
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chemicals, can be sing#age operations reducing operational complexity, can be more
energyefficient technologies and produce less slud$®,20,23,24] For wastewater treatment,
several electrochemical methods can be used for pollutant removal. For heavy metal removal
from wastewater, electrochemical methods that have been evaluated in the literature
include electrodeposition, electrocoagulati and electresorption techniques [19,25]
Electrocoagulation is considered an efficient process that can achieve nearly complete removal
of heavy metal$rom aquatic solution$26¢28]. In this process, a sacrificial anode made from an
inexpensive materia(e.g. iron or aluminium) is electrochemically dissolved through the
application of an electric potential. As the metal ions dissolve, they produce metal hydroxides,
which are strong coagulating agents for the removal of heavy metals from so[@8q81]. For
organic molecule removal from wastewater, electrochemical oxidation (ECO) as well as Fenton
reactions have been demonstratgdi3,20] ECO is a widely used process for removing organic
compounds from indusial wastewaters[32¢34]. ECO degrades organic compounds by
generating oxidizing species in water such as hydroxyl nadica/or active chlorine at the anode
surface. These electrochemically produced radicals oxidatively degrade organic compounds
[32,3537].

Wastewater produced from mining, oil and gas, and the chemical industry often contains large
amounts of iron as well as other heavy metdI2]. Another common source of mixed indtiat
wastewater comes from the large volumes of hot water used to stebgan the inside of train
tanker cars that carry various oil and gas products including soly8&i39. This wastewater

often contains high concentrations of iron, which likely comes from the walls of storage tanks or

from tanker cars with degraded linings. Fortunately, the presence of iron can make wastewater
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easier to treat. Ferrous iron (F¢is sduble in water but ferric iron (F8) is insoluble in water.
Ferrous iron can be easily oxidized in the presence of oxygen to form ferric oxide which then
reacts with water to form ferric hydroxidé2,40] Nearly all heavy metals such as zinc, cadmium
and lead ae sparingly soluble in water, thus they will tend to adsorb on solid particulates,
especially those with a high number of negative charges. Iron hydroxides are known to be
effective coagulating agents for heavy metals due to their high oxidation dth?ésTherefore,
wastewater containing a significant amount of iron can be treated through aeration which can
lead to coagulation and sedimentati¢h2].

Several studies have investigated the electrochemical treatment of model wastewater solutions
synthesized in laborator{26,28,33,37,4445]. However, studies on treatment of real ratk
industrial wastewaters contaminated with metals and organics are rare. In this study, (1) we
investigated the electrochemical treatment of real industrial wastewaters with high
concentrations of heavy metals and organics (i.e., concentrations greader ttie regulatory
environmental disposal limits in Ontario, Canada), and (2) we proposed and demonstrated the
use of an electrochemical oxidatién-situ coagulation (EG{Z) process to treat this highly
contaminated wastewater. We aimed to treat a mixedlustrial wastewater collected from
Sarnia in Southwestern Ontario, Canada. This industrial wastewater was the product of steam
cleaning the inside of train tanker cars carrying various industrial products including those from
the oil and gas, oil sands @nother petrochemical industries. We hypothesized that
electrochemical oxidation would have the dual effect of oxidatively degrading organic
compounds with the wastewater while also providing sufficient aeration to produce iron

hydroxide coagulants to aith the removal of sparingly soluble heavy metals. We aimed to
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explore removing the organic compounds as well as the heavy metals in a single unit operation.
Our goal was to degrade organic compounds in the solution through anodic ECO while using (1)
hydroxyl ions produced at the cathode by water electrolysis and (2) significant amounts of
dissolved iron in the wastewater to producesitu coagulants (iron hydroxides) to precipitate

the heavy metals. In this study, we evaluated three titanibased metal oxle anodes for ECO
widely researched for the electrochemical degradation of organic contaminants in wastewater.
We compared the efficiency of mixed metal oxide (MMO) titaniossed electrodes with
different combinations of transition metals oxides (dr&d RuQ) for their ability to degrade
organic compounds to identify the metal oxide combination with (1) the best organic degradation
efficiency and (2) the highest rate of degradation. A model organic compound, methyl orange
(MO), was used to evaluate tiperformance of these titaniuAbased electrodes. Afterwards, we
examined the proposed EAQO process for real mixed industrial wastewater while determining

its efficiency in removing organics and heavy metals from the solution. The wastewater was
analyzed dr its organic and heavy metal composition. A quantification of the complex mixture
before and after treatment provided an indication of how the electrochemical process changed
the wastewater composition. We also studied the effect of the electrochemiwalgss on the

size of the suspended particles in the wastewater and we compared the effect of using different
electrode geometries on the degradation efficiency of organic compounds in the wastewater.
2.3 Materials and methods

2.3.1 Materials

Three types of flat titaniurtbased electrodes (surface areé56 cn?), 1) titanium coated with

IrOz, RuQ and TiQ, 2) titanium coated with Ruand TiQ and 3) titanium coated with Ir&and
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RuQ, and one curved electrode (surface area of 84)amade oftitanium coated with Ir@and

RuQ were purchased fromShaanxi Elade New Material Technology ChiGsaphite and
stainlesssteel electrodes (surface ared 56 cnf) were purchased from McMasté&arr Canada.
Methyl Orange (MO) and sodium chloride (NaCl)emgurchased from Sigma Alderich Canada.
Sodium sulfate (N&Q) was purchased from Fisher Scientific Canada. Mixed industrial
wastewater samples were provided by our industrial partner, P.W. Custom Fabrications, from a

mixed industrial wastewater collection tamk Southwestern Ontario.

2.3.2 Electrochemical degradat experiments

Electrochemical degradation experiments were performed in an aqueous solution containing a
model organic contaminant (50 ppm MO with 0.1 M>S@ and 0.01 M NaCI¥00 ml ofthis
solution was used as an electrolyte in a theectrode eletrochemicalcylindricalcell with an
inner diameter of8 cm The electrolyte solution wastirred at 300 RPM to ensutmiform mixing
during the electrochemical degradation experimengithin this cell, Ag/AgCl was used as a
reference electrode and d#fent electrode materials were used as anode and cathode to
determine the best electrodes for MO degradation, as showRigure 2.1For the cathode, we
compared stainlessteel and graphite electrodes. While for the anode, we compénesk types

of titanium-based electrodes 1) titanium coated with ¥QuQ and TiQ (IrO-RuQ-TiGanode),

2) titanium coated with Rug£and TiQ (RuQ-TiG anode) and 3) titanium coated with Is@nd
RuQ (IrO:-RuQ anode).The electrode gap between the anode and cathode was maintaaned
3.5 cm for all the experimentsThe electrochemicatell was connected to @otentiostat
(Metrohm, Multi Autolab/M101) to investigate the electrochemical degradation of MO.

Subsequently, the best anode and cathode for MO degradation were used in adieceode
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electrochemical cell similar to that usedtire model contaminant degradation experiments. In

these experiments, the electrolyte was the mixed industrial wastewater.

Applied Current Controlled Applied Potential

Ti-based

Stainless-steel
or Graphite
Cathode

Ag/AgCl Reference
~ electrode

Wastewater

Figure 21: Threeelectrode electrochemical cell for wastewater degradation

2.3.3Characterization and analytical procedures

Surface morphology and elemental analysis for the metal oxide coated titabas®d electrodes

were performed using Scanning Electron Microscopy (SEM) and Energy DispdraiyBEDX)
spectroscopy, respectivel For the simulated wastewater, MO degradation was measured using

a UMWVIS spectrophotometer (Tecan Spark 10 M). While for the industrial wastewater, (1) the
organic matter degradation and precipitation were analysed by Total Organic Carbon (TOC)
analyzer (2) the heavy metal content was analysed using Inductively Coupled P@sical
Emission Microscopy (IE€PES) (Thermo Scientific, iCAP 6000) and Inductively Coupled Plasma

Mass Spectroscopy (IBFS) (Thermo Scientific, Xseries 2), (3) the anion coragon was
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measured using lon Chromatography (IC) (Thermo Scientific, Dionex) and (4) the size of
suspended patrticles in solution was estimated by Dynamic Light Scattering (DLS) (Malvern,

Zetasizer NanoSampler).

2.4 Results and discussion
2.4.1 Electrocheinal degradation of simulated wastewater

Hectrochemical degradatioexperiments were performed for an aqueous solution of methyl
orange (MO) as a model organic contaminant to determine the best electrode materials to
degrade organic compounds. Aforementioned, the simulated wastewater was 50 ppm MO
solution with 0.1 M Ng5Q and 0.01 M NaClElectrochemical degradation efficiency was
determined by the rate of degradation of the azo bond, indicated by the loss of the orange colour
from the MO solution. Three types of titaniubased electrodes were compared for use as
anodes (i.e. the working ettrode, WE) and validated in comparison to a graphite anode. The
three Tibased electrodes were 1) titanium coated with Jy&uQ and TiQ (IrG-RuQ-TiQ
anode), 2) titanium coated with Ry@nd TiQ (RuQ-TiG: anode) and 3) titanium coated with

IrO, and RuQ (IrG-RuQ anode).SEM images indicated the uniform coating of metal oxides on
the Tibased electrodes, as shownhigure 2.2 The SEM images also showed the crasked
structure which is typical for oxide electrodp®5,47] The electrochemical degradation of MO
was studied using these four anodes, as showRigure 2.3For all four expgments graphite

was used as the cathode (counter electrode, CE), a current of 0.5 A was applied to the anode for
30min, and the WE and CE were kept 3.5 cm from each other. In conventional electrocatalysis a
smaller electrode gap is usually preferred teccease the solution resistance between the

electrodes. However, in treating complex wastewater, a slightly larger electrode gap up to 5 cm
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has been shown to be beneficipd8,49] Based on the literature we chose 3.5 cm as an electrode
gap in our experiments. In control experiments, graphite WE achieved 15% decolorization
efficiency of MO after 5nin and 54% decokization after 30min, as shown irFFigure 2.a. In
contrast, the three types of titaniudbased WEs enhanced the MO decolorization efficiency to
85%, 81%and 90% after &inand to 97 % after 3Min, as shownn Figure 2.8 (IrQ-RuQ-TiQ

Figure 2.8 (Ru@-TiQ) andFigure 2.8 (IrQ-RuQ), respectivelyThe electrochemical potential

for G, evolutionon IrQG, (1.51.8 V/ISHE) and Ru@1.4-1.7 V/SHE) is lower than for that on
graphite (1.8 V/SHE), which benefits the oxidative generation of hydroxyl radicals and chlorates
on the Tibased electrodef50]. Furthermore, oxidative reactions on the surface of graphite can
oNBIl1 GKS St SOGNRBRSQa Ol NOlsyeledraheRidal axidiafioR afi A y 3
the graphite electrode material competes for the oxidation of organicsointion, diminishing

the overall degradation efficiency of organic contaming2,50,51]
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Figure 23: (a, b, c, d) Effect of Anode Materials, Edflect of using stainlessteel cathode and
(f) Effect of using curved IgRuQ anodeon MO degradation at 0.5 A applied current and a 3.5
cm electrode gap. WE refers to the working electrode (Anode in this experiments) and CE refers
to the counter eleatode (Cathode in this experiments). @yclic voltammetry curves for
stainlesssteel and graphite electrodes.

MO degradation can occur by electrochemical oxidation (ECO) at the anode surface. In the case
of nonactive anodes such as Bordoped diamond BDD) or Sn§ MO degradation occurs
through oxidation by hydroxyl radicalsOH) that are generated by water electrolysis. Water
splitting occurs at the surface of the anode (A) generating highly readfive (Eq2.1) [51].
Hydroxyl radicals are considered the strongest oxidizing agent after fl@bpand it efficiently
oxidizes aromatic and aliphatic compounds achieving high mineralization efficiemsye(smn

into CQ and inorganic ions44,52] Eq.2.2 showsthe first step of MO oxidation by hydroxyl
radicals, where the MO azwmond breaks to form benzyl carbazate andittophenylsulfonate.

After the azo bond breaks, many different reactions occur between the hydroxyl radicals and the
product compounds until@amplete mineralization is achieved. These detailed pathways have
been previously investigated and discus§®d]. In the case of active anodes (e.g. dimensionally
stable anodes (DSA) coated with 3r@ RuQ) that have higher oxidation states due to the
presence of transition metals (e.g. Ir or f&g], “OHproduced from the electrolysis of water at

the metal oxide anode (M£ can be further oxidized to aqueous” Hroducing chemically
adsorbed superoxide (M@) (Eq2.3)[44,54] MO near the surface of the anode can be oxidized
by the superoxide, but at a lower mineralization efficiency, fiogtarboxylic acids such as oxalic

and malic acid44].

(ryemxr(® ( ANA  cp
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When chloride salts are present in solution, active chlorine specigsHCIO and CiQcan be

produced by the electrochemical oxidation of chloride at the anode surface as fqROJs
c#A #1 cA c8
#1 (/10 (#1/1( #1 &

(#1/1 ( #1 /1 c®
Active chlorine species are a strong oxidizing agent that can rapidly attack organic molecules and
have been demonstrated to have higher rates of reaction than hydroxyl radjddls
Interestingly, noractive anodes do not favor the production of active chlorine as the high anodic
potential of these electrodes favors the conversion ofil@b chlorate (Cl®@)and perchlorate
(CIO’) which are not strong oxidizing agents at circumneutral pH. In contrast, active anodes, such
as those used in this study, have good electrochemical activity for generating active chlorine
[20,55]
Degradation of MO can also occur by electrochemical reduction at the cathode, where the
generated electrons at the catle directly reduce MO, breaking its azo bond and producing 4

amin-benzenesulfonic acid and NdNmethytbenzenel,4-diamine as follow$56]:

# ( ./ 3 t( tTAos#( .13 #( . ¥
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In our experiments, we believe that the dominant mechanism for MO degradation was anodic
ECO rather than cathodic electrochemical reduction. This suggestion is confirmed by the
significant increase in MO decolorization when using titanhased anodes inontrast to using

a graphite anodeKigure 2.3. These results align well with a previous study done by Liu et al.
which showed a limite@lectrochemical reduction of MO on carbon paper cathode due to the
high electrode resistance. They showed that modifying the carbon cathode with a redox mediator
(thionine) was needed to improve the rate of MO reduct|df]. In our experiments, we believe

that MO is oxidized by the aid of oxygen and active chlorine because of the presence of NaCl in
our solution as well as the use of active anodes which promote the generation of oxygen and
active chlorine.

In Figure 2.3he rate of decolorization of MO using kBuQanode was higher than that of Is©
RuQ-TiGanode and Ru@TiGanode. 90% of MO was decolorized in the firstis when using
IrO>-RuQ anode in comparison with 85% and 81% MO removal when usigdRlQ-TiGanode

and Ru@TiG anode, respectivelyEDXanalysis quantified the elemental compositions of the
electrodesand demonstrated that the highest percent of (Ir) existed in the--ROQ anode
(31.0%) followed by IrERuUQ-TiG anode (22.0%) followed by RpfDiGy anode (4.6%), as shown

in the supplementary information in Table S2.1. Anodes containing greater agafintQ
demonstrated greater degradation of MO, suggesting that liOcritical for enhancing MO
degradation. These results match well with previous studies in literature which showed that Ir/Ti
anodes achieved better MO degradation than Ru/Ti anddé§ One suggestion to explain this
trend is that Ir enables greater MO adsorptioeadling to direct MO oxidation on the electrode

[44]. It is worth mentioning that thenolar oxygen percent (calculated fragbXanalysis) in each
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of the three electrodes is equal to or greater than twice the total molar percentage of the metals
(Ti + Ru + Ir), as shown in Table S2.2. This indicates that the pristine electrodes used in thes
experiments contain a metal oxide layer. #RuQ anode was determined to be theestanode

to be used for the degradation of organic compounds in the mixed industrial wastewater as it
showed the highest rate of MO degradation.

In order todetermine the coseffective cathode for organic molecule degradation, a stainless
steel cathode was compared to a graphite electrode for MO degradation experiments. As shown
in Figure 2.8, the electrochemical degradation using stainieg=el (cathode) and IH=RuQ
(anode) achieved 88 % MO decolorization efficiency witmmrb The efficiency increased to 97%
after 30min. The MO removal efficiencyudng the first 5min (88%) was slightly lower using a
stainlesssteel cathode as compared to the MO removal efficiency using a graphite cathode
(90%), as shown iRigure 2.8. However, the total MO removal efficiency when using either
graphite or stainlessteel cathodes and an IpRuQ anode was the same after 3@in (97%).
Cyclic voltammetry (CV) curves illustrate that the stainttesl| electrode showed the same
faradic current as the graphite electrode when the same potential was applied, as shown in
Figure 2.8. However, the stainlessteel electrode showed a higher absolute capacitive current
than the graphite electrode which suggests that the stainkgsel cathode exhibits higher ion
adsorption efficiency than grapei. However, MO decolorization in the case of graphite was
slightly greater in the first fivenin. This result furthesupports our suggestion that the dominant
mechanism for MO degradation is ECO rather than electrochemical reduction, as a change in the
efficiency of the cathode had no significant effect on MO degradation. However, stastéeds

was chosen to be used as the cathode for the industrial wastewater experiments, given the near
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identical MO removal efficiencies of the two cathodes, as welhaslower material cost of
stainlesssteel.

The effect of anode geometry was also investigafedurved Ir@RuQanode and stainlessteel
cathode Figure 2.8 achieved greater MO removal efficiency than a flabdRDQ anode and
stainlesssteel cathode Kigure 2.8) (94 % vs. 88% MO removal efficiency, respectively) during
the first 5min. The greater available surface area for the curved electrode (1.5 times the area of

the flat electrodes) allows gréar MO oxidation on the electrode surface.
2.4.2 Electrochemical degradation of mixed industrial wastewater

We investigated the effectiveness of electrochemical treatment using rmxeidl oxide (MMO)

anodes on a real mixed industrial wastewater. Aftentifying thebestelectrodes to degrade a

model organic molecule, we performed electrochemical treatment of mixed industrial

gl aidSelGSNI OGSNYSR a{ I NYAIl &l YL} S SéuthweSteri t SOG S
Ontario.

The wastewater samplessSW\NBE FAf G SNBR GKNRdzZAK on >Y YSYO NI y¢
sand filtration to remove any large residual particl&s analysis of thdotal organic carbon

(TOC) in the filtered samples established an average of 16869 ppm, Table S2.3. Gas
ChromatographyMass Spectrometry (GKIS) (Agilent 5973/6890) analysis was carried out on a

filtered sample to survey its organic composition. The mixed industrial wastewater contains a
complex mixture of many organic compounds, as showirable S2.4. Where, the most abundant
compounds are ®ctadecenoic acid, palmitic acid, ethykethoxybenzoate, fatty alcohols and

alkanes The probability of proper identification of the organic compounds byMSCvaried

widely across different compoundgs shown in Table S2.4. It was determined that detailed
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analysis of the organic composition was not practically feasitile.filtered samples were then
analyzed using IGBES and ICHMS to determine the average metal content in the industrial
wastewater(Sarnia samples). Among the heavy metals analyzed, the concentrations of Fe, Mn,
and Mg were the highest in these samples, while a considerable amount of Al, As, Cr, Cu, Ni and
Pb was also detected, and compared to their safe release levels to surfaeesvaatording to

the Ontario guidelines, as shown Table 2.1 Table S2.5 shows the detailed metal analysis for

the filtered Sarnia samples. IC arsa¢ywas also carried out to analyze the anion concentration in

the filtered Sarnia samples, where a significant amount of acetate, chloride, sulfate, and formate
were found, as shown in Table S2.6.

Table 21: Average metalconcertri A 2y a 2F on >Y FAEGSNBR { I NyA
compared to the Ontario Wastewater Discharge limits from Industrial Facilities

AvErREE CarsEnE T Qntario Wa§t§water Sarnia Wa§t§water
Metals measured in Sarnia Dlscharge L|m|‘t's'from Dlscharge lelftg 'from
T Industrial Facilities Industrial Facilities
(ppm) [6¢9] (ppm) [57]

Fe 166.68 152.51 50.0 50.0
Mn 18.59 3.26 5.0 5.0
Mg 9.26 2.84 N/A N/A
As 1.14 0.57 1.0 1.0
Al 0.34 0.15 50.0 50.0
Ni 0.29 0.08 2.0 3.0
Cu 0.054 0.033 2.0 3.0
Cr 0.007 0.004 5.0 3.0
Pb 0.0064 0.0070 2.0 3.0
Cd 0.0023 0.0016 0.02 1.0
Be 0.0012 0.0019 N/A N/A
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Based on methyl orange (MO) degradation experiments, anRuD anode and a stainlessteel
cathode were selected for the Sarnia wastewatiegradation experiments. IEERuQ showed

the highest rate of degradation for MO, while stainlestsel and graphite electrodes did not
show a significant difference for MO degradation, so the less expensive stastdessvas
selected. Electrochemical gendation tests were performed ame oftheo n >Y FAf 4 SNBR
wastewater samples (pH of 5 and conductivity of 2g5&m ) and 0.5 A (20 nmién¥) was applied

to the anode (resulting in applied potential in betweerd@ V) which was kept 3.5 cm away from
the cathode, as shown iRigure 2.4. Afte 1-h electrolysis at room temperature, a significant
froth layer was formed above the electrolyte surface as showkigare 2.4. Over the course of
the following 24 h after the experiment, the treated wastewater sample separated into a-three
phase solution. The threphase solution contained an upper froth layer containing mostly
metals, a transparent bulk middle layer, and a bottom layer containidgrese sediment, as
shown inFigure 2.4. The electrochemical treatment of the Sarnia wastewater produced a
treated water with significantly lower turbidity than the original wastewater, as observed in

Figure 2.4
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Metallic
Froth

Metallic Froth

Transparent
Bulk Solution

Dense Sediment

Figure 24: Electrochemical treatment of Sarnia wastewater under applied current of 0.5 A, 3.5
cm electrode gap and 1h contact time. The images show the electrochemically treated
wastewater (a) before thexperiment, (b) immediately after the-i experiment and (c) sitting
undisturbed for 24h after the completion of the -h experiment.
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The treated Sarnia sampleawanalyzed for their particle size, organic carbon, and heavy metals
content to determine theeffect of electrochemical treatment time on a real industrial
wastewater in comparison to a model solution of MO. The bulk solution, i.e. the yellow middle
layer inFigure 2.4, was analyzed every 10in for all Sarnia samples treated by electrochemical
degradation. Particle size was measured using dynamic light scattering (DLS), to elucidate the
fate of the particks within the bulk solutionFigure 25 shows that the effective diameters of
particles in solution increased over the course of thie éxperiment, fron 1 um to 9 um. We
assume that the initial Jum-sized particles in solution are primarily organic colloids, since
metallic colloids of this size would rapidly settle. They®sized particles measured from the bulk
solution after the 1h experiment are ligly iron hydroxide molecules that may contain
flocculated heavy metals or organic compounds. The-R@Q anodes readily produce hydroxyl
radicals OH) and the cathode produces hydroxyl ions jGidm water electrolysis. Ohbns
reacting with the large amount of dissolved Fe in solution produced iron hydroxide, which is a
well-known coagulant. Previous studies have shown a similar order of magnitude for iron
hydroxide particle size, where Fedorova et al. have shown ironolia particle size of 166

pm for iron concentrations of 23200 ppm at pH 46.2 [58]. Kenari et al. have shown iron
hydroxide patrticle size of8um for iron hydroxide conadrations of 5ppmat pH 68 [59]. After

24 hsettling, the solution separated into three distinct phases.

The wastewater solutions were further analyzed 24 h after electrochemical treatmentv84.S

used to measure the diameters of particles that remained within the transparent bulk solution,
for wastewaters that were exposed to electrochemical treatment for different duratiors6®

mn @ ¢KSasS LI NIAOf SAaQ aAT el sanBeNIDLSO@livateli thebtiie i 2
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effective average particle diameter in solution was smaller after 24 h of settling than immediately
after treatment, for all solutions electrochemically treated for more thamim, as shown in
Figure 2.5 The average particle diameter in electrochemically treated solutions was nearly
uniformly 4um across all electrochemical treatment exposure times, suggesting that the larger
colloids settled into the sediment, leaving colloidally stable 4 um particles in solution. Low
electrochemical treatment time (&in) was insufficient to cause coagulatiomdatherefore no

settling of particles occurred.
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Figure 25: Effect of electrochemical treatment time on effective diameter of suspended
particles in solution. Data points in red represent the particle sizes measured in thmsslut
immediately after the electrochemical treatment of a given duration, while data points in blue
represent the average particle sizes in those solutions after 24 h of settling.

To determine the efficiency of electrochemical oxidatiorsiiu coagulatio (ECQC) for heavy
metal removal, samples from the transparent bulk treated solution were collected before-and 1

day after the electrochemical treatment experiment and analyzed usinE®and IGKS. The
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posttreated samples were analyzed from thernsparent bulk shown iRigure 2.4. A significant
decrease in heavy metals concentration in the wastewater samples was realized after the ECO
IC treatment, as shown ifrigure 2.6 Fe showed the greatest change before and after
electrochemical treatment decreasing by an order of magnitude from @@® to 8 ppm as
shown inFigure 2.@. Mn and Mg decreased from pm to 10 ppmand from 12.5ppmto 7

ppm, respectively, as shown Figure 2.@. The initial Fe and Mn concentrations exceeded the
Ontario Wastewater Discharge Limits for Industrial Facilities, which gopra@&nd Sppm (Table

2.1), respectively. After ECIT, the final concentration of Fe was below the discharge limits,
while the Mn concentration approached the discharge limits. Of particular interest was the
changem toxic heavy metal concentration including arsenic, nickel, lead and cadmium. As, Ni, Pb
and Cd showed a significant decrease after the-EC@ocess, (As 10p@/Lto 750ug/L, Ni 240
pg/Lto 150ug/L, Pb 8ug/Lto 0.4pug/L, Cd 5.5ug/Lto 0.65ug/L), as detailed inFigure2.6b and

Figure 2.6. Of note, the initial As concentration was higher than the Ontario évester
Discharge Limits for Industrial Facilities (1Q@@L) and substantially higher than the Canadian
water quality guideline arsenic limits (1218/L) and the Ontario drinking water quality Maximum
Acceptable Concentration (MAC) of arsenic (i@L). After ECAC treatment, the Sarnia
wastewater was below the Ontario Wastewater Discharge Limits for Industrial Facilities based on
its heavy metal concentratiof60,61] Despite being below wastewater discharge limits, the Cd
and Pb concentrations in the initial Sarnia wastewater were above the Ontario drinking water
MAC (Cd (pug/D), Pb (5pg/L)) before treatment (Cd (5.ag/L), Pb (8ug/L)) and below the MAC

after electrochemical treatment (Cd (0.¢%/L), Pb (0.4ug/L)) [62,63]
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The majority ofthe heavy metals in the Sarnia wastewater are likely to have been removed
through coagulation, while a portion of these heavy metals are likely to have been removed from
the wastewater by reduction on the stainlesteel cathode through electrodepositioi.he
significant decrease in iron concentration in comparison with other metals suggests that most of
the iron is removed by coagulation and settling. It is well established that iron reacts with
hydroxyl ions produced on the cathode surface from watectetdysis to produce iron hydroxide

that can be removed from the solution by precipitation or flotation. Moreover, iron hydroxide is
known to be an effective coagulant for removal of other metals. Thus, it is suggested that the
dominant mechanism for heavyetal removal in our experiments was coagulation rather than
electrodeposition. This suggestion is supported by the significant increase of particles size in the
solution during the electrochemical treatment process as showrrigure 2.5and by the
formation of a prominent metallic froth and a dense sediment layer after the electrochemical

treatment, as shown ifrigure 2.4 andFigure 2.4.

59



200 @) 1200
180 r H Before treatment M Before treatment
o 160 f W After treatment . 1looo B After treatment
u ' 5
b0 140 -
E r 2 so0
=~ 120 | ~—
[ = L c
L2 100 o 600 |
g T e
£ 8 | 2
I [= L
9 60 t @ 400
Q
g 40 L] T 5
Qo L 8 200
20
0 0
As Al Ni
45 [ (d)
(c) 100 ¢ °
40 M Before Treatment X L °
— F IS 95 | [ ] ®
- 35 r M After Treatment _g
o - 2 90 |
2 30 © ° [}
"‘:’ L O 8 |
o
o 25 r L2
.'.3 § g 80 ® P
5 207 pogs L .
c r o
8 15 r E 70 |
S 10 - IE 65 | ® Flat Electrode
v F ® Curved Electrode
s | 1 B - 60 |
4/
55 1 1 1 1 I 1 1 1 1 1

0 10 20 30 40 50 60

Cu Cr Pb cd Be

Electrochemical Treatment Time (min)
Figure 26: (a, b, c) Heawnetal removal and (d) TOC degradation in Sarnia wastewater during 1
h ECAC at 0.5 A applied current using #RuQ anodes, black dashed lines represent Ontario

Wastewater Discharge Limits from Industfalcilities and red dashed lines represent Ontario
drinking water MAC.

Total organic carbon (TOC) analysis of the Sarnia wastewater was conducted to measure changes
in its organic content before and after electrochemical treatment. As showkigare 2.6, in

case of using flat IERuQ anode TOC decreased slightly over thé freatment to a maximum

of 4.5% reduction in TOC, and the rate of removal decreased exponentially, plateauing after 45
min. It is likely that complete mineralization for a small fraction of the organic molecules lead to
the 4.5% reduction in bulk solution TOC, since no sediment was observed over the course of the

experiment Figure 2.4b). We suggest that electrochemicafignerated active chlorine caused
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complete mineralization of some small organic molecules te. @Ois suggested that the
electrochemical treatment produced active chlorine in the solution because the Sarnia
wastewater contains significant amount of chite (Table S2.6) and the ECO was carried out
using active anodes (IsRuQ anode) which favors the production of active chlorine.
Furthermore, the presence of dissolved iron in the solutianorsthe ElectreFenton reaction
which produces hydroxyl rachls fOH). These active chlorine and hydroxyl radicals can lead to
the complete mineralization of organic material, as discussed above. While TOC decreased over
the course of the 4 continuous electrochemical degradation, the overall reduction was small
42.2ppmdecrease representing a 4.5% decrease from the initial TOC. We suggest three reasons
for which TOC removal was limited: 1) low the treatment time, 2) limited available electrode
surface area for organics oxidation, and 3) a chemical oxidatoreb arising from the limited
amount of oxidizing agents (oxygen, hydroxyl radicals and active chldfigaje 2.6 shows that

the decrease in TOC stabilized aftermi, which indicates that the electrochemical oxidation

of organic compounds in solution was not limited by the process timeMS@nalysis (Table
S2.4) suggested that the mixed organic content of tlnid wastewater predominantly
contained large organic molecules (e.g. stearic acid, palmitic acid, etbtylogybenzoate).
Complete mineralization of large organic molecules through electrochemical oxidation is much
more challenging than that of smallganic molecules (e.g. simple alkanes). Coupled with the
limited amounts of oxidizing agents, this seems to be the most reasonable explanation for the
low TOC removal. The solution was welked throughout the experiment, thus small organic
molecules weraunlikely to be significantly impacted by mass transfer limitations. However, the

oxidation pathways for large organic molecules are complicated, and their complete
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mineralization requires direct and prolonged contact with the anodes. Electrode surface area

may play a role in their extent of mineralization.

¢2 aasSaa GKS STFTSOU 2F I GLAtlLoftS StSOGNBRSQ:
curved anodes were used instead of flat anodes in the-Ei@eatment process. A curvéD,-
RuQanode resulted in a 13 % decrease in TOC il &l&ctrochemical treatment of the Sarnia
wastewater sample at 0.5 A applied current and 3.5 cm electrode gap between the center of the
curved anode and the stainlesseel counter electrodeFigure 2.6. The curved electrode
achieved nearly 3 times greater TOC removal than the flatR@D anode under the same
experimental conditionsKigure 2.6). The curved electrode has a surface area of 84 iom
comparison with the flat electrode which has a surface area of S6icethe surface area of the
curved electrode is 1.5 times theear of the flat electrodes. The significant enhancement when
using curved electrodes validates our suggestion that the electrochemical degradation of organic
compounds was limited by available surface area for oxidation. Interestingly, TOC degradation of
the MO model solution (5@pm) only increased by a factor of 1.07 (from 88% to 94% TOC
removal,Figure 2.8 andFigure 2.8 in comparison with an increase of a factor of 3 (from 4.5%

to 13% TOC removdigure 2.@l) for mixed industrial wastewaters (average initial TOC
concentration of 165@pm, Table S2.3) when the area of the electrodes was increased by a factor
of 1.5. The degradation of a lower camtration model solution (i.e., 5ppm MO) was not
surface aredimited in contrast to the higher contaminated industrial wastewater (i.e., 16§50
average initial TOC concentration). The increase in TOC degradation was not linearly correlated
with the increase in electrode surface area, where 1.5 times increase in electrode surface area

resulted in 3 times greater TOC reduction. These results indicate that other factors other than
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the increase in surface area contributed to TOC degradation when usingdcalectrodes in
comparison to flat electrodes. The decrease in electrode gap (between the anode and cathode)
due to the increase in the curvature of the anode might have participated in the enhancement
of TOC degradation. Previous studies have shown haremement in electrochemical oxidation

of organic contaminants when decreasing the electrode gap due to the decrease in solution
resistancebetween the electrodes, enhancement in the mass transfer process and the increase
in overall oxidation rat¢64,65]

The wastewater TOC was also analyzed 24 h after electrochemical treatment with the curved
electrodes for different durations (from § 60 min) and compared to the TOC in untreated
samples. TOC concentrations do not decrease after 24 h of settling for any of the
electrochemically treated solutions treated fromg%0 min, as shown ifFigure S2.1. This result
further supports the suggestion that the decrease in TOC in solution is due to mineralization of
organic molecules to inorganic carbon (e.g2)2® EC@ather than removal by the isitu formed
coagulants in solution.

ECAC wasshown to be effective in substantially reducing the turbidity and heavy metal
concentration of real mixed industrial waste waters. The reduction in Fe, Mn, As, and Pb
concentrations are a particular benefit. Of note, the thiglease solution can be eassigparated

in industrial processes by skimming the froth layer and by removing the sediment by gravity
settling. Further, the significant increase in average effective diameter of suspended particles in
the bulk liquid would enable the further treatment dhe wastewater by simple sand or
membrane filtration. This proedf-concept study on real wastewaters suggests that this-sie@

electrochemical degradation process shows promise as drpatment for complicated and
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difficult to treat mixed industrial &stewaters. However, this process is limited in its ability to
treat many of the organic molecules present in the wastewaters or to fully remove the high
concentration of arsenic present within these samples. The low organics removal efficiency in
this mixed industrial wastewater in comparison with the high degradation of MO in the model
solutions indicated that degradation of mixed industrial wastewater in practice is more
challenging than model solutions prepared in laboratories, and that simple singlecat®

degradation studies poorly predicts performance in real wastewaters.

2.5 Conclusions

This study investigated the feasibility of combining electrochemical oxidation asttuin
coagulation for treating mixed industrial wastewater containing mixegaaic compounds and

high concentrations of heavy metals. Electrochemical degradation experiments of methyl orange
(MO) solutions identified IrfRuQ mixed metal oxide anodes as thestelectrodes for organic
compound degradation. Stainlesgeel and grphite counter electrodes (cathodes) did not show

a major difference for MO degradation. Electrochemical degradation was subsequently tested on
a real industrial wastewater collected from the steaeaning of train tanker cars used to
transport industrialsolvents. These treatment experiments resulted in a treated solution with a
lower organic content, substantially lower heavy metal content, greater effective diameter of the
suspended particles, and distinct phases that can be separated for further tesdtrit is
suggested that the anodic electrochemical oxidation was the dominant mechanism for degrading
organic compounds in the solution. However, the electrochemical oxidation was limited by the
electrode surface area. Curved electrodes with higher serfrea demonstrated an increase in

organic compound degradation efficiency. The dominant mechanism for heavy metal removal
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from the solution is believed to be coagulation of the heavy metals with tksttinelectrolysis
formed iron hydroxide. Future reaech will focus on optimizing the removal of Arsenic,
guantifying the effect of surface area on the rate of organic compound degradation and
combining the electrochemical treatment process with conventional treatment methods (e.g.

membranes) to achieve merefficient treatment of industrial wastewater.
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CNTsorbents for heavy metals: Electrochemical regeneration and

closedloop recycling
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3.1 Abstract

Heavy metal contamination of aquatic environments is a major concern. Carbon nanotubes
(CNTs) are among the most effective adsorbents for heavy metal removal. However, their high
cost and their uncertain environmental impact necessitates a clieeo proess through
sorbent regeneration and recycling for practical application. Our work demonstrates heavy metal
adsorption by carboxylic acfdinctionalized singlevalled/doublewalled carbon nanotubes-(f
SW/DWCNTSs) and their regeneration using electric fidlds follow a multistep process: 1)
copper in an aqueous solution is adsorbed onto the surfaceSWIDWCNTSs, 2) the copper
saturated fSW/DWCNTs are filtered onto a microfiltration (MF) membrane, 3)-8&WMDWCNT
coated membrane is used as an anodeam electrochemical cell, 4) an applied electric field
desorbs the metals from the CNTs into a concentrated waste, and 5) the CNTs are separated
from the membrane, ralispersed and reused in coppeontaminated water for successive
adsorption. With an aplied positive electric potential, we achieved ~90% desorption of Cu from
f-SW/DWCNTSs. We hypothesize that the electric field generated at the anode causes electrostatic
repulsion between the anode and the electrostatically adsorbed heavy metal ionsffébead
applied voltages, electrode spacing and electrolyte conductivity on the desorption of Cu from

CNTs was also investigated.
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3.2 Introduction

Heavy metals impose severe health hazards to humans, animals and aquat[&,2ife
Environmental exposure to anthropogenic sources of heavy metals arises from their wide use
within metal plating, pesticides, battery technologies and within the pulp and paper industry
[3,4]. Heavy metalsra discharged from manufactured products into wastewater at all stages of
their life cycle from cradle to gravédb]. Discharge occurs at metal extraction, product
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manufacturing, use and dispod#&l]. Some of these heavy metals are discharged directly into
soils, or partition to the solids in wastewater treatment and are applied to soils. In either case,
heavy metals accumulated in soils may ewaily leach into ground water reservoifg]. Heavy
metals may also enter drinking water from the piping and solder used in municipal drinking water
distribution systemg8]. Natural sources of heavy metals can contaminate waéservoirs
through geogenic effects such as natural mineral dissoluf&8]. Heavy metals of concern
include arsenic, zinc, copper, cadmium, chromium, lead and meft0r§1] The necessity of
their removal from sources of water stems from their toxicity, Amodegradability and their
bioaccumulatior[12]. Thus, there is a psent societal need to find effective techniques for the

removal of toxic heavy metals from aqueous systems.

Cu is one of the most abundant heavy metals in wastewater as it is widely used in many
industries such as electroplating, etching and metal finiglil3]. Further, Cu is released into
drinking water during the corrosion of drinking water piping and fittifig. Cu in drinking water

can have severe consequences as it is considered a toxic metal at concentrations $13ppm
Excessive Cugestion can cause acute symptoms such as vomiting and chronic exposure can
lead to increased blood pressure, and kidney and liver danib@é4} Further, Cu is an ideal
model forother heavy metal contaminants. Cu has the same divalent charge as several other
O02YY2y G2EAO KSIF@ge YSilta AyOftdRAy3d TAyOs OFR
which is similar to the ionic radii of nickel (72 pm), chromium (69 pm) ared(Z4 pm)15,16]

And the in fresh water, Cu predominantly speciates into copper carbonate (CadiCopper
hydroxide (Cu(OH), which resemble the dominant speciation of other heavy metals in fresh

water such as lead carbonate (Ph;@admium carbonate (Cdg)Dzinc carbonate (ZnGXand
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zinc hydroxide (Zn(OR))Y17,18] However, Cu is substantially less toxic than other heavy metals
suc as lead and mercury, enabling safer handling in the laboratory with fewer safety restrictions

[1]. All considered, we chose Cu as representative model for heavy metals in this study.

In recent years, researchers have identified adsorption as one of the most promising techniques
for the removal of heavy metals from watglr4,19] Adsorption is easily operated in comparison
with other technologies such as ion exchange and membrane filtrgtid®]. Adsorption is also
considered more cost efficient than flotation which requires high initial fidstThe efficiency of
various adsorbents for use in the water industry has been extensively studied , i.e. Z@dl]fes
polymers[21], biomaterials (e.g. biochars, bacteria, algae, fungi and crab sfil4], metal
organics framework (MOF$2], covalent organics framework (COF2%] and carbonaceous
materials (e.g. activated carbon, carbnanomaterials)26]. The nanestructured materals that

have been studied have orders of magnitude greater adsorptive capacity than other adsorbents,
owing to their high surface area to volume ratio and high chemical reacfRm28] Carbon
nanaubes (CNTossess high electrical conductivity, high thermal and chemical stabilities and
excellent mechanical propertieR29,30] which have enabled them to be used in several
environmental applications such as antifouling membrafe$,32] chemical sensor§33],
catalyst supports[34,35] and adsorbents for removing contaminants from wat@&6,37]
Specifically, researchers have focused on the use CNTs as a promising heavy metals adsorbent
due to its high porosity, chemical stability and high specific surface[@8aCNTs can also be
chemically functioalized with various chemical moieties, which enhances their adsorption

capacity to heavy metald0,14,39] However, although CNTs show promise for their treatment
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abilities, their use in industry is ultimately hindered by their high cost as well as concerns for their

environmental impact$26,40]

The high cost and some concerns arising from their environmental implications necessitates the
development of CNT recycling approaches if they are to be used as adsorbents for heavy metals
from water. Acid regeneration of heavy mesaturated CNTs has been studied as a method to
enable their reuse in successive adsorption cy¢l€y. For example, Lu et al. showed that
exposing Zssaturated CNTs to nitric acid in a solution with pH 1 achieved a 90% CNT regeneration
efficiency[41]. Similarly, Wang et al. studied the desorption of Pb from CNTs usiigatid in

a solution with pH 2, attaining 85% regeneration efficiefd@}. Despite the effectiveness of acid
regeneration for CNT reuse, the product stream is a concentrated acid solution containing heavy
metals, which will ultimately yield further eneinmental disposal challenges if employed on a

large-scalg43].

Electrochemical techniques have been studied as a sustainable alternative for the regeneration
of heavy metakaturated CNTs. Most of the eleathemical regeneration studies in literature
have investigated the adsorption and desorption of heavy metals from CNTs when formed into
solid electrodeq15,44¢46]. In this setup, adsorption is aceplished by applying aegative
potential to the CNT electrodas this allows for electrostatic attraction deavy metals in
solution to the CNTSheCNT electrode ithen regenerated by reversing the applied potential,
which in turn causes repulsion tifie adsorbed heavy metals from the GHI€ctrode surface

This technique has shown promise in metal adsorption and desorption, but several limitations
are inherent in the system. For instance, CNTs must be fabricated into electrodes, which requires

either stable coatings or growing CNTs on a suitable subsidt@6] Metal solutions must be
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convected near and/or through the electrode to increase the likelihood of heavy metal
adsorption onto the electrode, which reqes pumping power and additional engineering design
considerations. Moreover, mass transfer limitations within the bulk of the solid electrode limit
the efficiency of CNT adsorption. Finally, such a process requires an applied voltage for both
adsorptionand desorption. In an attempt to mitigate power requirements, Li et al. studied the
adsorption of iron on Carbon nanotulgarbon nanofiber (CNINF) films grown on nickel sheets
followed by electrodesorption to regenerate the CRNF adsorben{47]. This process
successfully eliminates power requirements in the adsorption step, however a CNT electrode
must still be fabriated and mass transfer limitations during adsorption still exist. Thus, there is
still a present need to find an efficient method to employ adsorption and electrodesorption for

the removal of heavy metals.

In this study, we combine conventional metaldsorption with an electrodenabled
electrodesorption process in the interest of creating a flexible design that will allow for
environmentally benign CNT regeneration. Specifically, well disperS8dDWCNTs were used

to adsorb C&f from a CuS@solution. After adsorption, the CNTSs in solution were filtered onto a
microfiltration (MF) membrane. The deposited CNTs formed a temporary electrode, which was
charged with a positive potential to desorb the heavy metals concentrating heavy metal in a
waste soluton, while regenerating the CNTs. TH8W/DWCNTs were subsequentlydispersed

in a new coppecontaminated solution by mechanically agitating the membrane, thus
allowing for successive cycles of adsorption, membrane filtration, eleetyeneration, and
f-SW/DWCNTSs redispersid@verall, this process combines adsorption with an environmentally

low-impact heavy metal desorption, creating a comparativegeger process for the closddop
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adsorption of heavy metals by highly efficient CNT adsorbents. In this study, the impact of applied
potential, electrolyte conductivity, and electrode spacing on the eled&sorption of Cu from-f
SW/DWCNTs was investigd. In addition, the kinetics of desorption and feasibility of f

SW/DWCNTSs regeneration was studied.

3.3 Materials and Methods

3.3.1 Materials

f-SW/DWCNTSs (functional content 2.73 W %, purity >90 W%, lerg@fihubn and outer diameter

1-4 nm) were purchad from Cheagplubes USA. They were either used without further
modification or washed for 4 in 38% (w/w) hydrochloric acid purchased from Anachemia
Canada, then rinsed with DI water until a suspension of CNTs had a pH >6. The acid washed f
SW/DWCNTs wih S NBFSNNBR {2{ 2lk& 2d Ib/¢fa ¢ ®NRICH IR {® S KS|
membranes (0.2 um) were purchased from Sterlitech I B&&ium diethyldithiocarbamate (Na

DDTC) an€CuS@5H0 were purchased from Fisher Scientific USA and Canada, respectively.
Ethylenediaminetetraacetic acid (EDTA), tribasic ammonium citrate andCNMere purchased

from Sigma Alderich Canada. Ammonia solution was purchased form EMD Millipore USA.

3.3.2 Adsorption Experiments

5 mg of fSW/DWCNTs were sonicated in DI water at various times using a probe sonicator
(Qsonica Q500) to create a stalCNT suspension. Subsequently, H8//DWCNTSs solution was
added to CuS£BH0 solution such that the final €lconcentration was 6 ppm, the final volume
was 100 mL. The pH was maintained at 6 (original pH of £at$0 solution) during all the

adsorpion experiments for two reasons (1) to avoid Cu(@rbcipitation at pH >6.$48,49] and
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(2) to develop nonchemical, and thereby environmentally friendly, methods for removing Cu
from aqueous systemsThe CtCNT solution was then stirred at 300 RPM for various times to
allow for the adsorption of Cu onto theSW/DWCNT. Once the adsorption experiments were
complete, the solution was filtered on a 0.2 um MF membrane to separate the treated solution

from the CUCNT complex, as is showrFigure 3.1steps 12.

3.3.3 Electrodesorption Experiments

As represented ifrigure 31 step 2, upon adsorption of copper ions fQurom solution, the Cu

CNT complexes were presstteposited onto a MF membrane. After €wadsorption and
subsequent removal from solution, the aim was to releasé&' @us into a concentrated waste
solution while regenerating CNTs. Regenerated CNTs could then be reused to continue to remove
Cu* from other contaminated water sources. The-CNI' composite on the MF membrane was

then used as an anode in an electrochemical éatjre 3.1 step 3) in the interest of carrying

out electrodesorgion and CNT regeneration. The-CMT composite MF membrane anode will

0S NBFSNNBERS5#H2bEA &¥BYONIYS 9f SOGUNRBRS:E FNRY KSI
cell, a graphite plate was used as the cathode, Ag/AgCl was used as the reference elaulrode a
the electrolyte was a 1 M NaCl solution in DI water (300 mL) at neutralhipHelectrochemical

cell inner diameter was 6 cm, and the electrolyte solution was stirred at 200 RPM to ensure
uniform mixing.The electrochemical cell was connected to a pditestat (Multi Autolab/M101)

for detailed investigation of the electrochemical separation off@m -SW/DWCNTs. Within

step 3, we investigated the effect of applied voltage, electrodesorption time, and electrode

spacing by varying the distance betweer thFSW/DWCNT membrane anode and the graphite
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cathode on CNT regeneration. Whereirgble3.1 shows the electrodesorption experimental

parameters studied.

Table3.1: Electrodesorption experiments parameters

Applied Electrolyte
Experiment| potential (V vs Conductivity | Electrode gap (cm]  Time (h)
Ag/AgCl) 6>{kOY
Expelrlment Varied from @3 570 1.5 1
Expezrlment 3 Varied from 14570 1.5 1
Expe;ment 3 570 Varied from 1.4.5 1
ExpeAtlment 3 570 1.5 Varied from 61

After the electrodesorption, as shown iRigure 3.1step 4, we then evaluated the ability of
electro-desorbed fSW/DWCNTs to fadsorb Cer from a new solution of CuSOThis was
achieved by mechanically agitating the membrane to remove CiMibsher alternative method

for CNT removal from polymeric membranesing ultra-sonication is illustrated in SlJhe
membrane surface was mechanically agitated by scarping with a spatula to remove CNTs, which
were then redispersed in solution via sonidah for consecutive adsorptiealectrodesorption

cycles. Stepscl were repeated in successive cycles to investigate the reusability of CNTs for

adsorption and concentration of heavy metals.
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Figure3.1: Schematic approach for Cu adsorptelectrodesorption process orRSW/DWCNTS.

3.3.4 Cu Analysis

Initial Cu concentration before the adsorption experiment, final Cu concentration after the
adsorption and filtration stepgsteps 12 in Figure 3.) and Cu concentration after the electro
desorption step (step 3 ifrigure 3.)1 were measured for each experiment to determine the
percent of Cu adsorbed and electdesorbed from the CNTs. These concentrations were
measured using spectrophotometric methods, as they are less costly than inductively coupled
plasma (ICP) and atomic absorption spectroscopy (AAS) anfig$en this method, N&ODDTC
reacts with Ceéfions to give CADDTC which yields a yelldwown color that can be detected by

a UMVIS spectrophotomete51¢53]. Previous research has demonstrated that aquebased
spectrophotometric analysis can accurately mg@ Cd* concentrations up to 7 ppr{60,52]

thus we investigated Ctiadsorption up to a maximum concentration of 6 ppwie used a UV
VIS spectrophotometer (Tecan Spark 10M) to quantify the concentration 3filCaqueous

solution up to 6 ppm. Although €aqueous solutions were prepared using DI water, EDTA and
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tribasic ammonium citrate were used as a masking agent togmteany possibility for side
reactions in this proceg$0,53] Moreover, in the interest of controlling solution pH, amnia
solution was added to raise the pH to 8.3 ands8Hwvas used as a buffering ag¢d®]. Figure
S3.1a illustrates the obtained €uJ\W-VIS spectran EDTA and tribasic ammonium citrate
agueous solutiorwith 0.0625 ppm detection limit. While, Figure S3.1b shealgoration curve
relating the C&" concentration to the absorbance at 460 nm wavelengimova regression

analysis for the obtained calibration curves are shown also in the SI.

3.4 Results and Disssion

3.4.1 Adsorption Experiments

Carboxylic acifunctionalized single wall/double wall CNT-S#//DWCNTS) were used to adsorb
Cu* ions from aqueous solutions. FunctionalizEMTs were chosen for this study as several
reports have shown that carboxyaxid functionalized CNTs enhance adsorpfié#,54,55] At
neutral pH the carsoxylic aciefunctional groups lower the isoelectric point of th&¥W/DWCNTSs,
such that the {SW/DWCNTs will have more negative charges on their suBa¢erhe presence

of negatively charged carboxylic acid functional groups decreases the attract«@VWIWCNTSs
for each other, enabling their greater dispersibility in aqueoakit®ons [57,58] while also
enhancing greater electrostatattraction of positive metal ions to the-8W/DWCNT surfaces
[59]. Mass ofadsorbed Ctf per mass of SW/DWCNTs (mg €&ugm -SW/DWCNTs ) was

calculated using the following equation:

Mass of adsorbed Cu=———- (3.1)
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where Gis the initial copper concentration in ppm,: & the copper concentration after the
adsorption experiment in ppm, V is the solution volume in liter and m is the mass of CNTs in gm.
Probe sonication was used to dispers&W/DWCNTs in the &ucontaminated aqueos
solutions. Probe sonication was used to enhance the dispersion of CNTs and increase the
available surface area for €wadsorption. Initially we investigated the effects of sonication time

on Cd* adsorption onto {SW/DWCNTSs. Batches of CNTs were sactr 15, 30, 40 and 60

min and then added to aqueous solutions of 6 ppn¥'Clihe CtCNT solution was then stirred at

300 RPM for 3. As seen irigure 3.2, it was found that-SW/DWCNTs which were sonicated

for 30 min achieved significantly greater sdrption of Cé&* than fSW/DWCNTs which were
sonicated for both greater and lesser amounts of time. Of ne@\M/DWCNTSs sonicated for an
excess of 3tnin demonstrated lower Cii adsorption. It is hypothesized that this trend is due to

a tradeoff between the dispersion and damage of CNTs upon increasing sonication time.
Specifically, increasing sonication time has been found to induce buckling and wall fracture of
CNT$60¢64], which may lead to lower heavy metal adsorption eé8M//DWCNTSs. Following the
impact ofsonication time, we investigated the rate of adsorption of@unto -SW/DWCNTS-
SW/DWCNTSs were exposed to CuS@utions for 10min, and 1, 3 and §, and the amount of
Cw?*that was removed from solution was measured by-W¥. It was found that maxium C@*
adsorption to fSW/DWCNTs was achieved after 1 h, and further exposure #f t€u-
SW/DWCNTdid not increase the adsorption capacifyigure 3.B). This result is in agreement
with previous reports from the literature which suggest that satwmatitime of C&" on f-
SW/DWCNTs occurred between 1 andh 214,49] Considering these results, all subsequent

adsorption experiments were carried out with a sonication time ofr@0 and adsorption time
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of 3hto ensure maximum Ctiadsorption onto {SW/DWCNTSs, which was determined to be 24.4
4 mg/g (the initial mass of €lin the solution was 0.6 mg and the mass of Cu adsorbed on 5mg

f-SW/DWCNTSs was approximately 0.123 mg (i.e. 20°%eampval efficiency)). These adsorption

results are in agreement with that found by Li et al. and Wang et al. which reported adsorption

capacities of 24.5 and 29.6 mg/g for’Cadsorption on oxidized multiwalled CNTSs, respectively

[30,65] Ci#*adsorption experiments were also carried out using HCI trea®@d@/fDWCNTSs with

a sonication time of 3tin and adsorption time of & showing nearly the same €wadsoption

as untreated SW/DWCNTSs at the same conditions, Begire 3.2.
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Figure3.2 (a) The effect of-8W/DWCNTSs sonication time on the adsorbance &f @uo f-
SW/DWCNTs atiBcontact time (b) The effect of contact time on the adsorbance 8f @nto
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f-SW/DWCNTSs at 3@in sonication time (c) The effect of using@¥W/DWCNTs and HCI treated
f-SW/DWCNTs (both sonicated for i) on the adsorbance of €tat 3h contact time, tle
bars represent the calculated propagated error of standard deviations from repeated
experiments.

Scanning electron microscopy (SEM) and energy disperdRagy >spectroscopy (EDX) analyses
was performed orCu saturated-SW/DWCNTSs (obtained from Cu agg@mn experimentsjynd
bare f-SW/DWCNTgleposited on MF PES membranes. T@e saturatedf-SW/DWCNTs
membrane is shown iffigure 3.3. The crossection SEM image of this membrane is shown in
Figure 3.8, where the thickness of$W/DWCNTs on the PES is ranging between 10 to 25 um.
Top view SEM images combined with EDX Cu mapping imagés gaturated-SW/DWCNTs
and bare f-SW/DWCNTare shown inFigure 3.8 andFigure 3.8, respectively. These images
indicate a significant amount of Cu on tBa saturated-SW/DWCNTSs in comparison wiihare
f-SW/DWCNTs. Th&DXelemental analysis showed 1.1 Cu wt% in tBe saturatedf-
SW/DWCNTSs in comparison with 0.2 Cu wt% in the bSMWMDWCNTSs. On the other haf)X
elemental analysishowed no Cun HCI treated SW/DWCNTs. However, the Cu adsorption
capacity on HCIl treatedSW/DWCNTs was nearly the same asuoimeated f-SW/DWCNTs as
aforementioned, which indicates that the Cu impurities in tH8V{//DWCNTSs didot affect the

Cu*adsorption onto the-SW/DWCNTs. SdableS3.1for the EDXelemental analysis.
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Figure3.3: Cu saturated-SW/DWCNTSs deposited on a MF PES membrane after adsorption
experiments (a) macroscopic top view, (b) cresstion SENMmage, and (c) top view SEM
image combined with EDX Cu mapping images; b&&/MDWCNTs deposited on MF PES
membrane (d) top view SEM image combined with EDX Cu mapping images demonstrating the
absence of copper in control experiments.

3.4.2 Electrodesgtion Experiments

Following adsorption of Ctionto -SW/DWCNTs for the removal of Zdrom water, we

investigated electric fieletnabled regeneration of Csaturated fSW/DWCNTs. To this end,
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Cusaturated fSW/DWCNTSs were filtered from the watbrough deadend microfiltration (MF).

The permeate was an agueous solution with a lowet €ancentration, while the MF membrane

was coated in Cgaturated fSW/DWCNTs, which created a porous electrically conductive
membrane, termed a-SW/DWCNTs membranelectrode. This -SW/DWCNTs membrane
electrode was then used as a temporary electrode for the regeneration of CNTs and the removal
and concentration of Cliions into a concentrated waste stream. An external electric potential
was applied to the-BW/DWCNs membrane electrode to remove Cu from thR8W/DWCNTSs.
Figure 3.4aillustrates the effect of applying positive potential teSW/DWCNTs membrane
electrode for Cu desorption (Experiment 1Tiable3.1). As seen ifrigure3.4a the percentage

of Cu desorbed from the electrode increased with increasing applied potential when varied from
1V to 3V versus Ag/AgCI electrode. It is hypotlegsithat this enhanced desorption with
increasing positive applied potential is a result of the increased number of free positive charges
on the anode surface. More free positive charges allow for a greater electrostatic repulsive force

between the fSW/DW®ITs and the adsorbed &ions leading to greater desorption.

Next, we studied the impact of electrolyte concentration on the desorption of Cu from-the f
SW/DWCNTs membrane electrodes (Experiment Zable 3.1). As shown inFigure 3.4b,
increasing the electrolyte conductivity from 14 to 100 uS/cm showed a significant enhancement
in Cu desorption from CNTSs, while increasing the electralgteluctivity further from 100 to 570
pnS/cm showed no statistical impact on Cu desorption. An increase in the electrolyte conductivity
increases the number of available ions in solution. With an applied positive potential te the f
SW/DWCNTs membrane eleal®y Cé* cations are repelled from this anode, while anions in

solution will be attracted to CNT adsorption sites, replacing® €ations facilitating their
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desorption. At higher conductivity (> 100 uS/cm), the increased number of ions available in
solution do not show any significant increase in Cu desorption. This is likely due to the saturation
of the anode electric double layer. The effect of electrode gap distance was subsequently studied
(Experiment 3 ifTable3.1). As seen ifigure3.4¢ electrode gap distance has no statistical impact

on Cu desorption from CNTs. In theory, decreasing electrode spacing decreases solution
resistance and thus indees higher currents. These higher currents are believed to create a more
positive charge on the anode surface and in turn lead to higher electrostatic repulsions. We
hypothesize that Cu desorption was not noticeably enhanced with decreasing electrodegspacin
0SOlIdzaS GKS aeaidsSyQa KAIK RS&az2NLIiAzy OF LI OAde
spacing of 4.5 cm. A study of greater electrode spacing was not practical in esgalabsetup.
Importantly, the 90% regeneration of CNTs achieved in toidyssurpasses that observed for
other carbonaceous materials employed in Cu eletrodesorption experinjé8jsFor instance,

Pan et al showed that carboxynctionalized graphene aerogels demonstrated ormly
regeneration efficiency of 35% at 3V and requife@2 mM HCI electrolyta order to attain an
efficiency of 90943]. They proposed that Hons in HCI substituted for the &ions that had
adsorbed to the functionalized graphene through chemical interaction with the carboxylic groups
(-CO0). However, in our experiments we achieved 90% regeneration efficiency without the use
of any acid. This suggests that the chemical interaction betwbenQd*ions and carboxylic

functional groups on CNTs is not the dominant adsorption mechanism in our case.
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Figure3.4: (a) The effect of applied potential on the mass percent of Cu desorbed from f
SW/DWCNTs membrane electrodes (dt ¢ontact time , edctrolyte conductivity 570 uS/cm
and Electrode gap of 1.5 cmidhe line represents the regression model fit withdR0.948.(b)
The effect of conductivity on the mass percent of Cu desorbed-Katdntact time, Electrode
gap of 1.5 cm and applied potential of 3V) (c) The effect of electrode gap on the mass percent
of Cu desorbed (at-th contact time , electrolyte conductivi§70 uS/cm and applied potential
of 3V), where the error bars represent the calculated propagated error of standard deviations

from repeated experiments.

The rate of Cu desorption from CNTSs is critical to identifying the rate limiting steps in the
adsorpion desorption cycle, as well as to establish how effective electric field desorption is in

comparison to other desorption techniquesSigure3.5 shows the effect of contact time on Cu
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desorption (Experiment 4 ihable3.1). Initially, the {SW/DWCNTs membrane electrodas left

in the electrolyte solution for 20nin without applying potential. After 20nin, a 3V applied
potential versus Ag/AgE€lectrode was applied for . Over the entire length of the experiment,
before and after applied potential, the cumulative concentration of*Gu the solution was
measured at different time intervals. As demonstratedrigure3.5, there was no Cu degation

from the +SW/DWCNTs membrane electrode in the initialn2i& while there was no applied
potential. Cu desorption was only measurable after a potential was applied demonsttiaséing
Cudesorption is driven entirely by the applied potential. As swahsuggest that the competition

for --SW/DWCNT adsorption sites by electrolyte ions does not lead to any significant desorption
of Cu ions in the absence of an applied positive potential. While electorlyte ions do not desorb
Cu ions without an applied pential, electrolyte ions mafacilitate the desorption process in the
presence of an applied poenti@igure3.4h). Over 90% of the adsorbed Cu was desorbed from
the -SW/DWCNTs membrane electrode over the course of 1 h at an applied potential of 3 V. 80%
of the adsorbed Cu was desorbed from th&W/DWCNTs within the first Bin after the
application of the 3 V stefunction. In the subsequent 2fhin, 10% of the initial amount of
adsorbed Cu was desorbed. In the lastB8/, no more copper was desorbe@hese results
suggest that there may be two steps to Cu desorption: The first occurs in the fingt &nd
requiresminimal energy (~ 20 J) while the second occurs irfadhewing 20min andrequires a
greater amount of energy (~ 58 J). Previous studies have hypothesized three primary mechanisms
for metals adsorption onto CNTs; 1) physisorption of metals to the caueiace of CNTs, 2)
electrostatic attraction of metals to the negatively charged functional groups on the surface of

CNTs and 3) chemical bonding of the metal ions to the functional groups on the surface of CNTs
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[29,66] Previous studie have shown that while bare CNTs can physisorb Cu from solution, a
more than 200 % increase in adsorption is possible using functionalized CNTSs, in particular
carboxyl functionalized CN[&9]. It has been hypothesized that this increase in adsorption is due

to both electrostatic and chemical interactions between?Cn solution and the functional
groups on CNT40,49] In our experiments, the applied positive potential desorbed the majority

of the Cu within the first fivemin indicating weak adsorption of Cu teSW/DWCNT by
electrostatic attraction as opposed to chemical bonding. To assess the effect of mass transfer on
Cu desorption kinetics, we calculated an estimate of the time needed for Cu to diffuse through
the --SW/DWCNs membrane electrode (approximated thickness 25 pm, as shawigune3.3b)

into the solution.Without any additional driving forces (e.g. electric fields, convection) that
would enhance diffusional flux, Cu ions would diffuse through the membrane on the order of
seconds (calculation details are provided in the Sl). This estimation indicates tbas@ption

from the CNTs rather than Cu diffusion through the membrane is the rate determining step for

the remaining 10% of desorbed Cu in our experiments.
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Figure3.5. The cumulative desorption rate of Cu (potential = 3V, K = 570 uS/cm and Electrode

gap = 1.5 cm). Error bars represent the calculated propagated error of standard deviations from
repeated experiments.

Cyclic voltammetry (CV) was performed fe8W/DWCNTs membrane electrodes100 and 10
mV/s scan rates as shown kiigure3.6aand Figure3.6b, respectively. No peaks were observed
between 04 V for both scan ratesAs aforementioned, He electrodesorption kinetics
experiments(Figure3.5)indicatedthat the majority of Cuabout 80%)wvasdesorbedfrom the
CNT9y electrostatic repulsio, whilea small percenfless than 10%jyasdesorbed by chemical
bondbreaking(i.e., electrochemical oxidation\leverthelessthe absenceof CVpeaksindicated
the absenceof Cu redox reactions onto the CNTs membrane andide.believed that the low
percent of Cu desorptiorvia electrochemical oxidation produced insignificaiéctric currents
that wasnot detected as peaksn the CV cune At higher applied potentials (> 0.62 V versus

Ag/AgCl), water splitting can theoreally occur if no overpotential is required. It is possible that
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oxygen evolution from water splitting may contribute to the desorption of Cu ions. To investigate
whether water splitting, rather than electrostatic repulsion may be thajor cause of Cu
desorption, Linear sweep voltammetry (LSV) was conducted on-8&W/DWCNTs membrane
electrodes. IrFigure3.6e, LSV of-BW/DWCNTs membrane electrode shows that more than 1V

is required for the oxygen evolution reaction (OER). However significant Cu desamais seen

at an applied voltage of 1V, at which potential minimal water splitting would have occurred.
Furthermore, the current density at an applied potential of 3 V is approximately 3 n#Akdmch

is substantially lower than the conventional benchindor significant OER of 10 mA/&f67¢

69]. In addition, insignificant gas production was observed at H#&N/DWCNTs membrane
anode at 3 V, as shown in the video attached in the supplementary information. These results
are in agreement with previous studies that showed that CNTs need to be dopedatatlysts

such as Ni, Co and perovskites in order to favor the kinetics of oxygen prodiéjoAs such,

we concluded that the mechanism for Cu desorption was electrostatic desorfoon f-
SW/DWCNTs rather than from any physical shearing or chemical effect as a result of oxygen
production arising from water electrolysis.

Interestingly, the CV curves overlap at voltages greater than g=igure3.6a)at high scan rates

(100 mV). Cerlapping current responses are likely a result of slow Cu diffusion from-the f
SW/DWCNTs membrane electrode. Higher currents on the reverse scan may be due to Cu ions
that have not had sufficient time to leave the bulSW/DWCNTSs. This result is suppdriey
previous studies which have explained that at higher reverse scan rates, slow kinetics of species
formation in front of the electrode surface leads to higher reverse currgfits73]. Conversely,

at lower scan rate@~igure3.6b) there is sufficient time for comete Cu desorption and diffusion

92



from the £SW/DWCNT bulk to occur, which ultimately results in a lower current on the reverse

scan, evidenced by the neantersecting CV scans. Controls of CV curves on Havé/DWCNTs

membrane electrodes with no Cu adsodbdFigure 3.6¢ and Figure 3.6d) confirms this

hypothesis, as the forward scan has a significantly higher current than the reverse scan for both

high and low scan rates.
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Figure3.6. Cyclic voltammetry for$W/DWCNTs membrane electrosurated with Cu at (a)

100 mV/s (b) 10 mV/s scan rate; and for ba@/f/DWCNTSs electrode at (c) 100 mV/s (d) 10

mV/s scan rates. (e) linear sweep voltammetry f&Vi//DWCNTs membrane electrode at 10

mV/s scan rate indicating the theoretical potentiaft the oxygen evolution reaction (OER) at

0.62 V, which lies at lower applied potential than the observed change in current density.

Finally, the reusability of the CNTs was investigated by utilizing them through consecutive cycles.
Figure 3.7a demonstrates the regeneration ability of the CNTs in 4 consecutive adsorption
electrodesorption cycles. As seen Bigure3.73 the mass of adsorbed and desorbed Cu was
approximately equivalent within the first 4 cycldsigure3.7b, shows the GACNT complexes
filtered on MF membranes subsequent to the adsorption step, the MF membranes after the CNTs

were removed from them subsequent to electrodesorption, and the suspension of CNTs that

were removed from the MF membranes to be used in the subsequent Cu adsorptien cycl
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Figure3.7: (a) Mass of Cu adsorbed/desorbed in five adsorption eleddsorption cycles using
the same batch of CNTSs, the bars represent the calculated propagated error of standard
deviations from repeated experiments (b) The first row shows th&€ QT complexes filtered
on MF membranes after Cu adsorption, the second row shows the MF membranes after the
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Based on the results obtained from this work, we propose an adsorefiectrodesorption
process to be utilized in large batch scale applicationsKgpae3.8). In the first stage, CNTs will

be mixed with heavy metalontaminated slutions to allow for the adsorption process. This
CSTR, will be partitioned at one end with a conductive electrode and at the other with a porous
surface. In the second step, a pressure will be applied to filter the water and retain the CNTs
Metal complexon the porous medium. In the third step, the conductive cathode and anode (the
CNTMetal complexes deposited on the porous membrane) will establish an electrochemical cell
for the electremediated regeneration of the CNTSs. In the fourth step, pressutéwihpplied to

the porous medium to remove the CNTs in order to reuse them for subsequent heavy metal
adsorption. In the fifth step, a new heavy metaintaminated solution will be added to the
regenerated CNTs and the closed loop process continues.hievacan effective closed loop
process, two areas of research focus are essential: effective removal of CNTs from porous
membranes, and longaerm testing of recyclability. The affinity of variously functionalized CNTs
to different hydrophobic porous menthne materials is the focus of future studies, while longer
term testing of the reusability of CNTs is encouraged for validation of the proposed process.
Finally, it is important to note that the proposed adsorptielectrodesorption process, shown in
Figue 3.8, will require two more steps than conventional adsorptiacid desorption processes.
These two steps are the filtration of met@NTs complex onto the porous medium (step 2 in
Figure3.8) and the CNT removal from the porous medium (step Eigure3.8). Despite the
additional steps, the adsorptiealectrodesorption process (step 3 kigure3.8) will ensure a
continuous closedoop process that avoids the handling and usage of large volumes of acids.

Moreover, our adsorptiorelectrodesorption proces eliminates the concentrated acid stream,
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which would required several additional steps for its proper treatment and disposal. This

externality is not often addressed in conventional processes.

(1) Adsorption

Conductive material Porgus medium

(5) Metal
Addition
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(4) CNTs Removal
(3) Electro-desorption

=

Filtrate

Concentrate

Figure3.8. Proposed industrial closieop adsorptionelectrodesorption process.

3.5 Conclusion

This study investigated the feasibility of combining Cu adsorption onto CNTs with electrochemical
methods for their regeneration. Overall, it was found that the adsorption of Cu onto CNTs can be
maximizd utilizing a sonication time of 3@in and an adsorption time of B. Cusaturated §f

SW/DWCNT were successfully formed into temporary membrane electrodes and the application

of an electric field achieved over 90% Cu ion removal fr&@WfDWCNTs into a waste recovery
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stream. Electric field mediated desorption successfdtyenerated the CNTs for subsequent Cu

ion adsorption experiments. Cu removal from the CNT composite was found to increase with
increasing applied potential and solution conductivity, while electrode distance was found to
have no statistical impact. It waypothesized that the driving force for this regeneration process
stems from electrostatic repulsion between theSW/DWCNT membrane anodend the
positively charged adsorbed Cu ions. This hypothesis was supporfedtimesorption kinetics

and by insigriicant oxygen production limiting the possibility of shear effects. Finally, this study
demonstrated the feasibility of CNT regeneration within 4 consecutive cycles. This paper outlines
important trends between electrodesorption and operational parametafsle demonstrating

the feasibility of CNT regeneration in conventional adsorption processes. Future research will
focus on developing more effective approaches in separating CNTs from membranes to avoid
CNT mass loss during successive cycles, buildiogtiawous process for the adsorptive water
treatment followed by concentrated heavy metal recovery in a waste stream, and the application

to other heavy metals.

3.6 References

[1] F. Fu, Q. Wang, Removal eflvy metal ions from wastewaters: A review, J. Environ.
Manage. 92 (2011) 4@418. doi:10.1016/j.jenvman.2010.11.011.

[2] S.W.Lv,J.M. Liu, C.Y. Li, N. Zhao, Z.H. Wang, S. Wang, A novel and universal metal
organic frameworks sensing platform for selectiletection and efficient removal of
heavy metal ions, Chem. Eng. J. 375 (2019) 122111. doi:10.1016/j.cej.2019.122111.

[3] R.Rostamian, M. Najafi, A.A. Rafati, Synthesis and characterization déttubbnalized
silica nano hollow sphere as a novel atdbgmt for removal of poisonous heavy metal
ions from water: Kinetics, isotherms and error analysis, Chem. Eng. J. 171 (20X1) 1004
1011. doi:10.1016/j.cej.2011.04.051.

[4] M.A. Barakat, New trends in removing heavy metals from industrial wastewater, Arab. J
Chem. 4 (2011) 3@B77. doi:10.1016/j.arabjc.2010.07.019.

[5] N. Verma, G. Kaur, Trends on Biosensing Systems for Heavy Metal Detection, Elsevier Ltd,
2016. doi:10.1016/bs.coac.2016.04.001.

98



[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]
[19]

[20]

[21]

S.A. Nabi, M. Shahadat, R. Bushra, A.H. SHaltasymetals separation from industrial
effluent, natural water as well as from synthetic mixture using synthesized novel
composite adsorbent, Chem. Eng. J. 175 (2041%8d0i:10.1016/j.cej.2011.01.022.

P.B. Tchounwou, C.G. Yedjou, A.K. PatlollaSDttbn, Heavy Metals Toxicity and the
Environment, Mol. Clin. Environ. Toxicol. 101 (2012)x1838. doi:10.1007/978-7643

83404.

S. Chowdhury, M.A.J. Mazumder, OA&hs, T. Husain, Heavy metals in drinking water:
Occurrences, implications, andtfire needs in developing countries, Sci. Total Environ.
569570 (2016) 476488. doi:10.1016/j.scitotenv.2016.06.166.

J.R. Parga, D.L. Cocke, J.L. Valenzuela, J.A. Gomes, M. Kesmez, G. Irwin, H. Moreno, M.
Weir, Arsenic removal via electrocoagulatioorh heavy metal contaminated

groundwater in la Comarca Lagunera México, J. Hazard. Mater. 124 (20Q2p247
doi:10.1016/j.jhazmat.2005.05.017.

lhsanullah, A. Abbas, A.M-Ainer, T. Laoui, M.J.-Marri, M.S. Nasser, M. Khraisheh,

M.A. Atieh,Heavy metal removal from aqueous solution by advanced carbon nanotubes:
Critical review of adsorption applications, Sep. Purif. Technol. 157 (2016)d11
doi:10.1016/j.seppur.2015.11.039.

C.A. Basha, M. Somasundaram, T. Kannadasan, C.W. Leerrd&dsyemoval from

copper smelting effluent using electrochemical filter press cells, Chem. Eng. J. 171 (2011)
563¢571. doi:10.1016/j.cej.2011.04.031.

X. Li, Y. Li, Z. Ye, Preparation of macroporous bead adsorbents based on poly(vinyl
alcohol)/chitosn and their adsorption properties for heavy metals from aqueous

solution, Chem. Eng. J. 178 (201196X) doi:10.1016/j.cej.2011.10.012.

S.A. AlSaydeh, M.H. Bllaas, S.J. Zaidi, Copper removal from industrial wastewater: A
comprehensive review, hd. Eng. Chem. 56 (2017)¢@4.

doi:10.1016/j.jiec.2017.07.026.

V.K. Gupta, S. Agarwal, A.K. Bharti, H. Sadegh, Adsorption mechanism of functionalized
multi-walled carbon nanotubes for advanced Cu (ll) removal, J. Mol. Lig. 230 (20%7) 667
673. doi:101016/j.molliq.2017.01.083.

C. Nie, Y. Zhan, L. Pan, H. Li, Z. Sun, Electrosorption of different cations and anions with
membrane capacitive deionization based on carbon nanotube/nanofiber electrodes and
ion-exchange membranes, Desalin. Water Tredd1(9 26@271.
doi:10.5004/dwt.2011.2092.

V. Chantawong, N.W. Harvey, V.N. Bashkin, Comparison of Heavy Metal Adsorptions By
Thai Kaolin, Adsorpt. J. Int. Adsorpt. Soc. (20033123

T.M. Florence, G.E. Batley, Chemical Speciation In Naturat$V@tR C Crit. Rev. Anal.
Chem. 9 (1980) 2£296. doi:10.1080/10408348008542721.

World Health Organization, Copper in Drinkimgter, 2004.

A. Tripathi, M. Rawat Ranjan, Heavy Metal Removal from Wastewater Using Low Cost
Adsorbents, J. Bioremétion Biodegrad. 06 (2015). doi:10.4172/216599.1000315.

E. Erdem, N. Karapinar, R. Donat, The removal of heavy metal cations by natural zeolites,
J. Colloid Interface Sci. 280 (2004) @®@B4. doi:10.1016/j.jcis.2004.08.028.

K. Dutta, S. Derdmatic conjugated polymers for removal of heavy metal ions from
wastewater: A short review, Environ. Sci. Water Res. Technol. 3 (20XB0E3

99



[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

doi:10.1039/c7ew00154a.

M. Minamisawa, H. Minamisawa, S. Yoshida, N. Takai, Adsorption Behavior of Heavy
Metals on Biomaterials, J. Agric. Food Chem. 52 (2007)5606.

doi:10.1021/jf0496402.

P.X. Pinto, S.R.-Abed, D.J. Reisman, Biosorption of heavy metals from mining

influenced water onto chitin products, Chem. Eng. J. 166 (2011)10082.
doi:10.1016/j.cej.2010.11.091.

K. Yin, Q. Wang, M. Lv, L. Chen, Microorganism remediation strategies towards heavy
metals, Chem. Eng. J. 360 (2019) 13583. doi:10.1016/j.cej.2018.10.226.

N. Huang, L. Zhai, H. Xu, D. Jiang, Stable Covalent Orgaregvbriasnfor Exceptional

Mercury Removal from Aqueous Solutions, J. Am. Chem. Soc. 139 (201¢243®8
doi:10.1021/jacs.6b12328.

C. Lu, C. Liu, G.P. Rao, Comparisons of sorbent cost for the removal of Ni2+ from aqueous
solution by carbon nanotubes amplanular activated carbon, J. Hazard. Mater. 151

(2008) 239246. doi:10.1016/j.jhazmat.2007.05.078.

A.E. Burakov, E. V. Galunin, I. V. Burakova, A.E. Kucherova, S. Agarwal, A.G. Tkachev, V.K.
Gupta, Adsorption of heavy metals on conventional and sémctured materials for
wastewater treatment purposes: A review, Ecotoxicol. Environ. Saf. 148 (201&)1202
doi:10.1016/j.ecoenv.2017.11.034.

C. Santhosh, V. Velmurugan, G. Jacob, S.K. Jeong, A.N. Grace, A. Bhatnagar, Role of
nanomaterials in watetreatment applications: A review, Chem. Eng. J. 306 (2016)1116
1137. doi:10.1016/j.cej.2016.08.053.

X. Ren, C. Chen, M. Nagatsu, X. Wang, Carbon nanotubes as adsorbents in environmental
pollution management: A review, Chem. Eng. J. 170 (20114395
doi:10.1016/j.cej.2010.08.045.

Y:H. Li, Z. Luan, Z. Di, Y. Zhu, C. Xu, D. Wu, B. Wei, J. Ding, Competitive adsorption of Pb ,
Cu and Cd ions from aqueous solutions by multiwalled carbon nanotubes, Carbon N. Y.

41 (2003) 27832792. doi:10.1016/s00B-6223(03)0039D.

G.S. Ajmani, D. Goodwin, K. Marsh, D.H. Fairbrother, K.J. Schwab, J.G. Jacangelo, H.
Huang, Modification of low pressure membranes with carbon nanotube layers for fouling
control, Water Res. 46 (2012) 564%54.d0i:10.1016/j.watres.2012.07.059.

W. Yu, Y. Liu, L. Shen, Y. Xu, R. Li, T. Sun, H. Lin, Magnetic field assisted preparation of
PENIi@MWCNTs membrane with enhanced permeability and antifouling performance,
Chemosphere. 243 (2020) 125446. doi:10.10t68mosphere.2019.125446.

A.Z. Philip G. Collins, Keith Bradley, Masa Ishigami, Extreme oxygen sensitivity of
electronic properties of carbon nanotubes, Science.(B@®87 (2000) 18@1304.
doi:10.1126/science.287.5459.1801.

G. Che, B.B. Lakshr&.R. Fisher, C.R. Martin, Carbon nanotubule membranes for
electrochemical energy storage and production, Nature. 393 (1998)334%6
doi:10.1038/30694.

P. J.M, N. Coustel, B. Coq, V. Bretons, P.S. Kumbhar, R. Dutartre, P. Geneste, P. Bernier,
P.M.Ajayan, Application of Carbon Nanotubes as Supports in Heterogeneous Catalysis, J.
Am. Chem. SOC. 116 (1994) 79/3%36. doi:10.1121/1.384235.

J.L. Gong, B. Wang, G.M. Zeng, C.P. Yang, C.G. Niu, Q.Y. Niu, W.J. Zhou, Y. Liang, Removal

100



[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

of cationic dyesrbm aqueous solution using magnetic muwitall carbon nanotube
nanocomposite as adsorbent, J. Hazard. Mater. 164 (2009)c1522.
doi:10.1016/j.jhazmat.2008.09.072.

C. Lu, Y.L. Chung, K.F. Chang, Adsorption of trihalomethanes from water with carbon
nanotubes, Water Res. 39 (2005) 1¢£8389. doi:10.1016/j.watres.2004.12.033.

Y. Ge, Z. Li, D. Xiao, P. Xiong, N. Ye, Sulfonatednalldtil carbon nanotubes for the
removal of copper (II) from aqueous solutions, J. Ind. Eng. Chem. 20 (2014171785
doi:10.1016/j.jiec.2013.08.030.

V.K. Gupta, O. Moradi, I. Tyagi, S. Agarwal, H. Sadegh, R. SHahogmekandi, A.S.H.
Makhlouf, M. Goodarzi, A. Garshasbi, Study on the removal of heavy metal ions from
industry waste by carbon nanotubes: Effectloé surface modification: A review, Crit.

Rev. Environ. Sci. Technol. 46 (201@)198. doi:10.1080/10643389.2015.1061874.

P. Laux, C. Riebeling, A.M. Booth, J.D. Brain, J. Brunner, C. Cerrillo, O. Creutzenberg, I.
EstrelaLopis, T. Gebel, G. Johansbh Jungnickel, H. Kock, J. Tentschert, A. Tlili, A.
Schaffer, A.J.A.M. Sips, R.A. Yokel, A. Luch, Challenges in characterizing the
environmental fate and effects of carbon nanotubes and inorganic nanomaterials in
aguatic systems, Environ. Sci. Nano.@®L@ 4&63. doi:10.1039/c7en00594f.

C. Lu, H. Chiu, C. Liu, Removal of zinc(ll) from aqueous solution by purified carbon
nanotubes: Kinetics and equilibrium studies, Ind. Eng. Chem. Res. 45 (200)&850
doi:10.1021/ie051206h.

H.J. Wang, A.EZhou, F. Peng, H. Yu, L.F. Chen, Adsorption characteristic of acidified
carbon nanotubes for heavy metal Pb(ll) in agueous solution, Mater. Sci. Eng. A. 466
(2007) 20%206. doi:10.1016/j.msea.2007.02.097.

M. Pan, C. Shan, X. Zhang, Y. Zhang, CGZRao, B. Pan, Environmentally Friendly in
Situ Regeneration of Graphene Aerogel as a Model Conductive Adsorbent, Environ. Sci.
Technol. 52 (2018) 78946. doi:10.1021/acs.est.7b02795.

H. Wang, C. Na, Bindfree carbon nanotube electrode for electtioemical removal of
chromium, ACS Appl. Mater. Interfaces. 6 (2014) 2§30916. doi:10.1021/am505838r.
Y.X. Liu, D.X. Yuan, J.M. Yan, Q.L. Li, T. Ouyang, Electrochemical removal of chromium
from aqueous solutions using electrodes of stainless stet coated with single wall
carbon nanotubes, J. Hazard. Mater. 186 (2011)x4%0.
doi:10.1016/j.jhazmat.2010.11.025.

Y.X. Liu, J.M. Yan, D.X. Yuan, Q.L. Li, X.Y. Wu, The study of lead removal from aqueous
solution using an electrochemical method ki stainless steel net electrode coated

with single wall carbon nanotubes, Chem. Eng. J. 218 (20¢38881
doi:10.1016/j.cej.2012.12.020.

H. Li, L. Pan, Y. Zhang, Z. Sun, Ferric ion adsorption and electrodesorption by carbon
nanotubes and nanofibrems, Water Sci. Technol. 59 (2009) 165563.
doi:10.2166/wst.2009.162.

C.H. Wu, Studies of the equilibrium and thermodynamics of the adsorption of Cu2+ onto
asproduced and modified carbon nanotubes, J. Colloid Interface Sci. 311 (20@7) 338
346. da:10.1016/).jcis.2007.02.077.

O. Moradi, The removal of ions by functionalized carbon nanotube: Equilibrium,
isotherms and thermodynamic studies, Chem. Biochem. Eng. Q. 25 (20£2/1029

101



[50] J.van Staden, A. Botha, Spectrophotometric determinatio@u(ll) with sequential
injection analysis, Talanta. 49 (1999) 1§9208. doi:10.1016/S0039140(99)00062.

[51] M.N. Uddin, M. Abdus Salam, M.A. Hossain, Spectrophotometric measurement of
Cu(DDTC)2 for the simultaneous determination of zincaapger, Chemosphere. 90
(2013) 366373. doi:10.1016/j.chemosphere.2012.07.029.

[52] D. Xiao, H. Li, H. He, R. Lin, P. Zuo, Adsorption performance of carboxylatedathulti
carbon nanotubeFe304 magnetic hybrids for Cu(ll) in water, New Carbon Mater. 29
(2014) 1%525.

[53] P.Wang, S.. Shi, D. Zhou, Sequential Determination of Nickel and Copper in Waste
Waters by Reversed Flow Injection Spectrophotometr, Microchem. J. 52 (1993)5¥46

[54] A.B. Dichiara, M.R. Webber, W.R. Gorman, R.E. Rogers, RemoyaerfIGns from
Aqueous Solutions via Adsorption on Carbon Nanocomposites, ACS Appl. Mater.
Interfaces. 7 (2015) 156€45680. doi:10.1021/acsami.5b04974.

[55] G.P.Rao, C. Lu, F. Su, Sorption of divalent metal ions from aqueous solution by carbon
nanotubes:A review, Sep. Purif. Technol. 58 (2007)23A.
doi:10.1016/j.seppur.2006.12.006.

[56] S. Mallakpour, E. Khadem, Carbon Nanotubes for Heavy Metals Removal, Elsevier Inc.,
2019. doi:10.1016/b978®-12-8141328.000095.

[57] O. V. Kharissova, Bdharisov, E.G. De Casas Ortiz, Dispersion of carbon nanotubes in
water and noraqueous solvents, RSC Adv. 3 (2013) 2434352.
doi:10.1039/c3ra43852j.

[58] M.A. Halali, C.F. De Lannoy, The Effect of drog&grs on the Permeability of Electrically
Condutive Membranes, Ind. Eng. Chem. Res. 58 (2019)¢3&3.
doi:10.1021/acs.iecr.8b05691.

[59] X.Yang, Y.Wan, Y. Zheng, F. He, Z. Yu, J. Huang, H. Wang, Y.S. Ok, Y. Jiang, B. Gao,
Surface functional groups of carbéwased adsorbents and their roles in tremoval of
heavy metals from aqueous solutions: A critical review, Chem. Eng. J. (20462608
doi:10.1016/j.cej.2019.02.119.

[60] A. Montazeri, N. Montazeri, K. Pourshamsian, A. Tcharkhtchi, The effect of sonication
time and dispersing medium on the nmemical properties of multiwalled carbon
nanotube (MWCNT)/epoxy composite, Int. J. Polym. Anal. Charact. 16 (20£4y865
doi:10.1080/1023666X.2011.600517.

[61] K.L.Lu, R.M. Lago, Y.K. Chen, M.L.H. Green, P.J.F. Harris, S.C. Tsang, Mechanical damage
of carbon nanotubes by ultrasound, Carbon N. Y. 34 (1996)8854 doi:10.1016/0008
6223(96)894 7K.

[62] K.B. Shelimov, R.O. Esenaliev, A.G. Rinzler, C.B. Huffman, R.E. Smalley, Purification of
singlewall carbon nanotubes by ultrasonically assisted filoatiChem. Phys. Lett. 282
(1998) 42@434. doi:10.1016/S0002614(97)01265.

[63] J.S. Taurozzi, V.A. Hackley, M.R. Wiesner, Ultrasonic dispersion of nanopatrticles for
environmental, health and safety assessment issues and recommendations,
Nanotoxicology5 (2011) 714729. doi:10.3109/17435390.2010.528846.

[64] F. Hennrich, R. Krupke, K. Arnold, J.A.R. Stitz, S. Lebedkin, T. Koch, T. Schimmel, M.M.
Kappes, The mechanism of cavitatioduced scission of singlealled carbon
nanotubes, J. Phys. Chem. B. {2007) 19321937. doi:10.1021/jp065262n.

102



[65] J.Wang, Z. Li, S. Li, W. Qi, P. Liu, F. Liu, Y. Ye, L. Wu, L. Wang, W. Wu, Adsorption of Cu(ll)
on Oxidized MultWalled Carbon Nanotubes in the Presence of Hydroxylated and
Carboxylated Fullerenes, PLoS Ghg013). doi:10.1371/journal.pone.0072475.

[66] H.Wang, A. Zhou, F. Peng, H. Yu, J. Yang, Mechanism study on adsorption of acidified
multiwalled carbon nanotubes to Pb(ll), J. Colloid Interface Sci. 316 (20028377
doi:10.1016/j.jcis.2007.07.075.

[67] L.Lu, W. Vakki, J.A. Aguiar, C. Xiao, K. Hurst, M. Fairchild, X. Chen, F. Yang, J. Gu, Z.J. Ren,
Unbiased solar H2 production with current density up to 23 mA2doy Swissheese
black Si coupled with wastewater bioanode, Energy Environ. Sci. 12 (ZT881099.
doi:10.1039/c8ee03673;.

[68] A.G. Scheuermann, C.E.D. Chidsey, P.C. Mcintyre, Understanding photovoltage in
insulatorprotectedwater oxidation haitells, J. Electrochem. Soc. 163 (2016) l§192
H200. doi:10.1149/2.0601603jes.

[69] T.Kou, S. Wang.L. Hauser, M. Chen, S.R.J. Oliver, Y. Ye, J. Guo, Y. Li;Suppmated
Fe5 2 LISNH(OH) 2 Nanosheets Show Ultralow Overpotential for Oxygen Evolution
Reaction, ACS Energy Lett. 4 (2019)x628. doi:10.1021/acsenergylett.9b00047.

[70] Y. Cheng, B. Jiang, Advances in electrocatalysts for oxygen evolution reaction of water
electrolysisfrom metal oxides to carbon nanotubes, Prog. Nat. Sci. Mater. Int. 25 (2015)
545553. doi:10.1016/j.pnsc.2015.11.008.

[71] S.S.R. Clowowen, Impact of cyclic voltametry on mixed culture single chamber
microbial fuel cell performance and anodic bacterial viability, The Pennsylvania State
University, 2009.

[72] J. Heinze, A. Rasche, M. Pagels, B. Geschke, On the origin ot#lledmucleation loop
during electropdymerization of conducting polymers, J. Phys. Chem. B. 111 (2007) 989
997. doi:10.1021/jp066413p.

[73] M. Zhou, V. Rang, J. Heinze, Electropolymerization of pyrrole and electrochemical study
of polypyrrole 4. Electrochemical oxidation of roonjugated pyrole oligomers, Acta
Chem. Scand. 53 (1999) 1@3962. doi:10.3891/acta.chem.scand-%859.

103



Chapter4d
Gold Adsorption from Acidic Solutions using Functionalised €NT

Sorbents and theiElectrochemical Regeneration in Neutral Solutions

Pending submission to Chemical Engineering Journal

104



4.1 Abstract

Acidic wastewater generated fromweaste leaching is rich in precious metals including gold,
silver, palladium, anglatinum. Adsorption is preferred technique for precious metal separation
over other conventional methods (e.g., chemical precipitation and solvent extraction) due to its
low chemical consumption and ease of operation. Carbon nanotu&3 ¢) have showmgmise

for gold adsorption due to their high specific surface area, high stability under acidic conditions
and ability to be functionalised by different chemical moieties to enhance selective adsorption.
In this study, we clearly demonstrated the effectvafious functional groups on the sidewalls of
multiwall carbon nanotubes (MWCNTS) on gold adsorption, and we introduced a chéméeal
electrochemical technique for Au elution from MWCNTsistine MWCNTs {MWCNTS),
carboxylic functionalised MWCNTs @@®VIWCNTSs), and amide functionalised MWCNTs{(NH
MWCNTSs) of the same approximate lengths and diameters were compared for their affinity for
Au adsorption from eidic (pH1)! O# kolutions mimicking acidic-waste leachate. Au
adsorption affinityonto MWCNTSs followed the order ofMWCNT > NHMWCNT > COGH
MWCNTs XPS supported the hypothesis that chemisorption was the dominant mechémism
Au adsorption by the functionalised MWCNTMshile a combination of physisorption and
chemisorption governeddsorption of Alon RMWCNTSsAuU elution from Aesaturated MWCNTS
was subsequently achieved using chemfoaé electrochemical desorption in a neutral solution.
Auloaded MWCNTSs were deposited on a PES membrane. FTRBMENTS membrane was used

as an anodein an electrochemical cell to investigate Au eleati@sorption using anodic
oxidation. The Au electrdesorption was shown to have a direct relationship with both the

applied current (ranging betweehto 13 mAjlnd the mass of the Au absorbed on the MMIG
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(ranging betweer?.5 to 91.5 mg Au/g MWCNTdJhis study demonstrated the effect of CNT
chemical moieties on Au extraction from acidic wastewater. In addition, it demonstrated an
environmentally friendly approach for the subsequent Au elution from the CNTs sorbents. This
study will improve the utitation of functionalised CNT sorbents for gold separation and

preconcentration from evaste leachate with a minimal chemical consumption.

Au Adsorption on MWCNTs Au Electro-desorption from MWCNTs

Voltage Generator

| ® ® |
100 2
0.5 | ®mAu(ppm) = Desorption % _— 35 R
X 80 f - L 30 5
c —~04 c
.9 60 g- 25 .‘g
g L
5 203 20 &
2 S o
2 I 0.2 1158
b= 100
< 20 - 0.1 .
1o

0
0 P-MWCNTs NH,-MWCNTs COOH-MWCNTs 0 1 3 10 13

5
I (mA)

4.2 Introduction
The global evaste generation rate averages around 50 million tons per jidaEwaste contains
large amounts of base metals (e.g., iron, nickel, copper, zinc) as well as considerable amounts of

precious metals (e.g., gold, silver, pallad)y2,3]. For example in 2016, 44.7 million tons ef e

106



waste were generated, of which only 20% was effectively recycled producing 71.2 tons gold, 3276
tons silver and 14 tons palladiuf]. Extracting precious metals (especially gold) is one of the
major goals for avaste recycling5]. Aqua regia (a mixture of 3 parts concentrated hydrochloric
acid and 1 part concentrated nitric acid)lydrochloric acid containing chlorine gas/A@Cl) are
usually used to leach gold fromveaste. Nevertheless, the other metals in thavaste are also
dissolved in the acidic solution resulting in a poor gold selectj@it$]. Thus, a subsequent
process is required to extract the gold from thevaste acidic lixiviant solution. Conventional
recycling processes such as chemical precipitation and solvent extractio57n consume large
amounts ofreagents and have low metal selectiVii/9]. Adsorption is a preferred technique for

gold recycling due to the low chemical consumption, low space requirements, and ease of
operation[8¢10]. Due to its large surface area and high selectivity, activated carbon (AC) has
been widely used in the last three decades asadsorbent for selective gold removal from e
waste leachat¢6,7,10¢13]. However, the usage of AC is recently limited by its high price resulting
from the depletion of coal reserves and the high energy required for its produfdias] lon
exchange resins have also shown promise for gold extraction due to their high loading capacity.
However, resins are not commercially competitive with A€ t their lower selectivity and the
swelling and entanglement problems that occur to the resins' polymer cH&id$]. Biosorbents

(e.g., chitosan beads, biopolymer composites, banana peels) have been demonstrated at the lab
scale as gold adsorbents due to their low cost, high selectivity, and abund@®&7,18]
Nevertheless, biosorbents scaling up is limited by their localized distribution and the variation in
their production rate due to seasonal changd9¢21]. Recently, carbon nanotubes (CNTSs) have

been used as sorbents in gold separation and preconcentration due to their high specific surface
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area, scalability, high mechanical and chemical stability, and enhanced spetificards Au
adsorption via functionalization by chemical moieti€s12,22;27]. Pristine multiwall carbon
nanotubes (MWCNTSs) have shown promise for Au adsorption from atidic# $olutions in

the absence ath presence of Cu ior{6]. Carboxylic functionalised MWCNTs (CEMDMCNTS)

have demonstrated a high selectivity for Au adsorption in acid solutions containing Zn, Cd, Mn
and Pb[23]. Polysilsesquioxane functionalised CNTs (assumed to be MWCNTS) have shown
higher selectivity for Au adsorption than other metals (i.e., Pt, Hg, Ag, Ni, Cu and PDb) in acidic
wastewater[24]. High Au adsorption from acidic Au solutions was also demonstrated in tee cas
of using triphosphonic acid modified MWCNTs sorbef#8]. To this end, pristine and
functionalised CNTs were showo be promising for gold extraction from acidic media. However,

a systematic study to compare the effect of different functionalised CNTs on gold adsorption

efficiency under the same experimental conditions has not been performed.

One of the major limdtions for all sorbents is the process by which the adsorbed Au is removed
to both recover Au and regenerate the sorbents. Strong acids or mixed reagents are used to
recover Au from sorbents, which adds cost through chemical consumption, increases handling
hazards, and contributes additional environmental challenges during disf2s28] Au elution

from adsorbentsis efficiently achieved using thiourea including from biosorbei@(®,17]
activated carbon$10,29]and CNT412,22,25,30] During this procesone Au atom is chelated
between two sulfur atoms of two thiourea moleculgg. While using thiourea for gold elution is
highly effective, the process requires acidic conditions (pHLBX Hydrochloric acid or nitric

acid are usually used to set the required pthich adds cost through chemiceonsumption,

increases handling hazards, and contributes additional environmental challenges during disposal
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[5,8,25] Unlike most biosorbents, CNTs and activated carbon are electrically conductive
materials which enables their al&ical regeneration. In contrast to activated carbon, CNTs can

be easily made into temporary electrodes by depositing them onto porous substrates. Previously,
we have demonstrated a chemiefae electrochemical regeneration approach for recovering Cu
from electrically conductive CNTs. CNTs were used for Cu adsorption from an aqueous solution,
then they were deposited on a microfiltration (MF) membrane to form a temporary electrode to
electrochemically remove Cu and regenerate the JRIJ}s Similar electrochemical technique is

investigated forgold elution for the first time to achieve chemidade regeneration.

In this study, we used CNTs as sorbents for Au adsorption from simulated asaétesleachat

and simultaneously recovered Au while regenerating these sorbents using our recently
introduced chemicafree electrochemical technique. Our study aimed to fill two gaps presented
in the literature: First, we systematically studied the effect of the nmomshmon CNT functional
groups on gold adsorptiorunder identical experimental conditiond>-MWCNTs, COGH
MWCNTSs, and amide MWCNTs §NHVCNTS) of the same approximate length and diameter
were compared for their affinity for Au adsorption froraidic (pH1)! O # $olutions simulating
acidic ewaste leachate. Second, we explored gold elution from CNT sorbents using a novel
electrochemical technigue and identified the impact of Au concentration and applied current on

Au recovery.
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4.3 Materials and Methods

4.3.1 Materials

P-MWCNTs, COGMWCNTs and NMMWCNTs (OD 17.5 nm, ID 9 nm, Length 5 > Y X
Purity >95%, consists of 9 concentric single wall CNTs) were purchased from NbigA.ab
According to the manufacturer-MWCNTs were produced by chemical vapor deposition (CVD),
COOFMWCNTSs were produced by oxidizing thfWCNTSs in ¥$Q/HNG; reflux, and NE#NH

O-MWCNTSs (which are notated as NMWCNTSs for simplicity) were produced by the amidation

of the COOHMWCNTSs using ethylene diamine. The MWCNTSs fabrication process is shown in
Figure S4.1. Hydrogen tetrachloroaurate (1) (A&€0D), salicylaldehyde reagent-f@droxy-1-
naphaldhyde), sodim chloride (NaCl) and 1M hydrochloric acid (HCI) were purchased from
Sigma Alderich Canada. Ortpbenylenediamine and ethanol &OH) were purchased from
CAAKSNI {OASYUGATAO /Yl RF® aC LR{teSIKSNadzZ F2y S
Sterlitech USA. Graphite electrodes (surface area of 58 evere purchased from McMaster

I FNNJ / FYyFREF® 1 Ef &a0Gd201 YR 0dzZFFSN) a2ftdziaizya 4°¢
system.

4.3.2 CNTs Characterization

The three types of MWCNTSs used in stisdy (PMWCNTs, COOMWCNTs and NFMWCNTS)

were characterized prior to the Au adsorption experiments to determine their chemical and
physical properties. MWCNTs chemical compositions were determined using XPS analysis
performed by PHI Quantera Il ScamiXPS MicroprobeThe XPS peaks were fitted using
instrument builtin Multi Pack andCASA XPS$oftware to determine theelemental atomic

percentagesSurface charges of the MWCNTSs in acidic media were determined by measuring the
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Zeta potentials of the MWCT$ in 0.2 M HCI (pH) solution using a zeta potential analyzer
(ZetaPlus, Brookhaven Instruments). Elemental analysis of the MWCNTs was done using Energy
dispersive vl @ 06950 &aLISOGNRaO2LRPd® a2/ bctaQ aLISOATFAC
nitrogen adsorptiordesorption isotherms performed by a physisorption instrument
(Quantahrome iQ). The MWCNTs samples were degassed for 24 h at pfiér to the SSA
measurements. The SSA was measured using the BruiameretTeller (BET) equation:

p

0
0 "7 e

where W represents the weight of gas adsorbed at a given relative pressutg (B/IB a second
parameter related to the adsorption heat, andWépresents the weight of gas required to form
a monolayeipon the adsorbant surface which is used to calculate the SSA based on multipoint BET

method.

4.3.3 Au Adsorption Experiments

5 mg ofP-MWCNTs, COGMWCNTSs and NWMWCNTS were sonicated in DI water using a probe
sonicator (Qsonica Q500) to form stable MWCNTSs suspensions. Based on our previous study for
Cu adsorption on CNTs, 30 min sonication time was selected as it represented an ideafftrade
between sufficientCNT dispersion and low oxidative damage of CNT sidewalls, which increased
with increasing sonication timg@1]. Immediately after the MWCNTSs sonicatiéfAuC4-3H0 in

HCI solution was added to the MWCNTRIB8ons such that the final Au(lll) concentration was 10
ppm, HCI concentration was 0.2 M, the total solution volume was 50 mL and the solution had
pH~-1. The AbMWCNTSs solutions were stirred at 400 RPM for 4 h to allow for Au adsorption on

z A

the MWCNTSs (stefi inFigure 4.0 & ! FOSNB I NRax K az2tdzirazy g1
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membrane to separate the AMWCNTs complex from the treated solution (step Eigure 4.}
The Au concentration of the treated solutions was measured to compare the affinities of different
types of MWCNTSs for Au adsorption in acidic media. Au Adsorption % was determined using the

following equation:

1 O AOT OPOERIH4gpim (4.2)

where GCand € are the initial and final Au concentrations, respectively. To determine the
chemical states of the Au on the MWCNTSs sorbents, the same procedures were repeated for the
three types of MWCNTs {BWCNTs, COGMWCNTs and Nb-MWCNTS). However, this time

they were applied for adsorbing Au from 75 ppm Au(lll) solution to produce highly Au saturated
MWCNTs. These MWCNTs were then characterized using XPS. Au adsorption isotherm
experiments were then conducted using different concentrations of Au solutions (1- %

ppm) with a constant mass of BHMWCNT sorbents (5 mg) for 24 h. The equilibrium adsorption

capacity (@) was calculated using the following equation:

N & — 18]

where G is the Au equilibrium concentration after 24 h, V is the volume of the Au solution (50
mL), and m is the mass HH-MWCNTsorbents (5mg). Afterwards, the kinetics of Au adsorption
was studied by taking samples (during 10 ppm Au(lll) adsorption experiments ongoNH-
MWCNTSs) at different times (1, 2, 8, 18, 30, 60, 120, and 180 minutes) and measuring the Au

Adsorption %. All the experiments in this section were repeated in at least duplicate.
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4.3.4 Au Electrdesorption Experiments

A temporary membrane electrode was formed to desorb Au from the MWCNTs following the
same methodology we detailed in our previous study for desorbing Cu from [BNT8riefly,
AUFMWCNTSs complex was presswteposited onn @1 >Y t 9{ aC Y FNgaeNT y S
4.1), which was then utilized as an anode in a thedectrode electrochemical cell to study the
feasibility of Au desorption under electric field (step 3Figure 4.). Graphite was used as a
cathode in the electrochemical cell, Ag/AgCl was used as a reference electrode and 5 mM NaCl
solution (Conductivity 0.5 mS/criw= 175 mLpH= 5) was sed as an electrolyte solutiofhe
electrochemical cell inner diameter was 6 cm, and the electrolyte solution was stirred at 200 RPM
to ensureuniform mixing.The electrode gap between the anode and cathode was maintahed

2 cm in all experimentsThe electrochemical cell was connected to a potentiostat (Metrohm,
Multi Autolab/M101) to investigate the electrochemical desorption of Au from MWCNTs. Au
desorptionwas studied under varying applied currents (1 a8 mA), and different masses of

Au adsorbed on the MWCNT%.4 mg Au/ g MWCNTs 91.5 mg Au/ g MWCNTSsAIl the

experiments in this section were repeated in at least duplicate.

(1) Adsorption (2) Filtration (3) Electro-desorption

Voltage
Generator

5mM NaCl
Solution
«
/| L . \l A Ag/AgCl (RE)
\ ,
Au MWCNTs
Graphite (CE) Au-MWCNTs

Membrane (WE)

Figure 41: Schematic approach for Au adsorptielectro-desorption process on MWCNTSs.
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4.3.5 Au Analysis

Au concentration was measured before and after the adsorption experiments using
spectrophotometric methods which is less expensive than using other methods such as atomic
absorption microscopy (AAS) or inductively coupled plasptecal emission spectromet (ICP

OES). A Schiff reagent (bis(salicylaldehyde) eptienylenediamine (BSOPD)) was prepared in
the laboratory by reacting a salicylaldehyde-hyroxyl-naphaldhyde with orthe
phenylenediamine, as described elsewh§3@,33] BSOPD reacts with gold in acidic media to
form a yellowisFbrown complex which can be detected using-UNs spectrophotometer at (488

nm) wawelength. In our study, UVIS spectrophotometer (Tecan Spark 10 M) was used to
guantify Au(lll) concentration up to 30 ppm in a 0.2 M HCI solution. Figure S4.2a shows the Au(lll)
UW-VIS spectra with a detection limit 0.12 ppm, and Figure S4.2b illustfeeasalibration curve
relating the Au(lll) concentration to the XS absorbance at (488 nm) wavelength. Anova
regression analysis for the Au calibration curve is also shown in the SI. To confirm the validity of
the UMVVIS spectrophotometry method for datting gold, the Au adsorption capacity)@n 5

mg NH-MWCNTSs (for adsorption experiments using a 10 ppm Au(lll) concentration allowed to
achieve adsorption equilibrium over 24 h) was quantified using/l8/spectrophotometry and

ICROES. Figure S4.3 stwvalues for gwithin 5% of each other using the two techniques.

Au concentration in the electrolyte solution after the electtesorption experiments was
detected using IGPES to avoid any possible interaction between theMl% reagent (BOSBD)
with (1) the NaCl present in the electrolyte solution or with (2) any electrochemical side product

that may have been produced, which could overestimate the Au concentration in solution.
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4.4 Results and discussions

4.4.1 CNTs Characterization

Prior totheir usage in Au adsorption experiments, MWCNTSs were characterized to determine

their physical and chemical properties (i.e., chemical composition, electric charge, and specific
surface area) that would impact Au adsorption. To determine the chemical asitign of the

MWCNTSs used in this study, XPS analysis was performeeMMWENTs, COGMWCNTs and
NH-MWCNTSs. As shown Figure 4.2, C1ls peaks werghown in the three types of MWCNTS,

and a N1s peak was shown in case of-NMVCNTsFigure 4.2 also shows a small intensity O1s

peak in the IMWCNTsnd higher intensity O1s peaks in the COMWCNTs and NFMWCNTS.
COOFMWCNTSs were produced by oxidizingd®WCNTs, which means that they have a higher
percentage of oxygen. NHMMWCNTSs were produced through the amidation (i.e., reaction with
ethylene diamie) of COOH 2 / b¢a® 5dzZNAY3I F YARFGA2Y S GKS [/ hhi
08 Y IYARS 3INRdzL)E gKAES /hhilQa OFNb2yeéf 3INERd:
in Figire $4.1, which explains the presence of oxygen in the-NNMVCNTsFurther, perfect

conversion of hydroxyl groups into Nigroups during the amidation process does not occur,

leaving extra oxygen atoms on the NMWCNTSsFigure 4.2 also shows the oxygen Augek(D

peaks representing the energy emitted due to the Auger Effect, resulting from electrons falling

from higher energy states to fill the electrons vacancies released by-thg 3catterind34,35]

Due to their higher oxygen percent, the functionalised MWCNTs showed higieesity Ox..

peaks compared to the-RIWCNTSs. T&nXPS peaks were fitted to determine #lemental atomic
percentages as shown in Table S4.These percentages were uséal calculatethe atomic

percentage of functional group presence in the functionalized MWCNTSs. This showed that the
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COOH groups occu@ of the COOH 2 / b¢ aQ O2 YL} aAlkgoupslogtlpy G K I

45%oftheNHa 2 / b ¢ & Q O 2 ¥heXetailed caléuiations are shown in the SI.

To determine the electric charge of the MWCNTSs under relevant acidic conditions to mimic
electronic waste leachate, the zeta potentials efVCNTs, COGMWCNTs and NHMWCNTSs

were measured in 0.2 M HCI solution (pH. Figure 4.® shows that NbEMWCNTSs have a higher
positive zeta potential (13 mV) as compared MW/ CNTs which were measured to only have a
slight positive zeta potential (3 mV). CO®M/CNTSs have a negative zeta potentialrV). NH
groups (havingpke~10.510.7) and NH groups (havingpKs~10-10.2) protonated in acidic
conditions, resulted in an overall positive charge on Mie--MWCNTY36,37]. COOH groups
(having pKa- 5) should have a neutral charge in acidic conditions, however a negative charge
was observed on the CO@WWCNTslue to thepartial ionization of the COOH groups into COO
[38,39] RPMWCNTSs showed a slight positive zeta potential, which may be caused by the adsorbed

H* protons on the CNTs ithe acidic medi§39].
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Figure 42: (a) XPS survey spectrum feM®WCNTs, COOMWCNTs antiH-MWCNTSs
(collected at three different locations for each sample). (b) zeta potentialsMWRZNTS,
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COORMWCNTs and NHMWCNTSs measured in 0.2 M HCI solution~pHError bars represent
the calculated propagated error of standard deviations from repeatqueements.

A semiquantitative elemental analysis was performed for the MWCNTs using EDS to identify
impurities that might affect Au adsorption, especially for the elements present outside the range
studied in the XPS analysis. As showrFigure S4l., ron and sulfur concentrations were
negligible in the three types of MWCNBMWCNTs, COGMWCNTs and NbMWCNTS)On

the other hand, impurities from magnesium (which appears at binding energy-1320 eV on

XPS; outside the studied range in our XPS amsalyere significant in all three types of MWCNTSs.
However, we hypothesize that Mg impurities will not affect Au adsorption onto MWCNTSs.
According to the Hard and Soft (Lewis) Acids and Bases (HSAB) theory, hard acids should interact
with hard bases andadt acids should interact with soft bas¢$0,41] Mg is considered a hard

acid and Au is regarded as a soft acid thus interaction is likely to be unfavorable.

BET analysis was performed to determine the specific surface are (SSA) of the MWCNTSs used in
this study.Figure 4.3shows the M adsorption isotherms foP-MWCNTs, COGMWCNTs and
NH-MWCNTSs. The adsorption isotherms of the three types of MWCNTs showed mesoporous
structures, indicating existence of abundant mesopores ranging betwe®gd @m[42,43] SSAs

of the MWCNTSs were calculated from the isotherms usingBB& multipoint method, showing
203.02 ni/g for PMWCNTS, 194.23 #ty for COOHMWCNTSs, and 91.14%q for NH-MWCNTSs.

The decrease in CNTs SSA upon functionalization has been illustrated in previous studies. Xu et
al. showed that the SSA of COOH functimeal CNTs was drastically decreased upon further
functionalization with polysilsesquioxar{@4]. Chakraborty et al. have also demonstrated a

significant decrease in SWCNTs SSA after functionalization with different alkyl p&didés our
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study, the NFMWCNTSs have only 4.5% Nhinctional groups (as shown from the XPS analysis)

which should not significantly decrease the SSA. However, MWCNTSs used in this study were

composed of 9 rolled graplstsheets with an average 17.5 nm OD and 9.0 nm ID (as detailed by

the manufacturer). Therefore, the thickness of each graphitic sheet was calculated to be 0.53 nm.

¢KS NI GAZ2

a2/ b¢a

27
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uK

adz2NF I OS

NE [

27

0 KSa@tdmi SNJ 3 N.

a BBS S)if Mdod ¢@ b).L) was calculated to be 14.7%, which was assumed

to be the same ratio for the carbon atoms in the outer sheet to the total carbon atoms in the

MWCNTSs. Taking into consideration that the functional groangsonly formed on the outer

graphitic surface,~30% (4.5/14.7%) of the carbon atoms in the outer layer should be

functionalised with NE groups Most of the accessible adsorption sites for adsorbates in solution

should be on the outer layer of the MWCNTigdicating that the 55% reduction in the hH

MWCNTs SSA measured byabNisorption is reasonable, especially when considering the bending

and stretching vibrations occurring to the functional groups which will increase the total

inaccessible surface areathe MWCNTSs to Nadsorption.
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4.4.2 Adsorption Experiments

The adsorption affinities of-MIWCNTsCOOFMWCNTs and NHRIWCNTSs for Au from 10 ppm
Au(lll) acidic solutions (pH) were comparedAs shown irFigure 4.4, RMWCNTSs have shown
the highest Au adsorption (83 7%), followed by NHVMWCNTs which have shown (713.5%)
Au adsorption while COOHUWCNTs demonstrated the lowest Au adsorpt{@8 6.5%). At
acidic conditions (pHL), Au(lll) is speciated to O # [45]. Since COGMWCNTSs are negatively
charged at pH1 (as shown irFigure 4.20); they repelled O # ibns, decreasing their overall
adsorption ability. NHEMWCNTSs which are positively charged at~piHshould have digh
electrostatic attraction fot O # lbns. As a result, NMMWCNTSs have a higher Au adsorption
affinity compared to COOMWCNTs.Although PMWCNTs have a lower positive charge
compared to NbEMWCNTSs (as shown Figure 4.20), they were shown to have a higher Au
adsorption in comparison with NHMWCNTsWe hypothesize that the higher SSA in the case of
P-MWCNTs(203.02 nd/g) in comparison to NHMWCNTs (91.14 #fy) allowed for more
adsorption sites, increasing the overall Au adsorption. These results indicated aoffade

between the effect of electric charge and SSA on Au adsorption onto MWCNTSs.

Todetermine Au adsorption mechanisms onto the three types of MWCNTSs used in this study,
high-resolution Au(4f) XPS analysis was performed otoAded MWCNTS=(gure 4.84). The XPS
analysis was done on three different locations on each sample, where each curve shogurén

4.4b represents one argzed location. In the case of Aaaded COOMWIWCNTS, two peaks were
shown at binding energies of 83.96 eV and 87.63 eV corresponding to Au(0) [pets
indicating the complete reduction of Au(lll) to Au(0) onto t@GHMWCNTS. In the case of Au

loaded NHFMWCNTS, two significant peaks for Au(0) were also shown at binding energies of
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83.96 eV and 87.63 eV, together with very small peaks of Au(X) at a binding energy of 89.87 eV,
where Au(X) could be either Au(l) or R)(24,46,47] These results also indicate that most of
Au(lll) that adsorbed on NHMWCNTSs was reduced to Au(0). Thus, the XPS analysis indicated
that chemisorption was the dominant mechanism for Au(lll) adsorption on the functionalised
MWCNTSs. Indeed, amide and hydroxyl groups have high affinities for Au reduction as follows

[8,17]
I O# 4+ 3RNH'A AP+ 3RNH + 3H+T # | (4.4)
| O# i 3ROHA AW+ 3 R=0+3HT # 1 (4.5)

In the case of MWCNTSs, two significant Au(0) peaks were also shown at binding energies of
83.96 eV and 87.63 eV, together with two other major peaks for Au(X) at binding energies of
86.16 eV and 89.87 €Z4,46,47] This indicates that both chemisorption of Au(lll) reduced to
Au(0) or Au(l) and physisorption of Au(lll) likely occurred onMdWRCNTs . Delocalized
electrons on MWCNTSs can drice Au(lll) to Au(l) (Eqg. 4.6) or Au(0) (Eq. 4.7), but their reducing
strength is not as great as that of the functional groups on functionalised MWCNTSs, evident by

the presence of Au(X) peaks.
| O#thc AA ! O# b # 1 (4.6)
| O#tto AA AP+ # 1 (4.7)

The percentages of Au(0) and Au (X) from the total Au adsorbeeMWENTSs were determined
by calculating their peak areas .Based on the calculated peas aifge average amount Au(X)

adsorbed on MWCNTSs was (58.35%) in comparison with (41.65%) for Au(0). An example for the

120



peak fitting analysis for one of the threeNPVCNTs XPS curves is showRigure 4.4, and the

analysis for the other two curves are showrFigure S4& andFigure S4.

Survey XPS spectrum analysis for thelomded MWCNTs were also performed, as shown in
Figure S#. TheXPS peaks were fitted to determine the atomic percent of the elements, as
shown in Table S4.2. The highest Au atomic percent (0.53%) was showi\WWCRTs, followed

by (0.46%) Au atomic percent on NMWCNTSs, and (0.15%) Au atomic percent on GOOH
MWCNTSs. Aese results further confirm that-RIWCNTs have the highest Au adsorption affinity,
followed by NEF-MWCNTS, while COG@AWCNTSs have the lowest Au adsorption capacity. Table
S4.2 also shows the absence of chloride on GOMHKCNTS, validating the complete rexdion

of I O# into Au(0). While significant chloride (1.44%) was shown-MWCNTSs, confirming
the incomplete reduction of O # Into Au(0) onto the MWCNTS. In the case of NMWCNTS,

a lower chloride percent (0.34%) was shown, proving that the majority ©f# Wwas reduced to

Au(0) onto the NlHMWCNTSs

Au(l) or Au (lll) XPS peaks have close binding eng2did$,47] thus it is difficult to differentiate
between them. To determine the valency of Au(X) ions on thV/PCNTSs, the chloride atomic
percent on the AMWCNTSs (1.44%) (Table S4.2) was divided by the &tofXic percent (which

is the product of the Au(X) percentage calculated from the peak fitting (58.35%) and the total Au
atomic percent adsorbed on the-MWCNTs (0.53%) (Table S4.2)). The Cl/Au(X) atomic ratio
was >4 (calculated to be4.6),indicating that the Au(X) corresponds to Au()@ # ) peaks

which has an atomic CIl:Au ratio of 4:1. These results suggest the absence of partial reduction of

Au(lll) { O# ) into Au(l) { O# ) onto the RPMWCNTSs. The Au species otM/CNTs were

121



therefore either adsorbed as Au(lll) through physisorptieh8(35%), or completely reduced to

Au(0) through chemisorption-41.65%).

After the adsorption experiment, the Avaded MWCNTSs were filtered on PES membranes to be
used as temporary electrodesrfgold electredesorption (step 2 ifrigure 4.). However, it was
shown that the IMWCNTSs (having the highest Au adsorption) did not formitorm surface on

the PES membrane in comparison with the2MHVCNTs, and CO@WWCNTSs, as shown in
Figure 4.4, Figure 4.4, andFigure 4.4 The presence of charged functional growjecreases

the attraction of MWCNTs for each other, enabling their greater dispersibility in aqueous
solutions Therefore, they formed more uniform surfaces upon filtering on the PES membranes
in comparison with AMWCNTSs. The neaniformity of RMWCNTSs hinered electron transfer
when used as electrodeBlH--MWCNTSs were thus deemed to be the optimal adsorbents for Au
adsorptiontelectro-desorption since they have considerable Au adsorption while also producing
a uniform and electrically conductive temporargetrode on the membrane substratds such,

NH-MWCNTSs were used in all subsequent experiments throughout.
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Figure 44 (a) Au adsorption onto MWCNirem 10 ppm Au(lll) acidic solutions (gH. (b) Au
4f high resolution XPS spectrum for MWCNTSs (collected at three different locations for each
sample). (c) Peak fitting analysis for the middle XPS curve ofMi&E©NTs using CASA XPS
software, red curve represents the original XPS curve, and the yelloxe represents the
fitting curve. Digital images for 5 mg (dAMWCNTs , (e) NMMWCNTSs , and (f) COOMNCNTs
deposited on PES membranes
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Adsorption isotherms were performed using a fixed mass oFMWCNTs (5 mg) while varying
the Au(lll) initial conentration between (387.5 ppm). The adsorption isotherm showed a direct
relation between the Au adsorption capacitye@nd the Au equilibrium concentrationdCas
shown inFigure 4.a. The isotherm data was modelled using the linearized forms of the Langmuir

equation (Eq. 4.8) and the Freundlich equation (Eq. 4.9).

0 P
- ; T
n n L n ®
I InC T_I loC | TuC &

wheren (mg Au/ g MWCNTgepresentghe maximum Au adsorption capacity on the NH
MWCNTsp is Langmuir constant) is Freundlich constant and n represents the adsorption
intensity. Figure 4.8 andFigure 4.8 show the adsorption isotherm data fitted with Langmuir
and Freundlich models, respectively. Since theaRie for Langmuir model (0.9506) was closer
to unity than the Rvalue for Freundlich mod€D.9126), the Langmuir model was considered
more appropriate to describe the Au adsorption behavior ontoNNVCNTSs. This result
predicted a monolayer Au adsorption on NMWCNTS in agreement with other studies in the
literature which indicated a monolayef Au adsorbed on MWCNT&22¢24]. The maximum Au
Adsorption Capacity (@) was calculated from the slopé the Langmuir equation to be (138.9
mg Au/ g NBEMWCNTs)Anova regression analysis for thangmuirmodel is also shown in the
Sl The Kinetics of Au adsorption on NMWCNTSs were studied by measuring Au Adsorption %

in different time intervals during0 ppm Au(lll) adsorption experiments, as showRigure 4.5.
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71.5% Au Adsorption was achieved in the first 1 minute and quickly plateau@d%atAu

adsorption after 1h. These results indicated very fast kinetics for Au adsorption sMYENTSs.
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Figure 45: (a) Au adsorption isotherm constructed using a fixed mass oMNWMCNTE5mQ)
while varying the Au(lll) inél concentration between ¢87.5 ppm). (b) Au adsorption kinetics
on 5 mg N#MWCNTSs in a 10 ppm Au(lll) solution. Isotherm data fitted using (c) Langmuir
equation and (d) Freundlich equatiorror bars represent the calculated propagated error of
standard deviations from repeated experiments.

4.4.3 Electralesorption Experiments

Previous studies have shown the efficient Au elution from CNTs using thifizg®,25,30]
nevertheless the occurrencef thiourea elution requires strongly acidic conditions which are
expensive to operate and are not environmentally sustain@|@,25] Therefore, we sought to

develop a Au elution technique using a chemitaé process in neutral adutions. We
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investigated Au elution from MWCNTSs through eleatiesorption in neutral NaCl electrolyte
solution. Au is known to be inefor electrical oxidation at neutral conditions; therefore gold is
often used as an inert electrode in many anodic a@tlons[48¢50]. However,jn the presence

of chloride in the electrolyte solution, anodic corrosion of Au electrodes o¢b0itS2] Chloride

acts as a ligand that can react with Au ions that are produced by anodic oxidation and can thus
enable Au to be dissolved in solution. This behavior resembles Au dissolution using aqua regia,
where HNQoxidizes the Au into Au(lll) ions, and HCI provides the chloride ligands to react with

Au(lll) ions to form aqueous speciés® # ) [5], as follows:
Au + HN®@+ 4HCA AuCk + NO + ED'+ HO (4.10)

In this study, we utilize the concept of Au anodic corrosion in the presence of chloride ligands for
Au elution from MWCNTSs. Following the adsorption process (stepigjume 4.}, Auloaded NH-
MWCNTs (506 mg Au/ ]NH-MWCNTSs)vere deposited on a PES membrane (step Bigure

4.1). The AtNH-MWCNTs membrane was used as anode in an electrochemical cell (step 3 in
Figure 4.] to investigate Au desorption using anodic oxidation. A 5mM NaCl aqueous solution
with an initial conductivity (0.5 mS/cm), an initial pH (5) and a total volume (175 mL) was used as
an electrolyte solution for these experiments. Preliminary alalitons have shown that the molar
ratio of Clions (in the electrolyte solution) to the Au (adsorbed on the/NWWVCNTS) approaches
Cl:Au= 645:1, which indicates the availability of adequate chloride ligands to react with Au on
the NH-MWCNTSsFigure 46a illustrates the effect of ap@d current on Au desorption from
NH-MWCNTSs. After 1 h of zero applied current, low concentration of Au was desorbed in the
electrolyte solution (0.05 ppm) which is equivalent to (3.5%) Au desorption from the original

mass of Au adsorbed. This low Au dgsion percent is believed to be the loosely attached (i.e.,
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physiosorbed) Au to the NHMWCNTSs. Applying 1 mA for 1 h resulted in Au ions desorption in
the electrolyte solution with Au concentration (0.27 ppm) which is equivalent to (19%) Au
desorption fom the original mass of Au adsorbed. Applying 1 mA resulted in 1.5 V vs. Ag/AgCl at
the AUNH-MWCNTs membrane anode (as shown in Table S4.3) which exceeded th® Aul
oxidation potential (0.8 V vs. Ag/AgCI). Itis hypothesized that the Au that wgasadly adsorbed

by reduction on the NHMWCNTSs (as indicated by the XPS analysis) was desorbed by anodic
oxidation by inducing electric potential greater than AuO # loxidation potential in the
presence of chloride ligands. This result demonstratied feasibility of Au electrochemical
elution from CNTs. The A-MWCNTs membrane electrode used for this study was loaded
with an average of 50 mg Au/g BNMWCNTs (0.25 mg Au/ 5 mg NMWCNTS). Using the
molecular weight of Au and Avogadro's number, thember of Au atoms on the electrodes was
calculated to ber.64x10’. Knowing that each Au atom requires 3 electrons for oxidation, the
complete Au oxidation willrequire 2.29x1& electrons. Applying 1 mA will provide
6.242x10° electrons per second, indicating that enough electrons are provided for complete Au
oxidation. Nevertheless,electrons are also consumed by ohmic losses in the wires and
connections attached to the electrod¢S3], the charge transfer resistance at the solid/liquid
interface [54], and through water electrolysis reactions (where the oxygen evolution reaction
(OER) theoretically occurs at 0.62 V vs. Ag/AgCI in comparison with 0.8 V vs. Ag/AgCl for
Au/t O # ) [55]. Figure 4.a also shows that Au desorption increased by increasing the applied
current from 1 mA to 13 mA. Increasing the applied current increaseddésorbed Au
concentration from 0.27 ppm (19% Au desorption) to a maximum of 0.45 ppm (31% Au

desorption). This relationship between Au desorption and applied currgrticates thata
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greater current, induced by a higher electric potential, increabesnergy available for redox
reactions.This study provides a proaff-concept for implementation in largecale applications
with larger power generators, where higher applied currents can be used to increase

desorption.

The pH of the electrolyte solath was altered variously by different magnitude of applied
currents.At applied currents below 10 mA, the pH of the electrolyte solution was not significantly
changed from the initial electrolyte pH (pbl), as shown in Table S4.3. However, at 10 mA and
13 mA applied currents, the pH of the electrolyte solution increased above neutral pi8)(p

a pH below 6, Au speciates 0O # in solutions containing chloride ions. Whereas at a pH
ranging between 6 and 8.5 Apeciatestd O# 1 ( [45]. To study the effect of the different

Au speciation forms in the electrolyte solution on Au eleatasorption, the pH of the electrolyte
solution was controlled betweeB-6 (by titrating the solution with nointerfering 0.2 M HCI
solution) during the electrochemical desorption experiments at 10 mA and 13 mA applied
currents. The Au desorption in the pH controlled experiments did not show a significant change
from the urcontrolled experiments (seleigire S4.8), suggesting that Au electaesorption is not
affected by the different forms of Au speciation in electrolyte solutions that exist in pH between

5-8.

Figure 46b showsthe correlation between thenitial mass of Au adsorbed on the NMWCNTSs
and the Au desorbednder 10 mA applied current for 1h. Increasing the Au mass from 7.5+ 1.5
mg Au/g NEFMWCNTs to 50.0 + 6.0 mg Au/g NWAWCNTS, increased the Au desorbed

concentration in the electrolyte from 0.14 ppm to 0.43 ppm. While increasing the Au mass from

128



50.0 + 6.0 mg Au/g NMMWCNTs to 91.5 £ 9.5 mg Au/g NMWCNTSs, increased the Au
concentration in the electrolyte from 0.43 ppito 0.87 ppm. These results indicated a direct
relationship between the mass of Au adsorbed on the MWCNTSs and the Au desorbed. Increasing
the mass of gold on the MWCNTSs is hypothesized to increase the probability of the interaction
between the flowing elertons and the Au atoms, favoring more Au oxidation in the solution.
While the desorbed Au concentration increased with greater adsorbed Au on th&/IMKCNTS,

the total desorption percent decreased with increasing initial adsorbed Au. Au desorption
percentwas the highest in the case of 7.5 + 1.5 mg Au/g-MM/CNTs (65%) and decayed to
(31%) in the case of 50.0 + 6.0 mg Au/gINNVCNTSs and to (33%) in the case of 91.5 + 9.5 mg

Au/g NBH-MWCNTSs, as shown kigure 46b.

The pH of initial electrolyte solution (pt3) was altered by the mass of Au adsorbed onto the
NH-MWCNTSs. For the cases of 7.5 = 1.5 mg Au/gNMNWCNTs and 50.0 + 6.0 mg Au/g2NH
MWCNTSs, the final solution pH was 8. For the case of 91.5 + 9.5 mg AUMWEINTS, the final
solution pH was 6.9 (as shown in Table S4.4). The smaller increase in the electrolyte pH with
increasing Au mass can be related to the increased gold redoxiorsciThese gold redox
reactions may have competed with water electrolysis reactions, buffering the electrolyte by

consuming hydroxide ions as they were produced.
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Figure 46: (a) Effect of applied current on Au electlesoption from NH-MWCNTdoaded
with 50 6 mg Au/ ]NH-MWCNTSs(b) Effect of Au mass adsorbed on Au electesorption
from NH-MWCNTSs at 10 mA applied currefdr 1h electrochemical experiment&rror bars
represent the calculated propagated errorstindard deviations from repeated experiments.

Cyclic voltammetry (CV) curves were obtained forNkd-MWCNTs membrane electrodes
loaded with different masses of Au (56 mg Au/ g MWCNTSs, and 91%.5 mg Au/ g MWCNTS)
between B3 V at 10 mV/s scan rates ahown inFigure S@a andFigure S@b. The electrolyte

used for these experiments was NaCl solution having a higher conductivity (5 mS/cm) than that
used for the previous electrdesorption experiments (0.5 mS/cm) to increase the ionic strength

to limit analyte transport by migratiofb6]. No stirring vas applied during the experiments to

limit analyte transport by convectig6]. The CV curves showed broad concavities between 0.5
0.8V (sed-igure S@a andFigure S4Ab), however these concavities can not be confirmed as clear
Au oxidation peaks. In our previous @yufor chlorine reduction on CNTs membranes electrodes,
we realized that there was an absence of reduction peaks on the CV curves at 100 and 500 ppm
chlorine concentrations in the electrolyte solution even though chlorine reduction was confirmed

by FTIR aaysis[57]. To understand this behavior, we performed CV control experiments in 60
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ppm Au solution using a bare MMWCNTs membrane electrode and a titamiudioxide
electrode (sed-igure S@c andFigure SAd). No clear peaks were shown in the case of the bare
NH-MWCNTs membrane electrodé-igure SA4c) although Au was visibly reduced to its
elemental state (a yellow metallic sheen) and deposited on thve INEH-MWCNTS membrane
electrode after the CV experiment&igure S@Qe andFigure S4f). In contrast, use of the
titanium dioxide electrode presented clear Au oxidation and reduction peaks at 1 V and 0.93 V
respectively FFigure S4@d). This behavior maige the result otthe lower induced current at the

CNT membranes in comparison with other more conductive electrodes. The temporary electrode
formed from CNTs likely was insufficiently conductive and only presented small redox peaks that
were poorly visiblen CV curves. To this end, we hypothesize that Au was desorbed fromthe Au
NH-MWCNTSs electrodes in this study via electrochemical oxidation. This hypothesis was based
on the XPS resultEigure 44b) that showed that the vast majority of Au was originally adsorbed

by chemical reduction on the NHMMWCNTSs. Nevertheless, the low current intensity induced at
the AUNH-MWCNTs membraneslectrodes did not clarify the Au oxidation peaks on the CV

curves.

This section demonstrated the feasibility of gold eleafesorption from MWCNTSs via anodic
oxidation in a low concentration NaCl electrolyte solution. These results open new avenues for
gold elution from sorbents using environmentally friendly electrochemical techniques instead of

the conventionally used gold elution methods which have high acidic consumption.

4.5 Conclusion
In this study, we investigated novel MWCNTSs sorbents for Aurptigo from acidic media and

their electrochemical regeneration in neutral solutionBhis process enables downstream
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resource recovery of precious metals, turning an environmental pollutant into a valuable
resource with minimal chemical consumptidn.the first part of the study, we presented a clear
demonstration for the effect of functional groups attached to the CNTs on gold adsorption under
the same experimental conditions:NPWCNTs, COGMWCNTs, and NMMWCNTSs having the
same ranges of length and di@ter were compared for their affinity for Au adsorption from

I O # &cidicsolutions.The results indicated a tradaff between the effect of electric charge and

SSA on Au adsorption onto MWCNYsgatively charged MWCNTSs have a negative effect on Au
adsorption from acidic solutions regardless of their SSA. In contrast, for positively charged
MWCNTSs, the SSA area has a more dominant effect on Au adsorption than the magnitude of the
strength of the surface charge group#n the second part of the stugdwe demonstratedor the

first time the feasibility of electrochemical gold elution from graphitic sorbents in neutral
solutionswith low Clconcentrations by applying sufficiently high currents (»A) to the sorbent

The Au electralesorption showed a direct relationship with the applied current and the mass of
Au adsorbed on the MWCN3$aerbents The mechanism for Au electrodesorption from MWCNTSs

is believed to be Au electrochemical oxidation itéaes. This study demonstrated the effect of
CNTs' functional groups on Au extraction from acidic solutions, which can enhance the efficiency
of CNTs sorbents for Au separation from acidic wastewater (evgasée leachate). Additionally,

it introduced anelectrochemical approach for the subsequent Au desorption from the CNTs
sorbents, which opens new avenues for environmentally friendly Au elution from graphitic

sorbents.
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5.1 Abstract

Electrochemical membranes (ECMs) and porelestrodes have gained much attention in a
broad range of applications including water and wastewater treatment, energy production and
storage, and carbon dioxide capture. Lab scalelh experiments (electrochemical stirred cells)
are the baseline for dealoping ECMs and porous electrod&¥e observed electrochemical
dissolution of metal fasteners (alligator clips), used to hold porous conductive and non
conductive membranes in batch electrochemical cells, despite being kept outside the electrolyte
solution. The electrolyte ions migratedrtiugh the porous membranes by the action of capillary
forces forming a closed electrochemical circuit with the alligator clips. This unexpected leaching
can lead to misleading results for electrochemical experiments on porous electrodes and ECMs.
In this sudy, we compared (1) porous membranes versus-porous electrodes, (2) hydrophilic
versus hydrophobic membranes, and (3) conductive versuscnaductive membranes in their
ability to cause capillary wettingnduced corrosion of metal alligator clips. \@posed a simple
solution for the problem: separating the metal alligator clips from the porous membrane
electrode with a norfporous conductive graphite foil, which keeps the electrochemical circuit
open. We have validated this solution and propose & asgandard method for experiments using

porous electrodes and electrically conductive membranes.
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5.2 Introduction

Much research efforts have been directed towards applications and material improvements of
electrochemical membranes (ECMs) and poroestebdes for water treatmen{1¢10]. ECMs

have gained increasing attention and impamte for their ability to both separate solutes in
solutions and perform electrochemical reactions. As such, ECMs have demonstrated an ability to
prevent surface fouling, degrade contaminants, remove chlorine, and detect foulants, among
other abilities provided by a porous electrochemical surfgt&c16]. Similarly, porous electrodes
have gained importance for their ability to increase electrode surfea and increase mass
transfer of reactants by flowing solutes through the electroflEa;19]. Batch experiments on a

lab scale are usually the baseline for developing ECMs and porous electrodes. Wherein the ECM
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or Porous electrode is used as a working electrode in a batch electrochemical cell (BECC)
containing the water/wastewaterequired to be treated, as illustrated Figure 5.1ECMs have
been evaluated in BECCs for a variety of applications including hexavalent chromium removal
from drinking watel{20], de-chlorination of treated drinking watd@1], detection of chlane in
solution[22], detection of foulants on membrane surfad@8], and to evaluate the stability of
conductive coatings on ECM24,25] ECMs have been used as either anodes or cathodes,
inducing oxidation or reduction reactions at their surface. These branes have been formed

from polymeric substrates coated or crosslinked with a variety of materials including carbon
nanotubes (CNT§0,21] graphitic material§26,27] conductive polymej25,28]and metal thin
films[22,29]

As the electrochemical systems and the electrolyte solutions become more complex, it is
imperative to identify confounding chemical and electrochemical parameters that could lead to
misleading results when using ECMs and porous electrodes in batetiragpts. In BECCs, ECMs
and porous electrodes are conventionally connected to a power generator by conductive wires
rods that are attached to the ECM and porous electrode with metal fasteners, usually metal
alligator clips, as shown rigure 5.1 The moscommonly used alligator clips are composed of
stainlesssteel or copper which are low cost and have high electrical conductivity. It is always
recommended to keep the metal alligator clips outside of the electrolyte solution to prevent their
corrosion aw their involvement in the electrochemical reactions.

In this study, we demonstrate that metal alligator clips fastened to ECMs become involved in the
electrochemical reactions in BECCs even when kept outside the electrolyte solution. We

hypothesize thatelectrolyte ions can migrate through porous ECMs and porous electrode by
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capillary forces and thereby can interact with the metal alligator clips, resulting in their
participation in electrochemical reactions. The redox reactions of the alligator clips in
electrochemical reactions can lead to deceptive results, in particular when using ECMs to treat
water in BECCs. For instance, the anodic oxidation of metal alligator clips can lead to metal
dissolution in the wastewater that is being treated, which canfeond measurements of
treatment efficiency. Furthermore, metal alligator clip dissolution can confuse ECM
electrochemical characterization (e.g., by CV curves) during pollutant degradation. The reaction
of alligator clips and other nemert connectors wihin porous electrode and porous ECM
systems will be of particular concern when these porous electrodes are used as anodes, and they
will be of increasing concern during longer term experiments needed to validate such systems
for industrial application anar in high ionic strength electrolyte solutions such as seawater and

brine, mining effluents, and some industrial wastewaters.

5.3 Materials and Methods

In our experiments, we used a thretectrode batch electrochemical cell (resembling
electrochemicatells used in literature for batch ECMs experiments), as showigime 5.1 A
graphite counter electrode (CE), Ag/AgCl reference electrode (RE), and concentrated NaCl
electrolyte solution (conductivity (50 mS/cm), pH (6.2)) were used for all electracheém
experiments carried out in this study. A highly conductive electrolyte solution (i.e., concentrated
NacCl solution) was chosen for this study as an extreme condition to accelerate and intensify the
interaction of the electrolyte ions with the alligatatips to clearly illustrate the interference of
alligator clips in the electrochemical reactions. Various materials were used as working

electrodes (WE) to assess the effect of wettability, conductivity and porosity on electrolyte ion
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migration through etctrodes to the alligator clips causing their dissolution and interference in
the electrochemical reactions. A working electrode ECM (i.e., polyether sulfone (PES) membranes
coated with amide functionalized multiwall carbon nanotubes ANNWCNTS)), was cquared

to working electrodes composed of nawnductive but porous membranes (hydrophilic
polyether sulfone (PES) and hydrophobic polyvinylidene fluoride (PVDF)), and nonporous but
conductive graphite electrodes. The electrode gap between the WE and Gihi(gyavas
maintained at 20 mm in all experiments. Stainleg=el alligator clips (kept outside the
electrolyte solution) were used to hold the WE and CE and the distance between the bottom of
the alligator clips (holding the WE) and surface of the wates maintained at 6 mm. New
unused alligator clips were used for each experiment. 6mA anodic current in a chrono
potentiometric mode was applied for Lusing a potentiostat (Metrohm, Multi Autolab/M101)
connected to the electrochemical cell, unless statederwise.The electrochemical cell inner

diameter was 6 cm, and the electrolyte solution was stirred at 200 RPM to easifioem mixing.
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Figure 51: Batch electrochemical cell using electrically conductive membrane as working
electrode fortreating water/wastewater

5.4 Results and Discussion

Initially, a bare PES membrane was used as an anode in a BECC, as shgureirb.2.
Interestingly, the bare nowonductive membrane produced a closed electrochemical circuit
when a 6mA current was applied, with an average potential of 5.2V vs. Ag/AgCl induced at the
anode. pH of the electrolyte solution increased from 6.2 to 11.8 by é¢md of the 1h
electrochemical reaction, as shown in Table S5.1. Water electrolysis occurred at the cathode
producing hydrogen gas (E81), and a chlorination reaction occurred at the anode producing

chlorine gas (E&.2). The chlorination reaction ¢E5.2) is more favorable at the anode than the
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oxygen evolution reaction (OER) (@) in a concentrated NaCl electrolyte soluti@d¢33]. As

a result, hydroxide ions generated frothe hydrogen evolution reaction (E&.1) are not
consumed in the OER, raising the electrolyte solution pH. The bare, dry PES membrane is a non
conductive polymeric material and would act as a resistor to the flow of electrons, preventing a
closed electrehemical circuit. Nevertheless, the stainlestsel alligator clip (kept outside the
electrolyte solution) was observed to be participating in the electrochemical reaction. Therefore,
electrolyte ions must have migrated through the porous polymeric memdriay action of
capillary forces, to form a closed electrochemical circuit with the stairdte=s alligator clip.
Anodic electredissolution of the stainlessteel alligator clip occurred, producing orange
precipitates, which became large enough to visuabservein the electrolyte solution twd

after the end of the electrochemical experiment, as shown in the third colunfiigfre 5.2.

Iron, the main constituent of stainlesseel, dissolved by anodic oxidation (Bdl) and reacted

with the abundanthydroxide ions in the electrolyte solution, producing iron hydroxide (orange
precipitate) [34,35] This was confirmed by a contrexperiment in which a stainlesseel
alligator clip was immersed directly in the electrolyte solution and used as an anode in the same
electrochemical cel(Figure 5.2). Dissolution of iron in such an electrochemical cell is well
established and the ange precipitate generated in this electrolyte solution was identical to that
produced using a bare PES membrane anode held by a stastéedsalligator clip maintained
outside the electrolyte solutioffFigure 5.2) [36]. As the only source of iron in either of these
cells is the alligator clip, it is evident that iron was dissolving from the alligator clip and migrating

through the membrane, despite being held outside the glagte solution.

2H0 (1) + 2e© Hx(g) + 20Haq) 51) (
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2Ct (aq)© Chk(g) + 2e (5.2)
40H (aq)© 2HO0 (1) + Q(g) + 4e (5.3)

Fe(sP Fe*(aq) + 2e (5.4)

In contrast,Figure 5. shows a nosporous graphite electrode used as an anode in the same
BECC. No precipitate was generated in the electrolyte solution after applying 6mA, famich
confirms that norporous electrodes do not enable electrolytaimigration to the alligator clips,
thereby preventing their electralissolution. The average potential at the graphite anode was
(1.34 V vs. Ag/AgCl) and the pH of the electrolyte solution increased from 6.20 to 8.22 by the end
of the 1-h electrochemicateaction. The increase in pH resulted from hydroxide generation as
aforementioned. However, the increase in pH was less than that when using the bare PES
membrane as an anode, which suggests that at the graphite anode the OER3[Eaccurs
together with the chlorine evolution reaction (Ed.2), likely because graphite has higher
electrical conductivity than the PES membrane.

To further analyze the electrochemically generated precipitates, each electrolyte solution was
FAE 0SNBR (KNP dz3 Koramed2h aftervthe aoBpletich {of eatls efectrochemical
experiment. Precipitates were retained on the MF membranes and weighed after drying. The
orange precipitates irrigure 5.4, ¢ as compared to the lack thereof on membraneBigure

5.2b, confirms that nomporous electrodes prevent alligator clip corrosion, while a sufficiently
water wicking porous membrane will allow electrolyte ion migration and thereby cause the
alligator clip to corrode. Directly immersing the stainlsgsel alligatorclip electrode in the
electrolyte solution Figure 5.2) produced a dark red precipitate of iron oxides. 10.4 mg of

precipitate was formed when the stainlesteel alligator clip was immersed directly in the
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electrolyte solution while 3.8 mg of precipitatermed when the bare PES membrane electrode
was suspended in the electrolyte solution by a stainkdsgl alligator clip. As expected, when
directly immersed in the electrolyte solution the stainlessel alligator clip would undergo
greater corrosion P electrodissolution.Figure 5.8 shows the use of a copper alligator clip as

an anode in an electrochemical cell under 20mA applied current. As expected, the copper
alligator clip also corroded by electoxidation producing a bluisgreen CuO precipitatin the
electrolyte solution, indicated that copper alligator clips would similarly corrode when used to
suspend porous ECMs in BECCs. Copper corrosion was achieved by applying 20 mA to the copper
alligator clip to reach an average potential at the WE>d.14 V vs. Ag/AgCI (the potential
required for copper oxidation). This potential was not reached when applying 6 mA to the copper
alligator clip, since a patina formed over the clip and acted as a passivation layer reducing the
O2 LILISNDa O zohadrOnitheddsd & the dtajflesweel alligator, iron was oxidized

into rust (iron oxides) which did not not form a protective layer on the alligator clip, and the rust
flaked off in the solution allowing iron oxidation at a lower current than treajuired for the

patina-coated copper alligator cli87].
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Figure 52: (a) PES membrane, (b) Graphite, (c) Stairdtessd alligator clip and (d) Copper
alligator clip each used as anodes in a batch electrochemical cell (BECC). The first column shows
the BECC before the electrochemical experiment, the second column shows the BECC-after a 1
h electrochemical experimenthé third column shows the BEC@ after the end of the
electrochemical experiment, anq t[le fqur:[h columr] shows the precipitate from each BECC
FTAft USNBR 2yu02 | n®dH >Y aC YSYONIY
We then studied the effect of membrane conductivity amettability on electrolyte ion
migration through membranes by comparing the corrosion of stairdtss| alligator clips that
suspended a bare PES membrarig(re 5.8), NH-MWCNTSs coated on a PES membrghgure
5.3b) and a bare PVDF membra(fégure5.3c)used as anodes in BECC. PES membranes are
known to be hydrophilic, however when they are coated with hydrophobic CNTs the
hydrophilicity of the membranes decreases while its conductivity substantially increases. PVDF
membranes are known to be more dpphobic membranes than either PES or @€Nated PES
membrane. In order to confirm the difference in membranes' wettability, we perforchethmic
contact angle experiments on a badP&S membrane, NWIWCNTSs coated on a PES membrane,
and a bare PVDF memlm& The contact angle for the initial attachment of a water droplet on a
PVDF membrane was 54 Gompared to 28.1in the case of a PES membrane and 2m2he
case of NMMWCNTSs coated on a PES membrane (Figure S5.1). While the required time to reach
complete wetting (i.e., zero contact angle) was 7s for a PVDF membrane, 6sFfMWENTS
coated on a PES membrane, and 3s for a PES membrane (Figure S5.1 and Figure S5.2). These
results confirm that PVDF membranes are more hydrophobic than PES ancb&@iilr PES
membranes. The results also indicated that c&Ndted PES membranes have a higher

hydrophobicity than PES membranes despite their similar surface contact angles for the initial

attachment of water droplets. The required time to reach complete wettmthe case of CNT
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coated PES membrane was twice as long as that for a bare PES membrane. In all three cases,
significant orange precipitates were generated in the electrolyte solution (third colurigafe

5.3) indicating that decreasing the wettabjlit(i.e., increasing the hydrophobicity) of the
membrane was not sufficient to prevent the electrolyte ion migration through the membrane.
However, it was clear that the there were greater amounts of orange precipitates formed in the
case of the PES membmathan when using the more hydrophobic membranes (third column of
Figure 5.3. The last column iRigure 5.3 K2 ga (GKS LINBOALAGEFGS 2y acC
collected by filtering the electrolyte solution I2 after each electrochemical experiment. An
orange precipitate was collected and weighed after drying in each case. Iron oxide precipitates
weighed 3.8 mg using PES as an anode, 2.7 mg ustAidWENTs coated PES membrane anodes

and 1.8 mg PVDF membrane anodes (1.8 mg). These results confirm thaictbase in
hydrophilicity enhances the electrolyte ion migration inside the membrane allowing for a higher
corrosion rate of the alligator clips. Electrolyte solution pH increased over the course ohthe 1
long electrochemical experiments from 6.2 to 8 vhen using the PES membrane as an anode,
from 6.2 to 11.6 when using the BMWMWCNTSs coated PES membrane as an anode, and from 6.2

to 11.9 when using the PVDF membrane as an anode, as shown in Table S5.1. The increase in
electrolyte solution pH in all cas confirms the closed electrochemical circuit, which results in
water electrolysis and chlorine evolution, increasing the electrolyte solution pH by hydroxide
generation, as previously explained. The average potentials at the WE were 5.2V vs Ag/AgCl for
the PES membrane anode, 3.2V vs Ag/AgCI for theMIWCNTSs coated PES membrane anode,

and 8.4V vs Ag/AgCl for the PVDF membrane anode. Tellingly, the hydrophobic PVDF membrane

electrode required a higher average applied potential to achieve the same cy@emtd) as
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compared to the hydrophilic PES membrane. This is likely because of the lower ion current
density of electrolyte ions migrating through the hydrophobic membrane as compare to that
through the more hydrophilic membrane. In the case of theINMVONTs coated PES membrane
electrode, the average potential was lower still than either of the insulating bare PES and PVDF
membranes due to the higher conductivity of CNTs which lowers the required electric potential

to achieve the same 6mA current.
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Figue 53: a) PES membrane, (b) NMWCNTs coated PES membrane, (c) PVDF membrane and

(d) PES membrane (separated from the stainktes! alligator clip by a thin graphite sheet)

each used as anodes in BECC. The first column shows the BECC beflar@rinehemical

experiment, the second column shows the BECC aften al&ctrochemical experiment, the

third column shows the BEC&hafter the end of the electrochemical experiment, and the

fourth column shows the precipitate from each BECC filteredidn I n®H >Y aC YSY«
In order to mitigate alligator clip corrosion, an inert conductive material resistive to electro
dissolution (e.g., Pt, Au) could be used to fabricate the alligator clips. However, noble metals are
costly in comparison with stdesssteel and copper. Alternatively, the porous membranes can
be separated from the metal alligator clips in the electrochemical cells using an inert conductive
current collector (e.g., graphitelrigure 5.3dhows a bare PES membrane used as an anage in
BECC while being separated from the staintes| alligator clip by a thin graphite sheet. As
expected, applying 6mA forll did not generate orange precipitates in the electrolyte solution

2 h after the electrochemical experiment, and no precipitataswshown after filtering the

electrolyte solution through MF membranes.

5.5 Conclusion

In conclusion, it was shown that metal alligator clips holding porous ECMs in BECC patrticipate in
electrochemical reactions, even when these alligator clips are kefgide the electrolyte.
Electreinduced corrosion of alligator clips occurs with both hydrophilic and hydrophobic porous
membranes, producing iron oxide precipitates in the electrolyte solution, although hydrophobic
membranes were shown to produce feweregipitates. We hypothesize that the electrolyte
solution wets the electrode enabling ions to migrate through the porous membrane by capillary
forces. Thus, considerations should be taken when using porous ECMs suspended by metal

alligator clips for water reatment experiments in BECCs to avoid alligator clips' electro
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dissolution which can lead to misleading results. Similar considerations are also necessary when
testing the stability of these ECMs for lotegm experiments in either BECCs or electrochemica
crossflow systems to validate their industrial applicability. Finally, these study findings should
also be applied to all porous electrodes tested in BECCs for their many applications including
hydrogen productiorj38,39] organic molecule electrochemical reactions (e.g. glycerol oxidation
[40], ketone oxdation [41] and pyridine oxidation[42]), fuel cells[43,44] and water and
wastewater treatment (e.g. organic contaminant degradatid,46] and water esalination

[47]), where the capillary migration of electrolyte solutions and alligator clips' corrosion are

expected to occur in the same manner.
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6.1. Abstract

This study investigates electassisted RO filtration of calcium sulfate solutions by applying an
electric potential to metal conductive feed spacers separating RO membranes. Calcium sulfate is
a secondary pollutant produced during metadh mining wastwater treatment. Calcium
hydroxide is conventionally used to precipitate metals from mining effluents. While effective, it
reacts with sulfates in the feed water, producing a high amount of calcium sulfates in the treated
solution. Calcium sulfate is thefeposited as gypsum scale during RO filtration of the treated
solution, causing severe membrane fouling leading to low permeate flux and possible damage on
the RO membranedJsing antiscalants for gypsum mitigation during RO filtration can be costly
and leads to a high chemical consumption which produces a secondary environmental disposal
challenge. Using electrochemical technologies for gypsum mitigation can reduce the
environmental impacts caused by antiscalants. Some studies have shown that the appl¢ati
electrical potentials to electrically conductive membranes could be effective in reducing mineral
scaling. However, fabricating electrically conductive RO membranes that maintain rejection is
non-trivial and requires significant changes to RO memenaranufacturing. A simpler approach

may be toreplace conventional polymeric membrane spacers with electrically conductive metal
spacers and to apply an electrical potential to these spacers to prevent mineral scaling formation
on the RO membranes. In th&udy, we investigate gypsum mitigation by applying electric
potentials on lowcost stainless steel metal meshes used as feed spacers for an RO membrane
during the crosdlow filtration of calcium sulfate solutions. This study analyzes the overall impact
of anodic or cathodic electric potentials on gypsum scale mitigation. Cathodic potentials (greater

than the water electrolysis potential) generate hydrogen bubbles that can physically remove
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formed gypsum on the membrane surface. However, cathodic potisntian electrostatically
attract calcium cations to deposit on the membrane surface. Anodic potentials are expected to
repel calcium cations inducing a nucleation free zone near the RO membrane and generate
oxygen bubbles as well which reduce the gypsuatisg on the membrane. Nevertheless, anodic
potential is also known of causing anodic corrosion of the metal spacers, which can generate
additional foulants in the feed solution. This study quantitatively evaluating whether the benefits
achieved in applyim electric potentials to the metal feed spacers outweighs the limitations of

such an approach.

6.2. Introduction

RO filtration is currently the leading water treatment technology used in seawater desalination,
potable reuse applications, and treatmentrafning effluent as membranes are modular, mobile,
and energy efficient enabling esite treatment even in remote locationfl,2]. However,
membrane fouling is a primary challenge when using RO filtration in water treatment.
Contaminants accumulation on the membrane surfaces lead to decreased permeate flux, lower
selectivity, and sometimes physical damagehe membrane surfacefl,3]. Mineral scaling is

one of the most common membrane fouling problems especially when treating brackish and sea
water, and mining effluentf4]. Mining effluents are rich in metals as well as sulfates dissolved
from the mined raks[5,6]. In the presence of water and oxygen, sulfates are converted into
sulfuric acid producing the acid that leads to acid mine drainage (AMID® acidic water that

flows from metal mines. Caign hydroxide is conventionally used to precipitate the metals in
AMD and to neutralise the acidic solutipf)8]. However, a secondary pollutant (calcium sulfate)

is produced in the treated solution by the reaction of calcium with sulfuric acid. This solution is
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usually filtered in RO sy&hs to produce a water stream that is of adequate quality to be released
into the environmen{9¢11]. During the filtration process, calcium sulfate forms an intransigent
gypsum (CaS2HO) scale on the membrangB2,13] Gypsum has a sharp crystal structure that
can puncture the polyamide thin films that are the RO membrane active surfaces as the gypsum
precpitates and growg14]. Damage to RO membrane active layers irreversibly eliminates
membrane selectivity fosalts. Moreover, gypsum scale is a dense mineral structure that severely
hinders water flux across the membrane, both limiting productivity and reducing the selectivity
of RO membranes. The formation of gypsum can be so dense and uniform in some cases as t

nearly eliminate water flux across the membrgis].

Several studies have shown thatthddition of antiscalants containing phosphonates, carboxylic
acids and acrylic acids to the feed to the RO membranes can mitigate minerals gaqir&].
Nevertheless, the high chemical antiscalants consumption can cause secondary environmental
waste challenge$19,20] Using electrochemical technologies for mineral scale mitigation can
reduce the costs and environmental impacts of using antiscalants. Recent research has shown
that the application of electrical potentials to electrically conductive membranes (including RO
membranes) is effective in reducing mineral sca[th@1¢23]. Applying a positive potential to

the an electrically conductive membrane, which would thusemate as an anode, was
hypothesized to prevent calcium ions from accumulating near the membfdheFurther,
applied positive potential was thought to reduce the density of gypsum dddleNegative
applied potentials sufficiently large to achiewater electrolysis prevented the silicate minerals
from attaching to the membrane operating as a cathd@d]. Water electrolysis produces
hydrogen gas at the cathode membrane which dissolved the silicate minerals attached to the
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membrane[24]. Nevertheless, modifying RO membranes with electrically conductive surface
layers that maintain the high rejection required for monovalent salt separation is challenging and
research is still ongoingsignificant hurtks exist in modifying and manufacturing, thus these

membranes may not be commercially developed for several \j@ats

In spiral wound membrane modules, polymeric feed spacers are used to separate membrane
sheets and to promie feed solution mixing near the membrane surf§26]. A simpler approach

to fabricating electrically conductive RO membranes for eleasisisted filtration is to replace

the polymeric feed spacers with flexible meshes made of electrically conductive metals(e.g.,
copper, stainless steel, titaniunand to apply electric potential directly to these conductive
spacerdg27,28] A titanium feed spacer has been previously used to detach microorganisms from
an RO membrane using either positive or negative applied potelizid]sPositive potential was
thought to detach microorganismsytgenerating translational motions, while negative potential
was hypothesized to induce electrostatic repulsion with the negatively charged microorganisms
[27]. Applying a negative potential to a titanium feed spacer during humic acid filtration assisted
in cleaning the membrane via hydragéubble generation28]. To date, the use of metal feed
spacers for mineral scaling mitigation during eleeassisted membrane filtration has not been

investigated.

In this study, we investigated gypsum matiggn on a RO membrane by applying electric
potentials on a lowcost metal feed spacer (i.e., stainless steel) on the surface of a RO membrane.
Gypsum was used as the model scalant as this is the most challenging scale to remove from RO
membranes. Negativpotentials applied at the spacer surface at magnitudes greater than the

hydrogen evolution potentiatQ.42 Ws. SHE at neutral pigenerate hydrogen bubbles that can
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physically remove formed gypsum and dissolve gypsum scale that formed on the membrane
surface. However, negative applied potentials will electrostatically attract calcium divalent
cations to deposit on the membrane surface. Applying positive potential at the spacer surface
was expected to repel calcium cations inducing a nucleation free mzeaethe RO membrane,
which could reduce the rate of gypsum scaling on the membrane. Applying positive potential
above oxygen evolution potential (0.8%%. SHE at neutral pi)ll also generate oxygen bubbles
which can induce steric mixing effect, whidecrease gypsum scaling on the membrane.
However, a positive applied potential is also known to cause anodic dissolution of the metal
spacers (iron the main constituent of stainless steel theoretically dissolves at Wg4SHE at
neutral pH) which @n generate additional foulants in feed solution. Herein, we investigated the
overall effect of applying positive/negative electric potentials on gypsum scale mitigation.
Further, we evaluated whether the advantages gained by applying electric potentiaiseo
metal feed spacers outweighed the limitations associated with anodic dissolution and enhanced
calcium deposition. We have also presented a techoonomic analysis for using various

conductive feed spacers .

6.0. Experimental
6.3.1Materials

Commercial BW30 Polyamide RO membranes were purchased from Dow FilmTec USA. 304
stainless steel mesh (aperture size 1.45 mm, open area (i.e., porosity) 73%, thicknes§2Zd mil
mm), length (84 mm), and width (50 mm)was purchased from McMastCarr Canada to be

used as a feed spacer. A titanium mesh (aperture size 0.2 mm, open area 20%, thickness 20 mil

(0.5 mm), length (84 mm), and width (50 mmwas obtained from Delta Scientific Laboratory
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Canada to be compared with the stainless steetifespacer. Calcium hydroxide and sulfuric acid
were obtained from Sigma AldricBanada. All stock and buffer solutions were prepared in 0.05
>{kOY 5L ¢FGSNJI FTNRBY I aAfftALRNBE agaiusSvo

6.3.2 Model for Estimating Gypsum Nucleation Free Zone near the RO Membrane

Prior to CaSgelectro-assisted filtration experiments, thdodified Poisson Boltzmann equation

was solved numerically in MATLAB to estimate the gypsum nucleation free zone induced near
the membrane at positive applied potentiald/hen a charged surface is placed in an ionic
solution, the solution ions rearrange sereen the surface charges, counterions are attracted to
the surface and c@ons are repelled from the surfad29]. lonic specige redistribution around

the charged surfaces creates an ionic cloud, known as the electric double layer, which has an
electrostatic potential[29]. The ModifiedPoissorBoltzmann (MPB) equation describes the

electrical potential distribution as function of distance from a planar charged surface as follows

[30]:
Q. ® B ad Aop 3T
== ay o
D \ (b Q!Q.
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where- is the solution electric permittivity, is the electric potential, x is the distance from the

charged surface) A &4 ! @231 RNR QA Yy dzYo SN3H is e valanceioKighic St SO
speciesk is the Boltzmann constant, T is the solution tesrgiure, & is the bulk concentration

of ionic species and  is themaximum ion concentration that can accumulate on the charged

surfaceand is calculated from:



where P is defined as the packiragtor, which is equal to 1 in case of perfect packing, 0.64 in
case of random close packing and 0.52 for simple cubic pg@dhdn our study P is assumed to
be 0.64 (i.e., random close packing of ions on the charged membranesjh®&ionic radiusf
ions in the solution. In this study, membrane fouling will be investigated in CafB@ions, the

ionic radii for C& and SO#% were taken as 0.1 nij81] and 0.258 nnf32], respectively.

In orde to be solved numerically, the MPB equation should be written in a dimensionless form.

The dimensionless form of the MPB equation for planar coordinates was deduced to be:

Qn . Q. C—@’B ad A@p an
——— W - W T P
Qw Qw B (—bw—AQE)Qﬂ 0

Wheren is the dimensionless potential, Y is the dimensionless distance from the membrane,

is the ionic strength of the solution andis kappa which is the inverse of Debye length:

n — ¢&8 and 9 AQ@DP+ Q@ (6.5)

)=-B UA (6.6) and + ——c¢) (6.7)

After solving the MPB equation to giite electrical potential distributionthe concentrations of

co-ions and counter ionas function of the distance from a charged surfae@ be calculated

from [30]:
) o Aop S5
N B -2 Agpd “
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For this study, the conductive spacers attached to the RO membrane was considered as a planar
charged surfacdthe spacers have length to thickness ratio (168) and width to thickness ratio

(100)). The MPB equation (Eg. 6.3) was solved numerically using boundary value problem fourth
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order method (BVP4C) in MATLAB tothetelectrical potential distributioms a funtion of the
distance from the charged spacer@aS®@solution The boundary conditions for this problem
are3 3 and 3 1. These boundary conditions in the dimensionless form are
corresponding to:

n — (6.9 and n mn  (6.10)
The concentration of Caions near the spacer surfaavas calculated from Eg. 6.8 at different
applied anodic potentials at the spacer surfage ( =1,3,6 V). The gypsum nucleation free
zone was estimated to be the distance free from calcium ions near the spacer séygpandix
A shows the MATLAB code used for solving the MPB equation for a flat plate (i.e., the conductive

spacer) charged with 1 V in 2.5 mM (340 ppm) Gas@tion.

6.3.3 ElectreAssisted RO Filtration Experiments

2.5 mM (340 ppm) Ca%®olution (initial conductivity-p n 1~ > { k~@.%)aslpliepared by
adding Ca(OH)o HSQ solution. The CaS®olution was filtered in a crodtow filtration system

while applying electric potentials to a stainless steel mesh spacer attached toreeRBrane to
investigate gypsum scale mitigation under an applied electric field. The ctstdimab-scale
crossflow filtration system (shown irFigure 6.1 consists of a membrane crefisw cell,
acontrol valve(Badger meter Inc., USA), a high pressure pump (Wanner Engineering Inc., USA),
and a feed water tank equipped with a chiller (VWR Co., USA) to maintain a constant temperature
(25%2 °C). The membrane crd&sv cell held atinless steel spacer attached to rectangular flat
sheet membrane (effective area of 48¥), the cell is equipped with a graphite electrode which
was used as a counter electrode to the spacer working electrode in the electrochemical filtration
experiments A schematic for the crogkw cell is shown in Figure S6.1. The two electrodes were
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connected to stainless steel rods which is connect to an external power supply to apply an electric
potential. An opersource software package was applied using a VBasic control program on

an Arduino Nano microcontroller to coordinate input/output operations between computers,
sensors, and actuators. This system was used to control the feed pressure anflawossocity

as well as to automate data acquisition.eT$olution in the feed tank was continuously filtered

by theROmembrane at a constant pressui 250 psi. The retentate and permeate were
recirculated into the feed tank. RO Membrane samples were compacted for 18 h with deionized
water before being used in the Cafédlution filtration experiments. Salt rejectiong., Salt
rejection (%) = 100 & ¢ G/ G)) was determined by measuring the permeate conductivity (C
and the feed conductivity®) using a conductivity meter (Thermo Scientific, USIymalsed

flux (.e, Normalsed flux (%) = 100 x}{Ji)) was determined by comparing thmeasured
permeate flux of CaS@xposed membranesH to their permeate flux before Ca€xposure

(Ji).-
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Figure 61: Custombuilt lab-scale crosflow filtration system.

6.4 Results and Discussions

6.4.1Estimating Gypsum Nucleation Free Zone near the RO Membrane

Before the CaS{electro-assisted filtration experimentgypsum nucleation free zone near the
conductive spacers was estimatéar positive applied potentials using the modified Poisson
Boltzman model. Applyingositive potentials on the conductive spacer on the surface of the RO
membrane was expected to repelTaations from the spacer creating a gypsum nucleation free
zone.The nucleation free zone was supposed to reduce the scale formation on the membrane
surface enhancing the permeate flux. At negative potentials, sulfate anions are also supposed to
repel from the membrane surface creatiagiucleation free zone. Howevehd calcium cations

will be attracted and deposited on the negatively charged spacer reducing the permeate flux.
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Therefore, the nucleation free zone at negative applied potentials is not expected to enhance the
scale mitigation and was not computed in tbtsidy.

Figure 6.2shows the C# cations concentration as function of the distance from the charged
surface (i.e., conductive spacer) at positive lggib potentials on the spacer surface. The
nucleation free zone (i.e., the €aions free zone) was estimated to be 0.95 nm in case of 1V
applied potential and increased to 1.49 nm and 2.00 nm upon increasing the applied potentials

to 3V and 6V respectilyg assuming theoretical conditions with no thermal losses. Increasing the
applied potential increased the electrostatic repulsion force between the positively charged
aLJ OSNJ FyR GKS YSGrft OFdAz2ya AYyONBlIaAiged GKS

spacer, which can lead to better fouling control and higher permeate flux.
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Figure 62: C&*cations concentration as function of the distance from the charged spacer at
positive applied potentials
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6.4.2 ElectreAssisted RO Filtration experiments

Electric potentials were applied between the stainksssel spacer and the graphite counter
electrode while filtering 340 ppm Ca%®olution in a crosflow filtration cell. Applying3V
electric potential to the spacer/graphite pair while using the spacer as cathode did not affect the
permeate flux in comparison with the control experiment at OV les\s inFigure 6.3This result
indicates that the generated hydrogen bubbles at the spacer cathode did not produce sufficient
mixing or shear forces to overcome the calcium deposition on the membFagere 6.3also
shows that increasing the applied potential {6V caused a significant decline in the flux in
comparison with the control experiment at 08(yggesting that enhanced electrostatic attraction

of the divalent calcium cations to the spacer cathode increased membrane scaling. Increasing the
applied potential to-7V was expected to significantly increase hydrogen gas production which
was predictedto limit scale formation on the membrane surface. Nevertheless, the enhanced
electrostatic attraction of calcium cations to the spacers seemed to enhance the formation of
gypsum scale. An image for the RO membrane is showigure 6.3vhen this membrane was
used to filter the CaSf@lectrolyte solution with a spacer cathode charge#¥ applied potential.

The image illustrates a white precipitate tihre membrane surface related to calcium deposition.
The salt rejection in case of using cathodic spacers exceeded 968% and-7V applied
potentials, indicating that the electric field did not affect the ions rejection. While the pH of the
permeate inceased from 7.5 (in case of control) to 8.3 and 9.5 in case of appB¥hgnd-7V
respectively. Using the spacer as cathode produced hydrogen gas and hydroxide igne#©OH
themembrane increasing the permeate pH, but had no effect on reducing gypsumation and
increased gypsum scaling with the applicatior®f potential.
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Applying 3V to the spacer/graphite pair while using the spacer as an anode did not show a
significant enhancement in the permeate flux in comparison with the control experiments at 0V,
as shown irFigure 6.3In order to estimate the potential at the spacer surface corresponding to
the applied potential between the spacer/graphite pair in the crbess cell, a threeelectrode

batch electrochemical ce(having a stainless steel spacer working electrode, graphite counter
electrode and Ag/AgCI reference electrode) connected to a potentiostat and a voltameter was
utilized. Applying 3V to the spacer/graphite pair approximately induces 2.3V vs. Ag/AYGIg2.5
SHE) at the spacer surface. Using PBM model, a nucleation freezone of 1.37 nm will be produced
when applying 2.5 V to the spacer surface. However, this nucleation free zone did not enhance
gypsum mitigation on the RO membrane as shown by the unclitbpgeneate flux irfFigure 6.3

Under anodic potentials, the spacer undergoes anodic corrosion and thus oxidative dissolution
of iron in the electrolie, producing irorbased foulants which were hypothesized to have a
negative effect on the permeate flux and negated any enhancement resulting from the either
induced nucleation free zone or steric repulsion froag@s generation. A 7V potential between

the spacer/graphite pair (6V vs. SHE at the spacer surface) was then applied to demonstrate that
the production of iron foulants from the spacer anodic corrosion in the electrolyte would
counteract any benefit obtained from the nucleation free zone (@®at 6V) induced near the
membrane surface or from the steric effect from §as generation . As expected, the permeate
flux significantly decreased when applying 7V in comparison with 3V and OV control experiments,
as shown irFigure 6.3A digital image for the RO membrane used for Ga8IDtion filtration in

the 7V applied potential experiment is shown kigure 6.3 The image shows an oranged

precipitate on the membrane surface indicating the anodic dissolution of iron (the main

171



constituent of the stainless steel spacer) whicbduced extra foulants in the solution decreasing

the overall flux. Control experiment in a batch electrochemical cell using stainless steel spacer
anode and graphite cathode showed the formation of significant red precipitates after 1h of
applying 7V irCaS®electrolyte confirming the anodic dissolution of the stainless steel spacer,
see Figure S6.2. Similar to the case of using cathodic spacers, the salt rejection for the control
and the electro filtration experiments at 3V and 7V exceeded 96%. Ouothiee hand, the pH of

the permeate was affected by the electfittration. Applying 3V and 7V on the spacer decreased
the permeate pH from to 7.5 to 6 and 4.5 respectively. Using the spacer as an anode promoted
water electrolysis and Hbrotons productiomear themembrane which decreased the permeate

pH, but had no impact on reducing gypsum scale initial permeate flows faihe performed
experiments in this section were nearly constant (4.949.06 mL/min) which ensure an
accurate comparison betwedhe different experimentsFigure S6.4 shows dhthe permeate

flow during applied potential experimenksas thesame trend ashe normalizedflux (Figure 6.3)

when compaedto the control experimergat OV.

To validate these results, a titanium spacer that was previously used for electro assisted filtration
of solutions rich in organic and biofoula®¥,28] was used in place of the stainless steel spacer
during CaS® solution electrofiltration. The tanium spacer electrofiltration experiments
demonstrated the same flux decline behaviour as the stainless steel spacer experiments when
using the titanium spacer as either an anode or a cathode under 7V applied potential, as shown
in Figure S6.3a. Figure.Si6 presents control experiments with the titanium spacer anode and a
graphite cathode in a batch electrochemical cell, demonstrating anodic dissolution of titanium

into titanium dioxide (white precipitate) under 7V applied potential for 1h in Ga§@trolyte.
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The conclusions from these set of experiments are twofold: First, the use of conductive spacers
as cathodes for gypsum mitigation during eleeaissisted filtration will not be effective as the
reduction in permeate flux caused by the deposited calciumonaton the membrane will
overcome any potential cleaning effect realized by hydrogen bubble generation via water
electrolysis. This result can also be extended to electrochemical membranes (ECMs) as the
competition between the calcium deposition and hydem bubbles cleaning effect will occur in

the same manner. Second, the use of conductive metal spacers for gypsum mitigation during
electro-assisted filtration will not be effective due to metal anodic dissolution. However, the use
of anodically inert eldcically conductive spacers, such as graphite or CNTs coated spacers may
benefit from the nucleation free zone induced near the membrane via the anodic potential and
enhance the overall permeate flux. Anodically inert spacers are expected to be more epens
than the stainless steel spacers used in this study. Therefore, an economic analysis was

performed to compare the cost of different types of conductive spacers, as follows.
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Figure 63: (Left side) Normalised permeate flux as function of filtration time under different
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applied potentials in a crod®ow filtration cell, initial permeate flux = 58.5 L#h, applying3V
and 7V to the stainless steel spacer/graphite pair while usingphees as anode was notated
as "3V" and "7V'while applying8V and 7V while using spacer cathode was notated®s""
and “7V". (Right side) Digital images for the RO membranes after the elassisted filtration
experiments.

6.4.3 Economic Analysis foifferent Spacer Materials

To draw a comparison between conductive spacers fabricated form different materials, a techno
economic analysis was preformed to compare the cost of stahsiiess spacers with that of
polymetric spacers coated with CNTs &printed graphene spacers. The stainless steel spacer
that was used for this study (purchased from McMagBarr Co. Canada) costs $58.29/rthe

cost of which included material costs as well as the operational and capital costs to produce it.

Polyprogylene spacers are widely used as feed spacers for RO membranes, however they are not
electrically conductive. Coating polypropylene (PP) spacers with a conductive material that is
inert to electric anodic dissolution (e.g., CNTs) can enable their useeatrceliltration
applications. Commercial PP spacers (having 76% open area (i.e. porosity), diamond shaped hole
size 2.79 mm (i.e. aperature), thickness 31 mil, and 9x9 strands per inch) are sold by Industrial
Netting Co. USA for 3 $fmRao et al. have skvn that the mass of CNTs required for coating a

PP membrane was 4.17 g CNT4[88], and previous demonstration from our group have shown
that 1.73 g CNTs/fare required for coating PES membranes. Thus, the requn&ss of CNTs

for coating PP spacers were assumed to be in the range betweerd1.73y CNTs/tn The
thermal cost for spray coating the PP membrane with CNTs was?$287h We assumed that

spray coating would be amorige most efficient methods to coat a polypropylene spacer thus

the same thermal cost was assumed for the spray coating of PP spHeerapproximate cost of

functionalized CNTs (CNTs functionalization is necessary for effective dispersion of CNTs in the
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spraying solution to allow uniform coating on the spacer surface) is $17 /g from Cheap Tubes Co.
USA. Taking into consideration the void fraction of the spacer and that both sides of the spacer
need to be coated, the total surface area of the spacer tadwted per M polypropylene spacer

sheet was estimated to be 0.91652mAdding the thermal cost for spraying ($2nthe
propylene spacer cost ($8F), and the CNTs cost (mass of CNTs per unit area-41173g
CNTs/m) x price of CNTs per mass ($17 /gT€Nor a total CNT cost ($29-40.89/n7)). All of

these are scaled by the required area to be coated per unit area (0.9165). Thus, the total materials
and energy cost for coating a PP spacer with CNTs is $33.58/n?. The capital cost of thermal
spraycoaters according to a market survey varies between $20§BI)0000 depending on the

size and brand. This capital cost would be amortized over the lifetime of the coater and the total

surface area coated in that time.

An alternative approach to makingrductive spacers is to use 3D printing. Using 3D printing for
the production of graphite conductive spacers has been previously repd84[d Graphene
blended polymer spacers ( squashaped hole size 4.95 mm (i.e. aperture), thickness 50 mil) was
produced by fusion 3D printing of polylactic acid filaments blended with 8% graphene. The
materials cost was $570/frand electric costvas $0.963 /M [34]. The capital cost for the
Industrial fusion 3D Printers cost varies between $20:$000,000 according to the Fusion3 Co

USA.

Table 6.1shows a summg for the techneeconomic analysis comparing the stainlsssel
spacer, PP spacer coated with CNTs, and 3D printed graphite spacer. Toea®dTPP spacer
fabrication does not require high materials and energy cost in comparison with the stastdess

spacer, nevertheless the capital cost is higher but this will be amortized over the total surface
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area of membranes produced in the lifetime of the device. In comparison, the 3D printed graphite
spacer showed a significantly higher materials cost congparngh both the stainless steel and

the CNTcoated PP spacers, and required a higher capital cost than the-spatiyng technique.
Taking into consideration that the stainlesteel spacer electrochemically dissolves when used
as an anode in electro astd filtration, CNIcoated polymeric spacers might be a reasonable

choice for anodic spacers due to it relatively low materials and energy cost.

Table 6.1: Techneeconomic analysis for different types of conductive spacers

Cost Stainless steel PP coated with CNTs | 3D printed graphite
spacer spacer spacer
Materials $29.5467.55/n7 $570/n?
Energy $58.29/n? $2/m? $0.963 /n?
Capital $20,000$80,0000 $20,000$100,000

6.5 Conclusion

In this study, we investigated gypsum scale mitigation during filtration of calcium sulfate solution
while applying electric potentials on a lesost stainless steel feed spacer attached to a RO
membrane. We examined the effect of using the feed spacersther a cathode or an anode

on gypsum scale mitigatioft was determined that using conductive feed spacers as cathodes
for gypsum mitigation during electrassisted filtration is not effective as the cleaning effect of
hydrogen bubble generation via we electrolysis was insufficient to prevent the reduction in
permeate flux caused by deposited calcium cations on the membrane . Further, it was
determined that using anodic metal spacers for gypsum mitigation during elassisted
filtration is not efective either, as the metal spacers anodically dissolve. However, the use of

anodes that are anodically stable and resistant to analissolution may be used to produce a
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nucleation free zone near the membrane surface via anodic potential which may imaowerall
permeate flux. A higievel techno economic analysis suggests that usingcoiated PP spacers
would be an economically feasible technological approach to making conductive spacers to limit
mineral scaling. Future experiments will focus on \ality the expected positive effects of using

anodic CNToated polymeric spacers on scale mitigation in eleessisted filtration processes.
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Chapter 7

Contributions and Future Perspectives
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7.1 Contributions

Efficient industrial wastewater treatment is required nowadays for industrial wastewaters to
meet both environmental and social needs within economic feasibility. Removing toxic
contaminants (e.g., toxic metals and organic pollutants) is necessary fasafleedisposal of
industrial wastewater, while extracting useful resources (e.g., precious metals) can make
treatment economically beneficialThis thesis investigated theeplacement conventional
removal and treatment methods for metal and associated eamnants from industrial
wastewaters with novel electrochemical approaches to lower the environmental impact,
decrease the chemical consumption, decrease the overall capital costs by reducing the number

of unit operations, whilextracting precious metakss an economic benefit.

Chapter 2 demonstrated for the first timehe feasibility of combining electrochemical oxidation
and insitu coagulation for treating mixed industrial wastewater containing high concentrations
of toxic metals together with organic pollutants Electrochemical oxidation experiments of
methyl orangemodel solution identified Ir@RuQ mixed metal oxide anodes as the optimum
electrodes for organic compound degradation. These anodes together with stagtéeds
cathodes were used to degrade a highly contaminated mixed industrial wastewater using an
electrochemical oxidatioin-situ coagulation (EG{Z) process. EGC resulted in a treated
solution with a substantially lower heavy metal content, lower organic content, greater effective
diameter of the suspended particles, and distinct phases that carsdparated for further
treatment. The dominant mechanism for heavy metal removal from the solutiothes

coagulation of thaoxic metals with the insitu electrolysidormed iron hydroxide. While anodic
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electrochemical oxidation was the dominant mechami®r degrading organic compounds in the
solution. The findings of this study demonstrate the feasible use oflIEQ@ocess towasithe
efficient treatment of real mixed industrial wastewater rich witbxic metals and organic
contaminants. Such a processuld decrease the chemical consumption and the stagewise unit
operations required for treating these highly contaminated wastewaters, which will have
economic and environmental benefit(lowever, the ECOC process is limited to industrial

wastewaters ch in metals that can form metal hydroxide coagulants (i.e., iron or aluminium).

Chapter 3 reported the invention of a closed loop continuous process for adsorption and
electrodesorption of toxic metalfrom aqueous solutions using CNT sorbents. The dHusmp
continuous regenerative process enables the feasible use of highly effective, but expensive CNT
sorbents for metal removal from waste solutionsThe desorption process is based on
electrochemicalregenerationof CNTSrom metals which avoids the red for acids or other
solvents to regenerate the CNTpper (a model toxic metaljlesorption from functionalized
carbon nanotubewia electric fieldswas demonstrated90% of the copper adsorbed onto the
CNTsurfaces was desorbed by applying 3V anodic potential forTtie mechanism of desorption
washypothesized to belectrostatic repulsiometween the CNT anode and the Cu catiather

than Cu electrochemical oxidatioand/or the shearing from bubbles generateby water
electrolysisat the CNT surfac&his study demonstrated the use of CNTs for effective removal of
copper (a model toxic metal)and their environmentally benign electrodesorption into a

concentrate stream.

Based on the results from chapter 3, ger 4 investigated gold (a model of precious metals)

extraction from industrial wastewaters using CNTs and their subsequent elution from the CNTs
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via a chemicalree electrochemical techniqueSuch a process could enable downstream
resource recovery of pcious metals, turning an environmental pollutant into a valuable
resourcewith minimal chemical consumptiorin the first part of the study, the effect of
functional groups attached to MWCNTSs on gold extraction from acidic solutions simulating e
waste le@hate was investigatedlhe study demonstrated a traeef between the effect of
functional groupelectric charge and specific surface @a(&SA)n Au adsorption onto MWCNTs
Negatively charged MWCNTSs have a negativgact on Au adsorption from acidic kdions
regardless of their SSAn the other hand for positively charged MWCNTS, the SSA area has a
more dominant effect on Au adsorption than the magnitude of the strength of the surface charge
groups. In the second part of the study, Au electrocheimiglation from sorbents was
demonstrated for the first timeAu electrodesorptiorfrom MWCNTSs sorbentshowed a direct
relationship with the applied current and the mass of Au adsorbed on the MWCTHES.
mechanism for Au electrodesorption from MWCNTSs isiebed to be Au electrochemical
oxidation reactions.This chapter provided a better understanding of the effect of CNTs'
functional groups on Au extraction from acidic wastewaad demonstrateda chemical free

approach for the subsequent Au elution from theT&\sorbents in neutral solution.

Chapter 5 demonstratethe electrochemical dissolution of metal fasteners (metal alligator clips)
holding porous conductive and naronductive membranes in batch electroehieal cells, even
when these alligator clips are kept outside the electrolyitavas identified thatlie electrolyte

ions migrated through the porous membranes by the action of capillary forces forming a closed
electrochemical circuit with the alligatorligs. This phenomenon has not been previously

reported in either the porous electrode or electrochemical membrane (ECM) literature, yet has
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significant implications for batch electrochemical cell experiments, and may confound
experimental results. A simplsolution was proposed to this problem: separating the metal
fasteners from the porous membrane electrode with a fmorous conductive graphite foil,
which will maintain an open electrochemical circuit. This solution was validated and proposed as
a standad method for experiments using porous electrodes and electrically conductive
membranes. The findings of this study will decrease the source of errors when testing ECMs and
porous electrodes in batch experiments. This will have significant implicationhémany
emerging applications of porous electrodes and ECMs in water treatment incluclktal
removal organic pollutant degradatioanddesalination.

Chapter 6 demonstrated the electassisted filtration of calcium sulfate solutions using RO
membranesCalcium sulfate is a secondary pollutant produced during metal removal from acid
mine drainage. Calcium sulfates deposited as gypsum scale during RO filtration of mining waste
solution, reducing the permeate flux and possibly damaging the RO membrati@s. iesearch,
conventional gypsum mitigation usiragntiscalantsvas replacedy an electrochemical method

to minimize thechemical consumptiorand reduce the associatednvironmental disposal
challenges. [Ectrically conductivenetal feedspacersvere chaged withelectrical potential to
prevent gypsumscak formation on the RO membranahiring the filtration ofcalciumsulfate
solutions It was identified thatapplying cathodic potentials on the metal spacers to prevent
scaling by hydrogen bubble scourwgl not be effective as the crystallization of gypsum on the
membrane is resistant to the cleaning effect of hydrogen bubble generation via water
electrolysis. Applying anodic potential on the metal spacers during elassisted filtration

caused anodi dissolution of the metal spacers. The foulants produced from the spacer
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dissolution decreased the permeate flux and prevented any scale mitigation resulting from a
gypsum nucleation free zone induced near the membranes via the anodic potential. The resu
of this research suggest that using inert feed spacers to eletitsolution (e.g., CNTs or graphite
coated polymeric spacers) may benefit from the nucleation free zone induced near the

membrane during applying anodic potential and to enhance the al/permeate flux.

7.2 Future Perspectives

This thesis recommends that future researchers should investigate the following aspects.

1. ECQACprocess was introduced for the simultaneous removal of metals and associated organic
pollutants from highly contaminated mixed industrial wastewater. A significant decrease in the
metal concentrations was shown, however the organic pollutant degradatias hmited by
electrode available surface area for oxidatiéiuture researclshouldfocus on quantifying the
effect of electrode surface areaand porosityon the rate of organic compound degradation
Additionally, it is recommended taombire the ECGIC process with conventional treatment
methods (e.g.membranes) to achieve more efficient treatment of industrial wastewater.

2. A closed loop cycle for metals adsorption and electrochemical desorption from waste solutions
using CNTs sorbents was introducddhis approach waasedfor metal (i.e., copper or gold)
removal from single metal solutions in batch systefmgure researclshould investigate using

this process for the selective adsorption of metals from mixed metal solutions. Future studies
should asofocus onbuilding acontinuous process for the adsorptive water treatment followed

by concentrated metal recovery in a waste streaand should continue developing industrial

efficient techniques for CNT removal from polymeric membranes.
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3. A limitation on gypsum scale mitigation via charging metallic feed spacers in edssigied
filtration process was shown in this study. The results suggested that anodically inert feed spacers
are a more appropriate alternative to metal feed spacerthastudy of mineral scale mitigation
during RO filtration. Economic analysis has shown that polypropylene (PP) spacers coated with
CNTs will be a cosfffective option as inert feed spacers. Future studies should experimentally

investigate the effect offtarging CN-Eoated PP spacers on scale mitigation during RO filtration.
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Appendix A

Supporting Information

Chapter2 Supporting Information

Table S21: EDXAnalysis for the titaniunbased electrodes

Elements Wit% | IrO-RuQ-TiG:anode | RuQ-TiG:anode | IrO,-RuQ anode

0] 29.0 37.8 334
Ti 30.9 21.8 18.4
Ir 22.0 4.6 31.0
Ru 13.6 35.2 135
C 2.4 -- --

Sn 1.1 - 2.2
P - 0.7 --

Co 0.6 - 1.5
Si 0.3 0.2 --

Table S22: Elements Mole percent in titaniwiased electrodes calculated from tEXAnalysis

Elements mole% | IrO,-RuQ-TiG;anode | RuQ-TiG;anode | IrO.-RuQ anode

O 61.71 73.71 74.20

Ti 21.98 14.19 13.71

Ir 3.90 0.75 5.74
Ru 4.58 10.83 4.75

C 6.80 - -
Sn 0.32 - 0.66

P - 0.26 -
Co 0.35 - 0.92

Si 0.36 0.25 -
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Table S23: TOC analysis for filtered Sarnia samples

Sample # TOC fhpm)
Sample 1 2250
Sample 2 2036
Sample 3 1980
Sample 4 1970
Sample 5 1402
Sample 6 1401
Sample 7 1249
Sample 8 920
Average 1651
Standard deviation 469

Table S24Y h NHI yAO 02y GSyid dlledSadidistdwhter Saingles T2 NJ o n
Compound Formula Relative Fraction % Probability %
6-octadecenoic acid GigHzsO, 23.794 10.6
Palmitic acid GieHz2O2 14.873 72.9
Alkanes GiHan+2 12.995 8.16
Ethyl 4ethoxybenzoate Gi1Hi40s 12.269 94.8
Fattyalcohols Gi2H60 9.192 7.23
Behenyl alcohol GoHisO 7.227 5.85
1,2-octadecanediol CigHssO 6.330 4.16
Stearic acid CigHzeOo 4.424 35.9
Lauric acid GioH140, 2.487 27.9
Hexaethylene glycol GioH607 2.124 0.26
Stearyl alcohol GigHssO 1.809 19.6
Hexadecyl trichloroacetate CGigHssCEO2 1.666
Table S25: Metal analysis for filtered Sarnia samples
Sample # | Fe ppm) Mn (ppm) | Mg (ppm) | As ppm) Al (ppm) | Ni (ppm)
Sample 1 101.70 8.38 15.26 0.81 0.15 0.35
Sample 2 418.30 12.31 20.38 0.85 0.26 0.35
Sample 3 99.85 6.37 22.77 2.14 0.32 0.35
Sample 4 23.53 7.02 15.35 0.83 0.47 0.18
Sample 5 190.00 12.22 19.19 1.07 0.51 0.24
Average 166.68 9.26 18.59 1.14 0.34 0.29
standard | g, 59 2.84 3.26 0.57 0.15 0.080
deviation
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Sample # Cu ppm) | Cr ppm) | Pb ppm) | Cd ppm) | Be ppm)
Sample 1 0.092 0.0023 0.0027 0.0016 0.00008
Sample 2 0.026 0.010 0.0022 0.0016 0.00008
Sample 3 0.026 0.0042 0.0011 0.0030 0.00008
Sample 4 0.088 0.0063 0.018 0.0034 0.0011
Sample 5 0.038 0.012 0.0079 0.0054 0.0046
Average 0.054 0.0069 0.0064 0.0030 0.0012
Standard deviation | 0.033 0.0039 0.0070 0.0016 0.0020
Table S26: Anions analysis for filtered Sarnia samples
Acetate Chloride Formate Sulfate Lactate
Sample #
(PPmM) (PPmM) (Ppm) (PPmM) (PPmM)
Sample 1 262.36 489.14 77.65 72.48 1.97
Sample 2 1190.54 641.04 12.80 67.79 1.08
Sample 3 369.67 298.56 58.40 29.23 2.06
Sample 4 225.01 438.06 137.38 51.99 9.18
Sample 5 1156.25 337.69 12.61 11.04 1.00
Average 640.77 440.90 59.77 46.51 3.06
Standard deviation 489.26 135.37 51.90 26.05 3.46
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Figure S21: TOC degradation in Sarnia wastewater during 1h-EC#2 0.5 A applied current using a

Electrochemical Treatment Time (min)

curved Ir@-RuQ anode
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Chapter Supporting Information

Figure S31: (a) U\WVisspectra of C«DDTC complex EBDTA and tribasic ammonium citraqueous
solution, (b) A representative calibration curve relating thé*Gancentration to the absorbance at 460
nm wavelength; the line represents the regression model fit witbf®.998and standard error of 0.094

ppm.

Table S31: EDX analysis fHiSW/DWCNTSs, HCI treate®¥WV/DWCNTs and Cu saturatesW/DWCNTs

Elements (Wt%)| f-SW/DWCNTs HCI treated Cu saturated
f-SW/DWCNTs| f-SW/DWCNTS
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