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Abstract

Adsorption is a simple aneffective process for the removal of organic contaminants with
low concentration from water. However, the disposal of adsorbent loaded with toxic contaminants
may not be feasible, especially for adsorbents which are not available in large quantitees or ar
expensive to produce. In order to meet these challenges, an economical process to treat water
contaminated with dissolved organics is to utilize adsorption coupled with electrochemical
oxidation. The adsorption occurs on the nonporous surface of thieega with high electrical
conductivity, subsequdgt by electrochemical oxidation resulting in degradation of the
contaminants. The adsorbents employed in adsorpteErirochemical regeneration processes
have a low adsorptive capacity (ca. 1 m{, dow electrochemical regeneration efficiency (<100
%) or high energy consumption. There was thus a need to produce new materials that have both
good regeneration efficiency and adsorptive capacity. This PhD project focuses on an investigation
of graphene adsbents to be utilized in adsorption and electrochemical regeneration.

In this regard, different graphene nanocomposite namely graphene / iron oxide, graphene /
TiO2 and graphene / Sn(ave been synthesized, characterized, and applied in adsorption and
regeneration process. Reduced graphene oxide / iron oxide showed good capability to adsorb the
organic contaminants with adsorptive capacity of 39 rhgrgl be regenerated electrochemically
with a regeneration efficiency of 100% for a charge passed of 39 @geadsorbate. However,
the surface of the rGO was observed to be corroded during electrochemical regeneration,
indicating that the rGO / 10 adsorbent could only be used for a few cycles. On the other hand,
Graphene / Ti@showed a lower absorptive cajtg, but with lower required charge passed of 21
C per mg adsorbate. TEM studies revealed that the bare graphene was rapidly corroded, while
graphene / Ti@could tolerate more cycles of adsorption and electrochemical regenelhtiike.



graphene / Ti@ graphene / Snidor SbSnG showed higher adsorptive capacity combined with

a low required charge for 100% regeneration of 21 C péradgorbate. Graphene / Sn® Sb

SnG nanocomposites also showed good performance in presence of sodium sulpl&e as t
electrolyte. The effect of the synthesis conditions on the graphene prepared by electrochemical
exfoliation was also investigated. The results show that graphene synthesized using ammonium
phosphate possessed higher electrocatalytic activity and thetatality than the graphenes

synthesized using other salt solutions.
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Chapter 1. Introduction

Water is an essential material for all living things on earth and the presence of organic
contaminants produced by human activities can be detrimental to the environment and human
health. They can be consumed / broken down by microorgamesnlting in consumption of
dissolved oxygen (Henry and Heinke 1989). They may also hamper the oxygelutths in
water. This can not only hinder aerobic activity, but also facilitate anaerobic reactions and produce
harmful products such as>8 (Horan 1989). In addition to ecological effects, other problems
associated with organic contaminants are thgicity (Halling-Sgrensen et al. 1998), genotoxicity
and endocrine disruption (Arcaitby et al. 1998), and prevention of the growth of bacteria
(Kimmerer 2004). Thus, water treatment becomes essential to remove the colored, texic, non
biodegradable contamants for today's world.

The regulatory burden on industry has increased, requiring minimal concentrations of
organic contaminants in discharged effluent (Asghar et al. 2012). A number of treatment methods
have been utilized to eliminate pollutants in@hgd chemical and electrochemical oxidation,
advanced oxidation processes, biodegradation and membrane filtration (Brown et al. 2004b). Of
the aforementioned methods some, such as biodegradation, may be unable to degrade certain
contaminants, while othefgke advanced oxidation, may not be cost effective. The adsorption and
electrochemical regeneration process using graphite as the adsorbent can be utilized to treat
colored, norbiodegradable, and/or toxic organic contaminants to a very low concentration
(Asghar et al. 2014a). This method has several advantages including: the absence of secondary
effluents, room temperature and ambient pressure operation, no sludge production, and minimal
chemical additives (Brown et al. 2004b). The purpose of this prigjdotintroduce a range of
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graphene based materials for use as adsorbents in an adsorption and electrochemical regeneration
process, eliminating organic pollutants from aqueous media. The nonporous surface, high
conductivity, and high surface area of grapé suggest that this material could be efficiently

regenerated through anodic electrochemical oxidation.

1.1 Wastewater treatment methods

Many studies have been conducted concerning decontamination processes including
photochemical oxidatior{Arbuj et al. 2010), electrochemical oxidation (Indu et al. 2014),
bi odegradation (Il kék and Sponza 2006), nanof
precipitation (Tan et al. 2000), chemical oxidation (Zhang et al. 2004) and adsorption processes
(Ekrami et al. 2015)in thefollowing sections, some of the methods along with their pros and cons

will be discussed.

1.1.1 Chemical precipitation and coagulation

This method requires introducing a chemical such as iron sulfate (Vogelsang et al. 2006) or
ferric chloride (Pham and Proulx 1997) in to the water to react with the organic pollutant and make
them insoluble or barely soluble. The efficiency of the process depends on how effectively the
reagent can react with organic compounds and change their sglulbiliother words, more
insolubility leads to higher removal. The precipitated compounds are usually present in the form
of suspended solids. Accordingly, secondary solid liquid separation treatment is required such as

settling, filtration or centrifugatio to separate the suspended solids. Another way to increase the



efficiency of separation is to intensify the agglomeration of the suspended solids and consequently
the sedimentation using a coagulant such as aluminum sulfate, ferric chloride, or cationic
polymers. These coagulants destabilize the suspended solids so that they can clump together.
Although the most common coagulant in waste water treatment is aluminum sulfate,
polymerized derivative of aluminum i.e. poly aluminum chloride has attracted migchst as it
eliminatesthe polymerization step at thmint of adding the coagulant to the waste water (Van
Benschoten and Edzwald 1990). Among the polymeric coagulants, poly (diallyldimethyl
ammonium chloride) is the most common, patyethyleneamineand melamindormaldehyde

are also used (Dentel 1991).

Overall, the drawbacks of chemical precipitation can be categorized in 3 groups (Kurniawan
et al. 2006):
1- Requiing a large amount of chemicals
2- High cost of the reagents
3- The disposal of the coagulatasdlids which can be problematic as it can be hard to

condense and dry.

1.1.2 Ultrafiltration

Ultrafiltration uses a semipermeable membrane to separate components from effluents using
driving forces such as pressure or concentration gradi@msryan 1998). Separation using
ultrafiltration has drawn a tremendous amount of attention in recent decades. This method can
separate particles bigger than 0.20%m under pressures of between7kPa. However, its

application in dye house effluent can be restricksdcomplementary treatment like reverse

3



osmosis (RO) or nanofiltration may be needed to increase the quality of the treated water. The
major drawbacks are the high capital cost and their limitation in eliminating dissolved organics
such as dyes. Differemgpe of membrane for filtration have been utilized to increase the quality

of the treated water. Nevertheless, in addition to their high(@wstn et al. 1995¥puling due to

the deposition of solids can affect the membrane performance and incregser#timg costSun

2007).

1.1.3 Biological treatment
Biological treatment is the degradation of organic compounds by microorganisms leading to

the productiorof carbon dioxide and water or methane. Bacteria, fungi, aatdofauna are the
most important microg@anisns in biodegradatior{Ateia et al. 2016)Biological Treatment can
happen either in aerobic conditions where oxygen can be oxidant and or in anaerobic conditions
where nitrate, sulfate, or another compound would be the reducing agents. Howevef,thest 0
biodegradation used in the dye industry uses aerobic con(llieyer et al. 1992).The biggest
drawbacks of this method are (Sharma and Reddy 2004):

1- Long treatment time compared to the other methods

2- Producing toxic breakdown product

3- Suitable for limited range of contaminant e.g. it is not suitable for decomposing azo dyes

(Carilell et al. 1995)

Biological treatment is the most widely used water treatment method in industry.
Nevertheless, many organic contaminants are tenacious,anbitidegradation takes a very long

time. Furthermore, biodegradation can produce several intermediates which are more toxic than



the original substancgkhaled et al. 2009)To decrease the organic concentrations to the lowest
amounts even farefractory contaminates, biodegradation can be coupled with adsorption using

an activated carbon or bentonite adsorlfktathmoud et al. 2007).

1.1.4 Photocatalysis
Photocatalytic degradation is a type of advanced oxidation process in which highly oxidative

agents such as, OHand Q™ produced by a semiconductor metal oxide acting as a cadadyst
responsible for breaking down the organic contaminants. The reaction initiates when the catalyst
-typically a semiconductor with a large bandgegcited with ulta-bandgap radiations to form
electronhole pairs. These electrdmle pairs can produce very strong oxidizing agents through
oxidation of water or reducing dissolved (@hong et al. 2010, Pef&tus et al. 2004). There are
two major problems associatedthvphotocatalysis (Daghrir et al. 2013):

1 The recombination of the electrtwle pairs is very fast, reducing the efficiency of the

process.
1 The band gap of the semiconductors is large so visible light has insufficient energy to form

the electron hole pad, increasing the cost for utilization on a large scale

Many studies have been conducted to delay the recombination or @égbeeaand gap of
the photocatalysfMahmoud et al. 2007Mineralization through photochemical oxidation is a
powerful tool todegrade the refractory organics, but it needs a large amount of energy and

therefore its application is often not cedtective at large scale.



1.1.5 Adsorption

One of the most widely used methods for wastewater treatment is adsorption. Adsorption is
an attactive technology because of its simplicity, good removal performance, ease of operation as
well as the availability of a wide range of adsorbgBi©wn et al. 2004b, Gupta et al. 2009).
Adsorption is the immigration and adhesion of the atoms, molecule®molecules from the
fluid phase (gas or liquid) to the surface of the salidile absorption is a process in whatioms,
molecules olions transfer between the bulk phaBeure 1-1 shows theadsorption mechanism

which consists of three consecutive steps (Shri Ramaswamy 2013):

1. Film or external diffusion: substances transfer from the bulk liquid phase to the exterior
surface of the adsorbent

2. Internal diffusion (pore diffusion): substances transfer from the exterior surface to the pores
of solid

3. Surface adsorption (surface diffusion): adsorption occurs at the active sites of interior pores
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Figure 1-1. Schematic picture of proposed adsorption process at the surface of a solid,
porous adsorbent material. The schematic was adapted from (Shri Ramaswamy 2013)

Every solid material has the ability to adsorb a sorbate, beffihaiveness of the adsorbent
(which can be characterized by the adsorptive capacity) depends on the structure, degree of
polarity, porosity, specific surface area and the functional groups at the {@ti@icBamaswamy
2013). The conventional types ofdaorbent include activated carbon, graphite, zeolite, organic
polymers and silica based compour{&ri Ramaswamy 2013%ome properties of different

adsorbent are shown irable1-1 (Haan 2015).

Table 1-1. Characteristics of different types of adsorbents (Haan 2015)

Typical Specific
Adsorbent Type| Characteristics Usage
surface areém? gl




Separation hydrocarbons fror
Hydrophobic,
Activated vent stream,
favors organics
Carbon removal of odor or taste
over water 4001200
component from drinking wate
Hydrophilic, H.O removal from organic
Silica Gel 200900
High capacity solvents
Hydrophilic, Liquid bulk separations:
Zeolite polar, regular | Normal paraffins, isoparaffins 100-300
channels aromatics
Hydrophilic, H.O removal from organic
9- alumina 200-400
High capacity solvents

A number of new carbon based adsotbmaterials have been developed to address the
environmental challenges associated with water contaminated with dissolved organics. Graphite,
graphite intercalation compounds, carbon nanotube and graphene can be placed in this group. It
has been shown preusly that these type of adsorbe(ittissain et al. 20183 Mohammed et al.
2011)have the ability to remove toxic pollutants from water and are amenable to regeneration.
Disadvantages of the adsorption process include:

1 Spent adsorbent may be considesidthzardous waste
1 Relatively hight cost of regeneration

1 The regeneration may produce secondary waste



Adsorption is usually characterized by the adsorption isotherm, which shows the equilibrium
loading of adsorbate on the adsorbent as a function of equilibrium adsorbate concentration in
solution at a constant temperature. The adsorption isotherm is the first essential component for
analysis of an adsorption process, in order to design an adsorptiom $yste determine the
removal efficiency and treatment costs. In order to compare different adsorbent materials, the
loading of adsorbate is normalized by the mass of the adsorbent. In a batch adsorption experiment,
the adsorptive capacity can be determdibg measuring the concentration of adsorbate in solution
before and after adsorptio@ and C: respectively, as shown in equatiptr1] below. (Shri
Ramaswamy 2013):

o [1-1]

Where q is the equilibrium loadir@y andC;s are initial and final concentration respectively,
Vis the solution volume andyq is the mass of adsorbent.

Several modal have been proposed to describe the adsorption isotherm. Most of the
developed adsorption isotherm models were employed for gas adsorption on solids; however, these
models can also be applied for liquid solutes on solid adsorbent. In following, somgootant

ones will be mentioned (Worch 2012):

Irving Langmuir presented the Langmuir model in 1918 (Worch 2012). Langmuir isotherm
is a theoretical model based on following assumptions:
1 Monolayer coverage of the adsorbent

1 Energetic homogeneity of the adption sites (Worch 2012)



The Langmuir adsorption isotherm is given by:

_g,bC
1+bC

[1-2

wherege is the amount of MB adsorbed per gram of adsorbent at equilibrium condition,
is the equilibrium concentratioandK andb are the Langmuir equation constaitse Freundlich
isotherm has been proposed by Freundlich in 1906 (Worch 2012). It has been turned to a standard
eqguation to describe the isotherm in wastewater treatment. The Freundlich isotherm is an empirical

model and assumes (Nahid Ghasemi 2012):

1 Heterogeneous surface with a aamform distribution of heat of adsorption over the
surface

1 A multilayer adsorption

The Freundlich isotherm can be considered as a summation of Langmuir isotherms with
different valuesof the constanb. This may explain the piece of adsorption sites with different

adsorption energies (Worch). The Freundlich equation is given by:

q=KC" [1-

In 1948 Sips proposed an isotherm model that can resemble both Langmuir and Freundlich
behaviors (Worch 2012).

Sibs model is given by:
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[1-

1.1.6 Electrochemical oxidation

Electrochemical oxidation is one of the most frequently used electrochemical tectiorques
eliminating the organics contaminants. It comprises in situ formation of the oxidative agents and
degradation of organics at the anode of an electrolytic cell. Electrochemical oxidation has been
applied to eliminate different type of organics suchhiaphenol (Murugananthan et al. 2008),
naphthalene sulphonates (Panizza et al. 2006), benzoic acid (Velegraki et al. 2010), benzoquinone
(Yoon et al. 2007), 2,4 dinitrophenol (Canizares et al. 20@i#halomethane (Sonoyama et al.
2003), aniline (Mitader&t al. 2004).Two variables which can influence the efficiency of the
process are the effluents with- ibw conductivity such as distillery effluenfManisankar et al.
2003), 2 low concentration (Steele et al. 1990)he low conductivity of the wasteater will
result in higher ohmic loss and consequently higher cell voltage leading to higher energy
consumption. The conductivity of the solution can be increased using supporting electrolytes such
as NaCl, however, besides the cost of the NaCl and theaised water salinity, the presence of
NacCl allows for the production of toxic chlorinated hydrocarbons breakdown pr@dugtdhy et
al. 1992).Low concentration effluent or decreasing the concentration to a very low quantities
would be problematic in etérochemical oxidation because of the mass transport limitation of the
contaminants to the surface of the electrode. This phenomenon increases the side reactions such

as oxygen evolution, reducing the current efficiency. One approach to overcome thigastsal
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be eliminating the mass transfer limitation by first adsorbing the contaminants at the surface of the

electrode.

Mechanism of the electrochemical oxidation

There are two different mechanisms in electrochemical oxidation of organics: direct
electrochemical oxidation and indirect electrochemical oxidation. The former occurs by oxidation
of organic contaminants adsorbed on to the surface of the electrode, however the latter occurs in

the hulk through degradation via intermediate species.

Direct electrochemical oxidatio

As explained above, this mechanism includes adsorbing the organics at the electrode surface
before the oxidation. The degradation occurs either by direct electron transfer or by in situ
produced hydroxyl radicals (Iniesta et 2001). Two pathways depending on the pH condition
have been proposed for hydroxyl radical formation in direct electrochemical oxidation by

Comninellis (Comninellis 1994):

In acidic medium:2H,O- 2H" +2e" +20H " [1-

Basic medium: OH - OH™e- [1-6]

Different anode materials can show different performancesd dédferent behaviors arise
from differences in the electrode surface contribution in adsorption of hydroxy(Jdohsson et

al. 2000).The electrode materials can be classified in two categories called: active and inactive
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electrodeg(Iniesta et al. 200). Whereas physisorbtion occurs at the surface of the inactive

electrodes, active electrodes tend to chemisorb the hydroxyl radicals.

inactive electrodesM +OH" - M(OH } [1-7]

active electrodes: M +OH" - MO +H * &~ 1

Selective oxidation of organics with slow kinetic can take place using chemisorbed hydroxyl
radicals(Comninellis 1992)This pathway does not completely mineralize the orgaiicghis
case contaminants are converted to breakdown products (RO), thus this process is sometimes

called electrochemical modification.

MO+R - M +RO [1-9]

An alternative side reaction on active electrode would be oxygen evolution:

2MO- 2M +0Q, [1-10

In contrast, the physisorbed hydroxyl radicals on the inactive electrodes can facilitate the

complete oxidation of the organics to carbon dioxide and water.

MM(OH")+R - xCO, +yH, O mM nH" ne [1-11]
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Again, apossible side reaction on the active electrode would be oxygen evolution:

2M(OH")- Q+2M ®H " 2 - [1-1;

Indirect electrochemical oxidation

Indirect electrochemical oxidation involves the contribution of the trelgenerated
oxidizing agents as a mediator to mineralize the organic species in water. Among the
electrogenerated mediators such as ozone, hydrogen peroxide; chlorine and hypochlorite are most
the commonly used and studied oxidative regents (Pyo and [2005). Sodium chloride is
usually employed to increase the conductivity of the water in water splitting or degradation of the
organics (Park et al. 2009). Owing to the presence of NaCl, active chlorine species such as chlorine,
hypochlorous acid and hyplorite can form at the anode and take part in the oxidation process.
The following equations show hypochlorous acid can contribute in organic oxidation at the anode

surface (Israilides et al. 1997).

M+H,0 € -M(HOCI) H * e+ E

M(HOCI")+R - M RO H* GI° L 1

Side reactions at the anode include chlorine and oxygen gases evolution:
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2ClI" - Cl,+2° [1-1¢

2H,0- O,+4H" e’ [1-16

1.2 Adsorbent regeneration

When the disposal of the adsorbent is not feasible due to adsorption of toxic contaminant or
the high cost of production; regeneration or desorption playsnportant role to make the
adsorption process commercially viable. These processes for volatile adsorbates can be
accomplished with decreasing the partial pressure or increasing the temperature (Sufnarski 1999).
Adsorbent loaded with organic pollutantsdze regenerated using several different methods. The
method used is dependent on various factors, including the costs of the regeneration process, the
adsorbent loss and regeneration efficiency. Regeneration processes can be categorized as: thermal
regeneation (Sheintuch and Matatdveytal 1999), pyrolysis (Suzuki et al. 1978), oxidative gas
(Waer et al. 1992), chemical regeneration (F&ewcia et al. 1996), wet air regeneration (Mvndale
et al. 1991) and electrochemical regeneration (Brown et al. 200dibaitz and Cen 1994).
Electrochemical regeneration can be defined as a process for regenerating the loaded adsorbent in
an electrolytic cell. Electrochemical regeneration has several advantages compared to other
methods. These include: minimal adsorbesses, high regeneration efficiencies, destruction of
the contaminants desorbed from adsorbent by oxidation at the anode, and suitability for use in
small and medium sized treatment facilities (Mohammed 20ljlate the major drawbacks of

electrochenual regeneration are the incomplete anodic regeneration of activated carbon (Weng
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and Hsu 2008), the high cost of establishing large scale treatment facilities, and the potential to

produce toxic breakdown products (Hussain et al. 2014).

As discussed abe, electrochemical oxidation can be used to directly remove organic
contaminants from wastewater. Electrochemical treatment of low concentration organic
contaminant in water is difficult, due to mass transfer limitations of reactants to the electrode
surface. It has been proposed that organic pollutant can be concentrated at the surface of the anode
via adsorption, and therefore the problems associated with mass transfer limitations are lessened
(Brown 2005)

The first study on electrochemical regeneratioh granular activated carbon with
regeneration efficiencies of up to 61 % was reported by Owen and Barry (Owen and Barry 1972).
Granular activated carbon loaded with phenol has been electrochemically regenerated both
cathodically and anodically in an umiiled electrochemical cell by Narbaitz and Cen (Narbaitz
and Cen 1994). The regeneration was carried out in the presence of a 1% NacCl electrolyte and the
results showed that regeneration efficiency of the cathodic process was 5 to 10 % higher than the
andaic process. It was observed that a small amount of phenol remained in the catholyte, while
there was no sign of phenol in tla@olyte during the anodic regeneration. The predominant
mechanism of cathodic regeneration was found to be desorption folloyvesidation at the
anode. Owing to the reduction reactions at the cathode, the local pH will increase during the
regeneration. This phenomenon leads to decrease in phenol capability to adsorb on activated
carbon and assists desorption. By contrast atrtbdeathe pH falls off, and phenol did not desorb.

The results suggested that the electrochemical effects were restricted to the external surface of the
activated carbon and the best performance (in terms of regeneration efficiency) was obtained with
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cathodc regeneration. A regeneration efficiency of 95% was obtained during the first cycle, while
a 2% decrease in efficiency was observed with no adsorbent decomposition in following cycles. It
was found that the electrolyte type, concentration and the pasirg of the activated carbon can
affect the regeneration efficiency. The results obtained by Zhang et al. (Zhang et al. 2002)

confirmed the findings reported by Narbiatz and Cen (Narbaitz and Cen 1994).

Canizares et al. (Canizares et al. 2004) destribe combined adsorption and
electrochemical regeneration process for phenol removal. The electrochemical regeneration was
carried out after the adsorption process to convert the phenol intar@@oagulated solids. For
the first cycle the regenerationfiefency was 80%. The results showed a linear reduction in
regeneration efficiency for four successive cycles with 5% loss in uptake capacity for each cycle.
Hydroquinone was observed as the only breakdown product during the regeneration process.
Yellow coagulated complexes were formed during the regeneration which was attributed to
electrocoagulation of phenol and its breakdown products as a result of coagulability of the
electrogenerated Fefrom the steel anode. Passivation of the electrodes did ne¢halring the

regeneration and the cell potential stayed stable.

In spite of the fact that cathodic regeneration leads to higher efficiency, the anodic
electrochemical regeneration of the loaded adsorbents has some important advantages (Brown
2005). In aodic oxidation, contaminants can potentially be destroyed before they are released into
the water, so there is less likelihood of contamination of the treated water. In addition, desorption
is a slow process, so the regeneration time required is likddg tagher for cathodic processes
(Narbaitz and Karindlashni 2008). Since cathodic regeneration releases the contaminants into the
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water, and indirect oxidation at the anode may lead to toxic chlorinated orgaproducts

(Hussain et al. 2015a)post teatment may be needed.

(Brown et al. 2004byonducted experiments on adsorption and electrochemical regeneration
of a graphite intercalation compound (GIC) adsorbent. Adsorption was carried out first in a batch
setup where crystal violet was used as tloglehpollutant. The regeneration set up included two
compartments divided by a polymer membrane with mixed metal oxide coated titanium anode and
stainlesssteel cathode. A regeneration efficiency of 100% was achieved by passing a charge of 25
C g? which is much lower than the required 1500 €fgr achieving only 95 % regeneration
efficiency with activated carbon. That said, the adsorptive capacity of Nyex (2')nig much
lower than activated carbon (107 mg)g

It was observed that increasing the current density with the same charge passed led to a
decrease in the regeneration efficiency and an increase in the cell voltage and thus energy
consumption.

In another study conducted by Brown and Roberts (2007)r@taso and electrochemical
regeneration was utilized to eliminate phenol from water using a GIC adsorbent. The spent
adsorbent was regenerated successfully by passing a charge of@%e€ ajfew cycles. A small
drop in the regeneration efficiency wabserved over 5 consecutive adsorptiegeneration
cycles.

A continuous adsorption / anodic electrochemical regeneration process using a GIC
adsorbent has been investigated by (Mohammed et al. 2011) in order to remove acid violet 17
(AV-17) from aqueousatution. A 98% decrease in the AV7 concentration was achieved with
an inlet concentration of 300 mg fland 95% reduction for an inlet concentration of 500 mg ml
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! However, measurements of total organic carbon (TOC ) indicated that there is30#200C
(associated with breakdown products) remaining in the effluent when more than 90% ofthe AV

17 was removed.

1.3 Graphene and graphene composites

Owing to the high specific surface area and active sites for adsorption, carbon based
adsorbents have reged a great deal of attention (Thines et al. 2017). Different types of carbon
adsorbents have been employed in adsorption processes such as: activated carbon (AC) (Hameed
et al. 2007), carbon fibers (Senthilkumaar et al. 2005), carbon aerogel (Go&lG&t&|.carbon
nanotubes (CNT) (Yao et al. 2010), and graphene (Liu et al. 2012). AC is a type of carbon materials
with low volume pores and high surface area making it a good candidate for adsorption. ACs are
usually produced from biomaterials such as s&stcbamboo, etc (Thines et al. 2017). Activated
carbon fiber (ACF) is a thermally oxidized and carbonized carbon fiber. ACF demonstrated higher
adsorption capacity along with faster adsorption kinetics than conventional granular AC
(MenendezDiaz and Maiin-Gullon 2006). CNT is a carbon allotrope in the form of hollow
cylinders made of rolled one atom thick carbon sheets (Thines et al. 2017). Although, a number of
study have shown that CNT have some adsorption capacity, there is still not sufficienteviden
that its capacity is high enough to work effectively in a large scale process (Meiiadend

Martin-Gullon 2006).
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Graphene is a-Bimensional onetom thick layer of carbon with a perfect siybrid carbon
nanostructuréGuo et al. 2012)Graphenexhibits a number of intriguing and unique properties,
such as high surface area, large surtaeeolume ratio, and high electrical conductivity. It can be
prepared by different methods such as mmexhanical exfoliation of highly ordered pyrolytic

graphite, chemical vapor deposition (CVD), and exfoliation of graphite (Singh et al. 2011).

Although the oxidation of graphite to graphite oxide maintains the same layered structure as
graphite, the plane of carbon in graphite oxide includes a high caft@ntgen functional groups.
These functional groups make the graphite hydrophilic and also increase the interlayer distance.
Consequently, the exfoliation of the graphite layers can happen with assistance of mild
ultrasonication. If the exfoliated graphiplatelets contain a few layers of carbon, these platelets
are called graphene oxide (GO). The reduction of GO leads to removal of the oxygen functional
groups- hydroxyl and epoxy groups on the basal planes and carbonyl and carboxyl at the edges
and estore a conjugated structure and the high electrical conductivity of graphene. This chemical
oxidatiori exfoliatiori reduction is a facile procedure with a relatively low cBgjurel1-2 depicts
the synthesis steps for reduced graphene oxide. The material produced by this process has
variously been called reduced graphene oxide (rGO), functionalized graphene, chemically
modified graphene, chemically omrted graphene, or reduced graphene. The reduction can be
realized with a number of different methods. Chemical reagent reduction using reductants e.g.
hydrazine, sodium borohydride, thiourea is the most common method. Thermal reduction,
photocalalytic rduction, hydrothermal, solvothermal and electrochemical methods can be named

as other reduction methods (Singh et al. 2011).

20



e
_—
T

Graphite

Oxidation

Graphjte.Oxide

Delamination

Graphene Oxide

Chemical
Reduction

—_—

RGO

Figure 1-2 Schematic of reduced graphene oxide synthesizing by chemigdhtion

exfoliation reduction. The schematic was adapted from (Rajni Garg 2014)

The desirable properties of adsorbents include high surface area, homogeneous dispersion

21

(Anjum et al. 2016), ability to remove various contaminants , and easy separatioiréated

water (Jiuhui 2008). Most of these properties can be attributed to graphene, indicating that it may
be a suitable material for wastewater treatment. However, due to its hydrophobic nature, graphene
naturally tends to agglomerate in water. Thesds to a dramatic reduction in the graphene surface
area and decreases its adsorptive capacity (Mehdinia et al. 2016). In addition, graphene cannot be
separated from wastewater readily. Prevention of graphene aggregation is thus a major challenge

for its utilization as an adsorbent. Several methods have been proposed to overcome this problem;



one effective and potential option is to functionalize the graphene with other materials such as
metal oxides or organic polymers (Chen et al. 2013, Li et al. 20Ut&oy (McCoy et al. 2016)
showed that the dispersion of graphene in water can be conusihedUV lightif photosensitive
surfactanis added to the surface of the graphene. Another approach is to assemble the graphene
sheets in the form of foam (Sui &. 2012, Tiwari et al. 2013). These graphene based materials
have the ability to adsorb a wide variety of dyes, potentially toxic pollutants including heavy metals
and organic contaminants. Several studies (Liu et al. 2012, Yang et al. 2013) havenbeeted

to explore the behavior of graphene based materials for the adsorption of dyes, toxic pollutants
and other organic contaminants. The application of vargraphene based materials for the
adsorption of organic contaminants are compared in ThBlelf one compares the adsorptive
capacity of the graphene based adsorbents with conventional adsorbents such as activated carbon
or clay (Table 13), it can be seen that a number of these composites have comparable values. This
is not always the cases ¢he addition of certain metal oxides such agker TiO; resulted in

reduced adsorptive capacity.

While the electrochemical regeneration of some adsorbsmtt as activated carbonas
been the subject of many r e pwedde,selectracltemidalh e b e
regeneration of graphene based adsorbents has not been previously studied. In a few papers
chemical regeneration of the graphene has been reported in which either secondary treatment
would be needed, the regeneration efficiency was 100%, or the regeneration efficiency
decreased significantly with the number of cycles (Ai et al. 2011, Chang et al. 2014a, Wu et al.

2014b)
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Table 1-2. The application of various Graphene based maseioaladsorption

Adsorptive capacity

Adsorbent Adsorbate Ref.
mg g*

Graphene MB 204 (Liu et al. 2012)
GrapheneFeO4 MB 43.8 (Ai et al. 2011)
GrapheneFeO4 MB 45.3 (Yao et al. 2012)

Graphene foam MB 152.8 (Sui et al. 2012)
(NguyenPhan et al.
GrapheneTiOz MB 83.3
2012)
GrapheneCoFeQOs MO 71.54 (Li et al. 2011a)
Graphene foam Fuchsine 142.7 (Sui et al. 2012)
Graphene foam RB 133.6 (Sui et al. 2012)
GrapheneFe;04 Fuchsine 89.4 (Wang et al. 2011)
GrapheneCNT MB 81.97 (Ai and Jiang 2012)
Graphend-e Methyl Blue 375 (Guo et al. 2012)
rGO- ZnO RB 32.6 (Wang et al. 2012b)
Graphenechitosan MB 390 (Chen et al. 2013)
Graphenechitosan Eosin Y 326 (Chen et al. 2013)
(Sreeprasad et al.
Graphenesand R 6G 75.4
2013)
Graphene foam MB 7.85 (Tiwari et al. 2013)
Graphene foam RB 29.44 (Tiwari et al. 2013)
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rGO- FeO.FeOs

rGOT FeO.FeOs

rGO- FeO. FeOs
Graphene

Sulfonated graphene

1-Napthol
1-naphthylamine
Naphthalene
Bisphenol A

1-Napthol

389

408

337

181.82

331.49

(Yang et al. 2013)
(Yang et al. 2013)
(Yang et al. 2013)
(Xu et al. 2012b)

(Zhao et al. 2011)

1- Methylene Blue
2- Methyl orange
4- Rhodamine B
5- rhodamine6G

Table 1-3. Comparison of adsorptive capacity of some conventional adsorbents

Adsorption capacity

Adsorbent Adsorbate Ref.
mg g*
AC! developed from
MB 50 (Pathania et al. 2017
Ficus carica bast
AC produced from
MB 580 (El Qada et al. 2006
bituminous coal
AC produced from
MB 454 (Hameed et al. 2007
bituminous coal
(Rodriguez et al.
CNT? MB 54
2010)
CNT MB 132 (Zohre et al. 2010)
CNT MB 82 (Ai and Jiang 2012)
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(Senthilkumaar et al.

Carbon Fiber MB 225
2005)
Zeolite MB 20 (Han et al. 2009)
Clay MB 349 (Almeida et al. 2009)

1- Activated carbon
2- Carbon nanotube

Beside theadsorption, graphene based materials have beaysitidied for use in many
electrochemical applications, including: electrochemical sensors (Wang et al. 2010), lithium ion
battery (Zhou et al. 2010), oxygen reduction (Geng et al. 2011), hydrogeni@vokdction
(Deng et al. 2015). However, for each application, graphene is often doped or mixed with other
materials to make it more efficient for that specific application. For example in lithium ion
batteries, ihas been reported that nitrogen dopedpirene electrode can obtain a high reversible
capacity at high charge/discharge rates (Wang et al. 2012a). Likewise as the electronegativity of
sulfur is close to that of carbon; doping graphene with sulfur atoms would be an effective approach
to heighterits activity towards oxygen reduction reaction (Yang et al. 2012). Another strategy to
enhance the catalytic activity of graphene based material is coating the graphene surface with
another catalytically active material (Chen and Qiao 2013). There arecusstidies regarding

the mixed metal oxide / graphene materials for a range of different applications.

In electrochemical oxidation, coating the surface of an electrode with an active metal oxide
with the intention of increase the activity of the élede is a weldeveloped method (Tang et al.

2017, Wu et al. 2014a, Yang et al. 2016). This approach would also be applicable in modifying
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graphene to enhance its catalytic activity towards electrochemical oxidation of organics

contaminants.

1.4 Scope andobjective of investigation

As explained before, adsorption is a simple and widely used process for removal of problem
organics. Nevertheless, in some cases the spent adsorbent needs to be regenerated for reuse.
Activated carbon is the most widely used afi@ctive adsorbent, but it is difficult to regenerate,
creating a need to explore new adsorbents with comparable adsorptive capacities that can be
regenerated. Graphene is an emerging adsorbent which typically has lower adsorptive capacity
than AC. Furthemore, employing graphene in water treatment has other challenges such as
dispersion and separation. There are no studies of electrochemical regeneration of graphene, in

spite of its known high conductivity and electrochemical activity for a wide rangeactions.

To date materials which have been employed in adsorptemtrochemical regeneration
process have a low adsorptive capacity, low electrochemical regeneration efficiency or high energy
consumption. There is thus a need to produce new mattralfave both good regeneration
efficiency and adsorptive capacity. The important properties of an adsorbent suitable for
electrochemical regeneration include: high surface area, high electrical conductivity,
homogeneous dispersion, ability to removdeddnt types of contaminants and easy separation
from treated water. Graphene has a tendency to agglomerate and restack to form graphite due to
its hydrophobicity, and hydrophilic forms may be difficult to separate from the treated water due

to its low paticle size. Aggregation leads to reduction in the surface area, and is not beneficial for
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the adsorption of contaminants. Hence new types of graphene materials are needed to enable
dispersion and separation. As graphene has a structure similar to gnayalbér@l, it is expected
to exhibit behaviors between those of active and inactive electrode materials (Rueffer et al. 2011),
and is thus not well suited to complete oxidation of organics. Therefore, graphene based adsorbents
need to be functionalized witinactive materials to increase the effectiveness of the
electrochemical regeneration process.

The overall aim of this research is to investigate the electrochemical regeneration of
graphene based adsorbent materials, and to develop graphene nanoesmgotible for
adsorption and electrochemical regeneration processes.

To achieve these aims, the following objectives have been identified:

1 Synthesizing graphene based nanomaterials with high adsorptive capacity and high activity
for organic oxidation@mpared to conventional adsorbents, for application in an adsorption
and electrochemical regeneration process

1 Characterization of the graphene based adsorbent materials

1 Evaluation of the adsorption characteristic of the developed adsorbent materials

1 Determination of the anodic electrochemical regeneration performance

1 Investigation of the durability of the developed adsorbent
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1.5 Structure of thesis

In order to present the information obtained from this research as coherently as possible, the
thesis ha been structured into a number of chapters, some of which are in the manuscript format.
The following is the list of chapters and associated manuscripts submitted for publication in
academic journals, with the contribution of each author explained ii. détare was additional
work performed on the application of graphene composites for electromagnetic shielding, which

has been published as a journal article, and this manuscript has been included in an appendix.

Chapter 17 Introduction

this introductoy chapter provides the context and objectives of the research

Chapter 27 Experimental
This chapter providesnformation about the instruments used in this thesis and how the

experiments were carried out.

Chapter 37 Electrochemical Regeneration of a Reduced Graphene Oxide / Magnetite Composite
Adsorbent Loaded with Methylene Blue.

Chapter3 is an investigation of the electrochemical regeneration of graphene based adsorbents,
including a study of the stability ofeéradsorbent over multiple cycles of adsorption / regeneration.
This manuscript has been published in Water Research, volume 114, pag45237

(https://doi.org/10.1016/j.watres.2017.02.042)
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Aut horsdé contributions: I o r g aon iperfermed aomd  wr ot
regeneration experiments. Dr. Mulmi assisted with XRD and SEM experiments and analysis, and

Dr. Roberts supervised the project.

Chapter 47 Anodic Electrochemical Regeneration of a Graphene / Titanium Dioxide Composite

Adsorbent Loadedith an Organic Contaminant.

A more detailed investigation is included on the role of the; Bi®this process and how TiO
increased the durability of the adsorbents for this application.
This manuscript has been submitted to Water ReseAraht h mtridtions: | organized and

wrote the paper and Prof. Roberts supervised the project.

chapter 57 Tin Oxide and Antimony Doped Tin Oxide Graphene Composites for Water

Treatment by Adsorption with Electrochemical Regeneration.

This chapter discusseasother type of modified graphene adsorbents, focusing on both aspects of
the adsorption and electrochemical regeneration process in order to obtain an adsorbent with high
adsorptive capacity and good stabiliyut hor sd contr i but ieadhe paper | org

and Prof. Roberts supervised the project.

Chapter 6 1 Phehol oxidation using a graphene electrode synthesized by electrochemical

exfoliation

29



This chapter investigates the electrocatalytic activity of the graphene materials under different
condition, such as in different electrolytes.
Aut horsé contributions: | organized and wrote

measurements and with the data analysis and Prof. Roberts supervised the project.

Chapter 77 Conclusions and Fther Work.
The outcomes of this work are brought forward in Chapter 5, followed by a discussion of further

work required and potential future developments.

Appendixi Segregated Hybrid Poly (Methyl Methacrylate)/Graphene/Magnetite Nanocomposites

for Eledromagnetic Interference Shielding.

In this chapter, another application of rGO / IO was investigated. This chapter provide some
outcomes demonstrating the synergic effect of the rGO, 10 and the segregated structure on EMI
shielding behavior of the PMMAGO/ magnetite nanocomposite.

This manuscript has been published in ACS Applied materials & interfaces, volume 9, pages
1417214179(DOI: 10.1021/acsami.6b13986

Aut horsd contributions: I wrote and organi zec
shieldingrelated characterizations and their analysis. Mr. Abbasi helped with analyzing the

conductivity measurements and Prof. Roberts and Sundararaj supervised the project.
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Chapter 2. Experimental

2.1 Synthesizing the Graphene based materials
Synthesizing of magetic reduced graphene oxid€used in chapter 3)

Modified Hummers method was employed to synthesize GO from natural graphite flake
(Zhu et al. 2011) as follows. A mass of 3.0 g of graphite powder (Asbury Carbon, Natural flake)
and 1.5 g of sodium nitratSigma Aldrich, ReagentPIfis> 99%) were slowly added to 150 mL
of concentrated sulfuric acid (BDH, ACS grade;3%6) in an ice bath. The suspension was
gradually mixed with 9 g of potassium permanganate (Anachemia, Reagent Grade, 99%) under
vigorous stirring while the temperature weept below 20 °C. Subsequently the mixture was
intensely stirred at 35°C for 18 Once the reaction was complete anghsty mixture had formed
the graphite suspension was slowly mixed with 220 mL of deionized water in an ice bath to
maintain a temperate below 50 °C. A volume of 350 ml of deionized water containing 15 mL of
30 % HO- (Sigma Aldrich, Reagent Grade, 30%) was then added to the solution and stirred for
another 2 h. After filtration, the filtered solids were dispersed in 500 mL of 10% H@bag
solution for 8 h to remove any remaining manganese ions. The solids were again filtered and
washed with deionized water to remove the acid. The graphite oxide obtained was exfoliated under
mild sonication for 1 h. The dispersed GO was centrifuge4080 rpm to remove the large
particles.

rGO-10 nanocomposites were synthesized by the following method. A mass of 0.1 g of GO
was dispersed in 20 mL of deionized water. GO suspension was slowly mixed ‘prépased
solution of FeS@7H.0O with two different mass ratios under intense stirring. A solution of 0.6 g
of NaOH dissolved in 5 ml of deionized water was then added to the solution. After 60miin, 5
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of hydrazine monohydrate was added to the mixture, which was then sealed imh POG-E
lined hydrdhermal autoclavéFigure 2-1) and heated to 180°C fort6followed by leaving the
autoclave to cool down to room temperature. The-tG@roduct was filtered and whed with
deionized water three times and dried in a freeze dryer for Zheprepared materials have been
classified as rGEO-60 (60 wt% iron oxide, based on mass balance) andl@Tb (75 wt%

FesOa).

Figure 2-1. An image of the autoclave was employed for hydrothermal synthesis of
rGO/IO nanocomposites

Synthesizing of graphene TiO2 nanocompositgised in chapter 4)

The solgel method was used to prepare the;5@l (C. Falamaki and Veysizadeh 2007). A
volume of 15 mL of tetraisopropylorthotitanate was dissolved in 200 mL of isopropanol. In order
to hydrolyze the mixture, 150 mL deionized water was added to the solution under vigorous
stirring. The precipitate veawashed using a centrifuge in order to eliminate the alcohol traces,

after which 330 ml of deionized water was added. A volume of 24 ml of 1 M nitric acid was then
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added as a peptizing agent and the resulting mixture was stirred for 72 h to form(figusel
2-2).

A known volume of TiQ sol with a concentration of 13 gllwas mixed with 0.4 g of
commercial fewlayer graphene (XG Sciences grade M5). The mixture stiared for 24 h after
which the obtained nanocomposite was dried at 80°C for 12 h, and calcined at either 400°C or
500°Cfor 2h. However, theransformatiortemperaturefrom anatase to rutile may diffar the
range 4001200°C depending on thmaterids used and processing methofldanaor and Sorrell
2011) Based on the methods used in this staryealingat 500°C favos the transition from the
anatase ttherutile phase of titanium dioxide, while anatase titanium dioxide is formed at 400°C.
The nalwcomposite adsorbents annealed at 400°C and 500°C are subsequently referred to as

G/TiO2 400°C and G/ Ti@500°C respectively.

Figure 2-2. An image of TiQ sol

Synthesizing of graphene SnO2 and Sb SnO2 nanocompogiised in chapter 5)

33



Nanocomposite preparation: a known volume efeeived sol of Sng(15 wt.%) or Sk
SnG (20 wt.%) (Nyacol Inc.) was added to 150 ml of a suspension of grapBaliis 25 M, XG
sciences)n DI water (containing 1 g/L of graphene) and mixed for 24 h. The mixture was dried
at 70e Q@or 12 h.In this paper, the nanocomposites are named with respect to their composition:
thus G/Sn@ 7 corresponds to a graphene / Sr@omposite with adading of 7 wt% Sn®
Similarly, G/SnQ 13 has a loading of 13 wt% SpGnd G/SESnQ 7 and G/SKSnG 13 have
loadings of 7 wt% and 13 wt% SEnQ respectively.
Synthesizing electrochemically exfoliated graphenéused in chapter 6)

The electrochemicalynthesis of the graphene was conducted in andl5flass beaker, using
an Agilent DC power supply (Agilent USO01A Power Supligure 2-3). A volume of 100 ml
of an inorganic salt solution (NaCl, BB&Qu, (NH:)2SQs NHiNOs, (NHz)2HPQw) with a
concentration in the range (0.05M to 1 M) was used as the electrolyte, and a constant voltage
between 3 and 10 V was applied. A platinum wire and flexible graphite sheet (€&ipre, 5
cm2) were used as cathode and anode, respectively. After the electrochemical exfoliation, the
electrolyte, containing a suspension of the graphene produced, was filtered and the filter cake was
washed with deionized water using an HTTP membf&MD Millipore, Isopore Membrane with
pore size of 400 nm). The obtained graphene material was sonicateddisyersed in deionized

water. Finally, the suspension was centrifuged to remove the unexfoliated graphite.
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Figure 2-3. An image of power supplfAgilent UB001A Power Supply)sed to produce
electrochemically exfoliated graphene

2.2 Characterization (used in all chapteys

2.2.1 Raman and FTIR

Fourier transform infrare@FTIR) spectroscopy is commbnused to identify the specific
functional groups such as OH groups, carbonates, carbonyl, and epoxy. The spectra are the
outcomes of absorption of light by vibrating molecules. Vibration is IR active if it causes a change
in net dipole moment=TIR speat a of sampl es were recorded on
Fisher Scientific Inc.) with VeeMAX Ill (PIKE Technologies Inc.) attenuated total reflectance
(ATR) module. A Germanium crystal with an optimum angle of incidence 60° was used.

Raman spectroscopyfiequentlyappliedin chemistry taobtaina structural fingerprintsed

to identify themoleculeslt causesdy scattering of lighfrom the vibrating moleculed/ibration
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is Raman active if itesults ina change in polarizabilitRaman spectra were reded from O to
3700 cm' on a Witec alpha 300 R Confocal Raman Microscope (Witec GmbH, Germany) using

amonochromatic light produced by682-nm laser.

2.2.2 PXRD

Crystalline structure of the samples can be evaluated peinder Xray diffraction.Peaks
arises when xays scattered from a crystal lattibave the angle equal to incident beam and
pathlength difference is equal to an integer number of wavelen@tistal structure®f the
nanocompositegere characterized by powderry diffraction(PXRD) (Bruker D8 powder X
ray di ffr ac 40 keand40 )nA; 0.Catlep $¢ah width and 6 s counting time per

step in the range of 168 0 A at Bboim temperature

2.2.3 Electron microscopy

To characterize the morphology of the samplenging eletton microscope (SEMyvas
carried out. SEMmages were recorded on a Zeiss supra55-&altssion SEMSamples were gold
coated beforehand to prevent surface charging. Images were recordé@ &Y 2vith a secondary
electron detectordn order to investigte the morphology of the samples at higher magnification
transmission electron microscope (TEMgas conducted. TEMmages were carried out with
Tecnai TF20 G2 FEGEM (FEI) at 200 kV acceleration voltage with a standard sitigleolder.
The images wereaptured on a Gatan UltraScan 4000 CCD (Gatan, Pleasanton, California, USA) at

2048 x 2048 pixels.
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2.2.4 Size measurement
Dynamic light scattering (DLSk useal to determine the size of particles in a suspension
based orthe principles of Brownian motiohe particle size of the Ti&sol was measured by

laser diffraction particle size analysis (Malvern Mastersizer 3000).

225 TGA

Thermogravimetric analyzefTGA) determines the change in weight of a materials as a
function of temperature or tim&@hermogravimetri@analyzer (TA Instruments, Q500) was used to
obtain the TGA data under nitrogand air atmosphere from room temperature to }J#8ith a

rate of heating at 1R min'.,

2.2.6 BET

The surface area was measured with plhysisorption (TriStar 3000, Micromeritics
Instrument Corp., Norcross, USA)-406 °C. Before measurement, all samples were degassed at
150 °C for 12 h. The specific surface area was calculated using the Brurauarett- Teller

(BET) method in the relative pressure (#Rnge of 0.01 e 0.99.

2.2.7 Concentration measurement
UV-Visible absorption spectroscopy (LR600, Shimadzurigure2-4) was used to measure

the concentration of MB at a wavelength of 664 nraq@t al. 2013).
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Figure2-4. An image of thdJV-Visible spectrophotometgfJV-2600, Shimadzu) used to
measure the concentration of MB

Chemical oxygen demand (COMas measuredsing a photocatalytic COhstrument
(ManTech PeCOD AnalyzerThe sample is injected into a channel holding the sensor. The TiO
is illuminated using UV light, The UV light generates an electron hole in thes&i@3or which is
a very high oxidising agent. Therefore, the orgarootents in the channel are oxidised. By
counting the electron consumed to thoroughly oxidise the organic, the ReCQID analyser

measures the equivalent COD.
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2.3 Adsorption and electrochemical regeneratior{used in chaptes 3,4 and 5)

The adsorption isberm experiments were carried out usirgaéch setp. Briefly, 150 ml
of MB solution with different concentrations were mixed with a known mass of adsorbent on a
shaker at 200 rpm until equilibrium was establist@d.rGO 10 nanocompositeafter adsorption,

a permanent magnet was held on the side of the flask for 30 minutes. The treated water was
gradually decanted off leaving a wet slurry powder on the side of the flask. The treated water was
analyzed for MB by a UWisible absorption speascopy at 664 nnfor G/ Ti®: and G/ Sn@
nanocompositeshe loaded adsorbent was filtered using a filter with -@M&on pore sizeThe
magnetic separation method was tested by drying and weighing the collected adsorbent and was
found to achieve a recewy of greater than 96%.

Electrochemical regeneration was carried out to study the regeneration performance of the
synthesized materialEigure2-5 shows a schemataiagram of the electrochemical cell used for
regeneration of theanocompositesA graphite plate was used as the anode current feeder and a
stainless steel plate was used as the cathode. A filter paper (Whatman quantitative filter paper,
ashless, Gradeld was used as the separator and did not allow direct contact of the adsorbent with
the stainless steel cathode. THaaomposite bed was saturated with 2 wt % NacCl solution as
an electrolyte. Although using NaCl as an electrolyte leads to formatioheottlorinated
hydrocarbons, it can improve the regeneration efficiencies and reduce the cell potential resulting
in reducing the electrical and energy costs, and also the sodium chloride has a lower cost and is
easier to dissolve compared to other eldgtes (Brown et al. 2004b)n addition, studies with
GIC have shown that chlorinated breakdown products are strongly adsorbed on graphite based
adsorbents and are thus not released into the treateqhivesain et al. 2015aj\s well as the
NaCl, NaSQ: was used as the electrolyte for regeneration of G 4 8afbcompositesA constant
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current of 10 mA cnd was supplied to the electrode plates using a Metrohm Autolab potentiostat
operating in galvanostatic mode. After adsorption, adsorbents were ségerateMB solution

and saturated witblectrolytesolution to increase the bed conductivitige processes regeneration
performance was evaluated by the following procedure:

() Initial adsorption was carried out in a stirred beaker, with 0.15 g of adgarideed with
300 mL of 25 ppm MB solution and shaken using a shaker for 1 h. These adsorption conditions
lead to a high loading of MB on the adsorbent, close to saturationndrm@ompositevas
separated from the treated water using a magnet as deszitreel The wet slurry powder was
transferred to the electrochemical cell.

(ii) After the initial adsorption, electrochemical regeneration: of the MB loaded adsorbent
was saturated with a few dropsedéctrolytesolution and placed in the anodic compaatitnof the
electrochemical cell. A DC current density of 10 mA“was applied to the cell for a duration of
between 0 and 60 mifHussain et al. 2015a)

(i) Re-adsorption using the regenerated adsorbent was carried out under the same
conditions as the initial adsorption. The regenerated adsorbent was removed from the
electrochemical cell and mixed with 300 mL of 25 ppm MB solution for 1 h. The ret¢jenera

efficiency, RE, was calculated from (Brown et al. 2004b):

RE=3 51009 [2-1]
q

where theqr is the adsorbate loading measured from thadsorption with regenerated
adsorbent, ang is the initial adsorbate loading measured during the initial adsorption carried out

under the same adsorption conditions.
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Figure2-5. Schematic diagram of the electrochemical cell used to study ofenegem
efficiency. The geometric area of the anode and cathode plates wad. 11 cm

2.4 Stability of the nanocomposite(used in chapter4)

The stability of the nanocomposite after electrochemical oxidation was investigated by
several methods. A mass of 0.bfgorepared nanocomposite was saturated with NaCl solution (2
% w/w) as the electrolyte to provide conductivity. This electrolyte was based on previous studies
of electrochemical regeneration of GIC adsorbents (Brown et al. 2004b). A graphite platsstainl
steel sheet and filter paper (Whatman quantitative filter paper, ashless, Grade 41) were used as the
anode, cathode and separator respectively. A Metrohm Autolab potentiostat was used to provide a
constant current density of 10 mA 2rto the currentdeder. Thereafter, the electrochemically
treated nanocomposites were dispersed in 150 ml water and then filtered. The filtrate was analyzed

for its organic content based on the chemical oxygen demand (COD) determined using a
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photocatalytic COD instrumeniM@nTech PeCOD Analyzer). The filtered solids were analyzed

using TEM to explore the morphology of the electrochemically regenerated nanocomposite

2.5 Electrochemical properties

2.5.1 Cyclic Voltammetry

The electrochemical characteristics of the GAlm@nocomposite(used in chaptef) were
studied by cyclic voltammetry using a conventional three electrode system with a 1 M NaCl
electrolyte, a platinum wire counter electrode, silver/silver chloride reference electrode and
modified glassy carbon working electrode. ling electrodes were prepared by drop casting 20
eL of a suspension of the nanocomposite onto
Suspensions were prepared by mixing the nanocomposite (before or after MB adsorption) with a
suspension Nafion tact as a binder (Nafieto-adsorbent mass ratio of ~0.1) (Zehtab Yazdi et al.
2016). The cyclic voltammetry experiments were performed using an Autolab PGSTAT
(Metrohm, UK), with a potential range froth6 and 0.4 V (versus Ag/AgCl) and a scan rate of 5
mV st

The electrochemical characteristics of the G/Sm&hocomposites were evaluated by cyclic
voltammetry (used in chapter 5performed using an electrochemical workstatidwtflab
PGSTAT-Metrohm, UK). A volume 0f100 mL of a0.5 mol L'* NaxSQu containing 25 ppm MB
was used as an electrolyte. Modified glassy carbon with nanocomposites, Ag/AgCl, and platinum
wire were used as working, reference, and counter electrodes, respectively. The modified glassy
carbon was prepared by drop casting a suspeis the nanocomposites (1 mg of adsorbent in 1

mL of Nafion solution, with &afion to adsorbent mass ratio of ~0oh a glassy carbon electrode
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and drying at 70C. CV was carried out in a potential rangeX0 V to +1.0 V at a scanning rate
of 10 niv SL.

The electrochemical characteristics of the exfoliated grapmeaerials (used in chapter 6)
were studied by cyclic voltammetry using a conventional three electrode system. A 0.05 M
phosphate buffer electrolyte was used containing 100 ppm plabthe electrochemical cell
included a platinum wire counter electrode, Ag/AgCI reference electrode and a modified glassy
carbon wor ki ng eéxpliatedrgmphene sug¢pbnsienll mo fmasadrop cast
on the surface of the-Bim diameter plished glassy carbon electrode. The suspension was
prepared by mixing the exfoliated graphene with a suspension of Nafion to act as a binder (1:1:0.04
water: ethanol: nafion). The cyclic voltammetry experiments were conducted using an Autolab

PGSTAT potetiostat (Metrohm, UK), with a potential range fron®.2 and 1.2 V (versus

Ag/AgCl) and a scan rate of 20 m\ts

[— ni

————

%
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Figure 2-6. An image of theAutolab PGSTAT (Metrohm, UK employed for
electrochemical chacterization

2.5.2 Linear Sweep voltammetry

In order to assess the electrochemical characteristitge obnocomposites, Linear sweep
voltammetry (LSVY (used in chapter 4 and Wpascarried out. The experiments were performed in
0.1 M NaSQy at a scan rate ofLl00 nVs?, with a potential range fror® and 2.5V (versus

Ag/AgCl). Ag/AgCl and platinum wire were used as reference and counter electrodes respectively.

2.5.3 Electrochemical Impedance spectroscopy

Electrochemical impedancgpectroscopy (used in chapter 8as carried in a solution
containing 2.5 mM [Fe(CN)*'’ &ihd 0.1 M KCI supporting electrolyte using a BioLogic
potentiostat (BioLogic S200) in the frequency range 0.1 Hz to 1Mbi#ferential pulse
voltammetry (DPV) was also carried out using the Biatqmptentiostat at a scan rate of 10 mv

s'1, step potential 0.005 V, amplitude 0.05 V, and an interval time of 0.5 s.
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Chapter 3. Electrochemical Regeneration of a Reduced Graphene Oxide / Magnetite
Composite Adsorbent Loaded with Methylene Blue
Farbod Sharif Luke R. Gagnoh Suresh Mulnfi Edward P.L. Roberts
1 University of Calgary, Department of Chemical and Petroleum Engineering, 2500
University Drive NW, Calgary, AB T2N 1N4, Canada
2University of Calgary, Department of Chemistry, 2500 University Drive, KDalgary,
AB T2N 1N4, Canada

* Corresponding author: Eedward.roberts@ucalgary;ch +1 403 220 4466

A

Aut hor s6 cont r i ¢cawviediouw thesexperimendasd grate thezpapdr. Luke
Gagnon hgled with performing some part of regeneration. Dr. Mulmi helped performing and

analyzing XRD and SEM, and Prof. Roberts supervised the whole research work.

Highlights:
1 Successful synthesis of reduced graphene oxide / iron oxide nanocomposite adsorbent
1 Methylene blue was effectively adsorbed by the nanocomposite
1 Regeneration efficiency of >100% achieved by electrochemical oxidation
1 Corrosion of the reduced graphene oxide was observed after regeneration

1 Nanocomposite could be regenerated and reuseddar eycles
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3.1 Abstract

In this work, two different reduced graphene oxide / iron oxide {fGOnanocomposites
with different iron oxide loadings were fabricated using a-ste@ solvothermal method. The
structure, properties and applications of the sysifteel nanocomposites were evaluated with
Raman spectroscopy, attenuated total reflectance Fourier transform infrared spectroscopy,
thermogravimetric analysis,-¥y diffraction, electron microscopy, and enedigpersive Xray
spectroscopy. The iron oxide in the form of magnetite (E®4), so that the resultant adsorbent
can readily be separated from the treated water using a magnetic field. The ability of the
nanocomposites to remove methylene blue (MB) from water by adsorption was investigated. The
highest adsorptive capacity observed was 39 Mgfgr the composite containing 60 wt% iron
oxide. The adsorptive capacity of the r@® decreased to 26 mgtgvhen the mass fraction of
iron oxide was increased to 75 wt%. Electrochemical regeneration of diBdaGQGIO was also
investigated. The electrochemical regeneration was found to be rapid and with low electrical
energy consumption relative to conventional adsorbents, due to the high electrical conductivity
and nonporous surface of the rGO. A regenenagifficiency of 100% was obtained after 30 mins
of electrochemical treatment using a 2 mm thick bed of-ifG@aded with 39 mg'§MB, using
a current density of 10 mA cfn Multiple adsorption electrochemical regeneration cycles
demonstrated that theurgace of the rGO was modified leading to increase in the adsorptive
capacity to around 80 md‘@fter the second regeneration cycle. The morphology of the rGO was
observed to change significantly after electrochemical regeneration, suggesting that bzsed
adsorbent materials could only be used for a few cycles.

Keywords: Adsorption; electrochemical regeneration; reduced graphene oxide; magnetite;
nanocomposite, methylene blue
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3.2 Introduction

Adsorption is a simplandeffective process for the remowa organic contaminants from
water. After the adsorption process, the exhausted adsorbent can be incinerated or disposed in a
landfill (San Miguel et al. 2001). However, this disposal may not be feasible for adsorbent loaded
with toxic contaminants, for adrbents which are not available in laqgentitiesor are expensive
to produce. Alternatively, the adsorbent can be regenerated and reused with a suitable method.
Regeneration methods can be categorized as: thermal regeneration (Sheintuch aneMégtatov
1999), chemical regeneration (Fefarcia et al. 1996), wet air regeneration (Mishra et al. 1995)
or electrochemical regeneration (Asghar et al. 2012, Narbaitz and Cen 1994). The most common
method is thermal regeneration but it has some disadvarsiagjeas the high cost associated with
the regeneration temperatures of -A@M03 and there is a 10 to 15 % loss in the mass of adsorbent
(Bandosz 2006, Sheintuch and Mataddeytal 1999). In addition, thermal regeneration is only
cost effective at largecale, beyond that of most water treatment operations. Chemical regeneration
through desorption or extraction is an expensive method with regeneration efficiencies usually
below 80 % after several cycles (Cooney et al. 1983, Kgargia et al. 1996, Martiand Ng
1984). On the other hand, electrochemical regeneration has several advantages compared to these
other methods. These advantages include: minimal adsorbent losses, high regeneration
efficiencies, complete regeneration of the contaminants loadetheoradsorbent by anodic
oxidation, and its suitability for small and medisized water treatment equipment (Mohammed
2011, R. Berenguer 2010).

Electrochemical regeneration of activated carbon and graphite intercalation compounds
(GIC) has been reportdxy several authors (Berenguer et al. 2010, Brown and Roberts 2007, Weng

and Hsu 2008, Zhang 2002). Regeneration of activated carbon has been completed both
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cathodically and anodically (Zhang 2002), and (Berenguer et al. 2010). While 100 % regeneration
efficiency is almost impossible (Sheintuch and Matd#teytal 1999),(Berenguer et al. 2010,
Wang and Balasubramanian 2009)), Narbaitz and Cen (1994) achieved a regeneration efficiency
of more than 906. Although the anodic oxidation of the contaminant loamfedctivated carbon

is attractive since the contaminants are oxidised compared to the cathodic method where
contaminants are typically desorbed into solution (Narbaitz and Kddstini 2012), higher
current or longer regeneration time is required. Actislatarbon possesses high adsorption
capacity, but long regeneration time and a relatively low electrical conductivity lead to high energy
consumption (Narbaitz and Karirdashni 2012, Narbaitz and Kari@ashni 208). The long
regeneration time is asso@dt with the porous structure of the activated carbon materials,
including micropores, while the electrochemical regeneration is typically confined to the external
surface (Narbaitz and Cen 1994). Broeinal. (Brown and Roberts 2007, Brown et al. 2004a,
Brown et al. 2004b) conducted experiments on the electrochemical regeneration of GIC loaded
with organic contaminants. GICs have high electrical conductivity and low surfacéAaggear

et al. 2014b, Asghar al. 2012, Hussain et al. 2043 As these materials are nonporous,
adsorption and electrochemical regeneration can be achieved in a short time. In spite of the low
adsorptive capacity of GIC, regeneration efficiencies of 100% or higher have been deetmbnstra
(Asghar et al. 2013b, Asghar et al. 2014b, Asghar et al. 2012, Brown and Roberts 2007, Brown et
al. 2004a, Brown et al. 2004b, Hussain et al. 201Bhus materials employed in adsorption
electrochemical regeneration processes have had a low adscguaaty, low electrochemical
regeneration efficiency or high energy consumption. There is thus a need to produce new materials

that have both good regeneration efficiency and adsorptive capacity.
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Graphene exhibits a number of properties that make it suitable as an adsorbent in this context,
such as its large specific surface area, and high electrical conductivity (Singh et al. 2011).
Application of graphene and its derivatives [such as graphede ¢&O) and reduced graphene
oxide (rGO)] in adsorption of organics has been widely investigated, and has shown promising
results(Ai et al. 2011, Guo et al. 2012, NguyPhan et al. 2012, Wang et al. 201 2An important
derivative of graphene is grapleexide, which can be easily synthesized by oxidation and
subsequently mild sonication of graphite. GO has a high concentration of oxygen surface
functional groups and it can be reduced in presence of reducing agents like hydrazine or thiourea
to produce GO, a graphentke material. Challenges for the application of graphene in adsorption
processes for water treatment include its hydrophobic nature (Wang et al. 2014, Zhao et al. 2014),
so that it is difficult to disperse. This can be overcome by modifgieggraphene surface, for
example using oxidation, functionalization or by combining with a hydrophilic metal (kefep
et al. 2013, Nguyefhan et al. 2012, Yao et al. 2012, Zhang et al. 201®lwyever hydrophilic
forms may be difficult to separatefm the treated water (Chowdhury and Balasubramanian 2014).
The use of grapheriemagnetite composites that can be readily separated from the treated water
has been reporteg@di et al. 2011, Guo et al. 2012, Yao et al. 201&fudies of regeneration of
graghene magnetite composite adsorbents have considered regeneration by desorption (Fan et al.
2013), washing with acid or solvents (Ouyang et al. 2015, Yu et al. 2015a), and advanced oxidation
by ozone (Liu et al. 2016) and peroxide (Sajab et al. 2016). édthgraphene is a negorous
material with a high electrical conductivity, there have been no reported studies of the
electrochemical regeneration of graphene adsorbents.

In this study, a reduced graphene oxideon oxide nanocomposite (rGI®) is evaluged
for adsorption and electrochemical regeneration. The iron oxide is in the form of magnetite, so that
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the resultant adsorbent can readily be separated from the treated water using a magnetic field. The
aim of this study is to develop adsorbent materals high adsorptive capacity for the removal

of soluble organic contaminants while remaining suitable for electrochemical regeneration

3.3 Experimental

3.3.1 Synthesizingof magnetic reduced graphene oxide

The method for synthesis of GO and rGO/ 10 can be fausdction 2.1.

3.3.2 Characterization
Materials were characterized IR, TEM, PXRD, SEM and Ramanwere used to

charactrize the nanocomposites (see section 2.2).

3.3.3 Adsorption and electrochemical regeneration
Methods for adsorption and electrochemical regetion of rGO / 10 60 and 75 are

described in section 2.3.

3.4 Result and discussion

3.4.1 Characterization
To conyrm the formation of récoO and | O i n
measurements were carried datRaman specirof a carbonaceous materitiierelative motion

of sp carbon atoms isndicatedby the Gband and the disorders in the graphitic structure is
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represented by dDand (Calizo et al. 2007). The ratio of the intensity of thRRdnan and &

Raman peaks (the ID / IG ratio) is used to charéze the degree of disorder and average size of

the sp? domains. As shown ifrigure 3-1 (a), the ID / IG ratio increased after hydrothermal
treatment of GO suspension in presence of hydrazine. In addition, the D and G bands of GO are
located at 1355 crhand 1591 cm, and these are shifted to 1350%tamnd 1582 cm, respectively,

after hydrothermal treatment. Based on previous studies,¢harges indicate that rGO has been
formed after hydrothermal treatment (Stankovich et al. 2007). In addition, a broad small peak can
be observed at 680 ¢which we attribute to B©4 formed by oxidation of Fe(OH)upon heat
treatment at 180°C (Sato dt 2014, Thanos 1986). The synthesis ofe from FeSQ can be

explained by the following reactions (Groysman 2009):

FeSQ+ 2 NaOH >¥NaSGe ( OH)

3Fe(OH) Y E@+2H0 + H; (on heating)

The crystalline structure of the synthesized matemas studied using PXRFBigure3-1 (b)
illustrates the PXRD pattern of the rdOO. The main peaks at 2d valuwu
0), 35° (3 11), 43° (4 0 0), 53.8° (4 2 2), 57.3 ° (5 1 1) and 62.9° (4 4 0) are assignegip Fe
nanoparticles on the rGO surfadmsed on the powder diffraction standard (Yang et al. 2015).
An average crystallite size of 19 nm was calculated using the Scharegioag

In order to identify the bonding present in synthesized materials before and after reduction,
ATR-FTIR spectroscopy were used to analyze the samipld® spectra were obtained in the
range 400G 600 cm! using a midlR KBr-DTGS detector. The ATIRTIR spectra obtained for
GO, rGO and rGAO nanocomposite are shownfigure3-1 (c) . The peaks at 121n * and
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1033 cm? are due to epoxy groupsi(O and G Oi C). For GO the characteristics peaks at 1740
cm tand 1620 cit correspond to the stretching vibration of the carbonyl and carboxylic groups
of C and O bonds, and skeletal vibration of graphitic dospaespectively (Liang et al. 2009b, Si
and Samulski 2008). The peak at ca.1580'aould be ascribed to either formationi€00
after coating with F€4 nanoparticles (Yang et al. 2009, Zong et al. 2013a) or C=C groups on the
rGO sheets (Chang et @014b, Dong et al. 2014). After the reduction of GO to rGO, most of the
peaks weakened relative to GO. These results indicate that the GO was effectively reduced to rGO
in the composite (Xu et al. 2015), and are consistent with the findings from the Raman
spectroscopy.

The results of TGA of rGAO and GO are shown iRigure 3-1 (d). GO showed a slight
mass loss below 160due to water evaporation, aadnatic mass loss between 16225 owing
to decomposition of labile oxygen containing functional groups, and another slight mass loss
around 908 due to removal of further functional groups (Cui et al. 2011, Li et al. 2014). The
rGO-10 was much moretheemnl | y st abl e than GO and didnot
9003 . TGA results supports both Raman and FTIR results that the composite is successfully

reduced after the solvothermal treatment.
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Figure 3-1. ()Raman spectra of (a) graphene oxide and (b)}rG®0 (II) XRD pattern of
rGO-10-60 (lll) ATR FTIR spectra of (a) graphene oxide (b) FB®60 and (c) rGO (IV) TGA
of (a) graphene oxide, (b) rGO af@) rGOi10-60 in a nitrogen atmosphere
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3.4.2 Scanningelectron microscopy (SEM) andtransmissionelectron microscopy (TEM)

The SEM and TEM images were obtained to explore the morphology and the structure of
the asprepared rGAO nanocompositegigure3-2 and 24 show electron micrographs obtained
for rGO-10-60 and rGAIO-75. Thesd-igures show that 10 nanoparticles are attached to the basal
planes of the rGO. The high&on oxide loading of rGAO-75 is clearly evident ifrigure 3-2,
although some aggregation is evident. It is worth noting that the distribution of graphene sheets
between the IO nanoparticles prevent their aggregation. The TEM images ofOrGO
nanocomposited-(gure3-3) are consistent with the SEM image$-igure3-2. Based on the TEM
images, it appears that 10 nanoparticles decorated both periphery of the surface and the basal
planes of the rGO. The TEM images of rdBOQ nanocomposites indicate that the IO nanopatrticles
are between 10 to 30 nm (mostly around 20 nm) which is in good agreement with average particle
size obtained from XRD using Scherrer's equation. The TEM and SEM images also illustrate the
adhesion stabily of IO on rGO, as the IO nanopatrticles remained attached to the rGO surface after

1 hour of sonication.

EHT = 2.00 kW Signal A = SE2 Date 6 Jan 2016
WD = 74 mm Photo No_ = 14118 Time :13:17:03

Date 6 Jan 2016 [—
Time 12:42:01
;i

Figure3-2. SEM Image of (a) rGa0-60 (b) rGQIO-75

54



Figure3-3. TEM Image of (a) rGAO0-60 (b) rGOIO-75

3.4.3 Adsorption

The developed rG@O nanocomposites dispersed easily in the aqueous medium
(presumably due to the hydrophilicity of the 10 nanopatrticles)laeyican be separated from the
treated water using a magnet. By comparing the weight of the adsorbent before and after the
adsorption, it was found that the adsorbent can be completely recovered without difficulty.

The isotherms obtained for adsorption of MBr@0-10-60 and on rG&O-75 are shown
in Figure3-4. The results show that the adsorption capacity of the composite adsorbent decreased
with increasing loading of 10 nanoparticles. The capacity of-tG@0 (39 mg d) is higher than
that of IGO-10-75 (26 mg ¢). This is presumably due to the 10 blocking more adsorption sites
on the rGO as the loading increases. Thus, coating the rGO sheets with 10 nanoparticles makes
separation of the adsorbent easier, but the adsorptive capacity decreasekading of 10 is

increased. A control experiment was carried out to determine the adsorption characteristics of 10
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nanoparticles synthesized by the method used in this study. However, no detectible adsorption of
MB was observed by the 10 nanopatrticles
The Langmuir (Equation3-1]) model is widely used to describe adsorption isotherms

(Kalavathy et al. 2005):

_ KbC, i
qe - 1+ bCe [3 ]]

wherege is the amount of MB adsorbed per gram of adsorbent at equilibrium condition,
is the equilibrium concentratiomnd K and b are the Langmuir equation constants. Nonlinear
regression was used to fit the adsorption data for the adsorbents to Langmuir model, and the results
are presented ihable3-1, and the fitted model isotherms are showRigure3-4. The coefficient
of determination IR%) in both cases was greater than 0.96 for the fit to the Langmuir model. The
adsorption data were also fitted with the Freundlich model and the coefficient of determination
was less than 0.9 for the Freundlich isotherm, thus the resuttstgseesented here. These results
suggest that the adsorption follows the Langmuir model, corresponding to homogeneous mono

layer adsorption.

Table 3-1. Langmuir isotherm parameters fitted to the experiaedata by no#dinear
regression.

Model Langmuir
Maximum
Sample K(mggl)| b(Lgl) R2
adsorption (mg 4.)
rGO-10-60 39 37.97 4.47 0.98
rGO-10-75 26 24.56 12.46 0.96
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Figure 3-4. Isotherms for thadsorption of MB on rG@0O-60 and rGAIO-75. The lines
show the Langmuir model fitted to the data by-haoear regression.

3.4.4 Electrochemicalregeneration

Electrochemical regeneration of adsorbents loaded with MB was accomplished by anodic
oxidation, usng a bed of rGAO nanocomposite adsorbent. The effect of regeneration time on
regeneration efficiency was investigated using a constant current density of 10 fre& arow
cell voltage ca. 2.5 V. In addition, several cycles of adsorption and regenesatie evaluated.
As shown inFigure 3-5 the regeneration efficiency of rGI® nanocomposite increased with

increasing regeneration time as expected. The regeneration time required to achieve 100 %
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regeneration efficiency for both rGI®-60 and rGAIO-75 was found to be approximately 30 min

for loadings of 36 mggof MB on 0.15 g of rGAO-60 and 23 mg gof MB on 0.15 g of rtGO

IO-75. We speculate that initially MB is oxidized on the composite, and as the regeneration
progresses both oxidation of MB and the oxidation of rGO occurs, resuitimgiie adsorption

sites on the surface, rapidly increasing the apparent regeneration efficiency to 100%.
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Figure 3-5. The effect of regeneration time on regeneration efficiency for electrochemical
regenerabn of MB adsorbed on 0.15 g of rGIO, at a current density of 10 mA &n

An important issue for the regeneration process is the stability of the adsorbent under in
oxidising environment. The reusability of rdO-60 was evaluated through several adsonp
and electrochemical regeneration cycles. Based on the data shévguiie3-5, a regeneration
time of 30 min was used in order to achieve 10fegeneration. In the second adsorption cycle a
dramatic increase in the adsorptive capacity (up to 80 Higvgs observe, corresponding to a
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regeneration efficiency of around 200%idure 3-6). This increased capacity was maintained or
slightly increased in subsequent cycles.

During anodic electrochemical regeneration of expandable graphite, a small increase in
adsorptive capacity has been repoitegrevious studiefAsghar et al. 2012, Brown et al. 2004c)
Although this increase is beneficial for the adsorption process, it appears to be associated with
corrosion of rGO. Traces of brown particles suspended in the treated water were observed after
the third adsorption cycle. The data obtained from adsorption / regeneration cycles again suggest
that alongside the MB oxidation, oxidation of rGO takes place during the electrochemical
regeneration. Corrosion of GIC during electrochemical regeneratiorepaged by Nkrumah and
et al (NkrumakhAmoako et al. 2014). The oxidation appears to result in the creation of more
adsorption sites, by addition of oxygen containing functional groups and by increasing the specific
surface, and thus leads to an increagbe adsorptive capacity. Asghetral. also used the same
principle to increase the adsorptive capacity of natural vein graphite by an electrochemical surface

pretreatment (Asghar et al. 2013b).
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Figure 3-6. Regeneration efficiency over number of adsorption and electrochemical
regeneration cycles for MB adsorption on rGO /60

As well as corrosion of the graphene, oxidation of rGO back to GO should also be
considered. GO ismon-conductive, and thus unsuitable for regeneration, so if the rGO were
oxidised to GO the regeneration would fail, although there was no evidence of this from the five
cycles of regeneration carried out in this stublye stability of the rGO was furthby observing
its Raman spectral after electrochemical oxidation for 2.5h in the absence of adsorbate. After the
electrochemical oxidation, the resultant material was washed using 150 mL of DI water. The
Raman spectra of the filtered solid is showrFigure 3-7. No significant change in the D/G
intensity ratio was observed. The D/G intensity ratios for regenerated@ Ontreated rGaO
and GO werd .59, 1.43, 0.98. These results suggest that rGO may be partially oxidized but it is

not converted to GO during the electrochemical regeneration
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Figure 3-7. Raman Spectra of the (a) rdO electrochemic#y regenerated for 2.5 h in the
absence of adsorbate, (b) untreated rGO (c) GO.

In addition to oxidation of the graphene, it is also possible that some oxidation of the iron
oxide occurred during regeneration. There was no discernible decrease in thetienag
characteristics of the material after several cycles, however the magnetic properties were not
measured quantitatively. Further work is needed to determine whether oxidation of iron oxide

occurred during the electrochemical regeneration.

Figure 3-8 shows TEM images of the rGI® composites before and after one cycle of
electrochemical regeneration. Before the electrochemical oxidation, the rGO had smooth edges.
However, after regenerati, the edges were observed ragged indicating corrosion of the rGO has
occurred. The stability of the rGO was studied through its electrochemical oxidation without any

adsorbate for 2.5h. After the electrochemical oxidation, the resultant material wesdfiind
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washed using 150 mL of DI water. The chemical oxygen demand (COD) of the filtrates from the
electrochemically oxidized sample and untreated sample were 18 ppm and 0 ppm repetitively. The
results indicate that rGO was oxidized, forming partialkfdized species in the water and
increasing the COD.

Raman spectra obtained for the freshly prepared-i&©omposite, the composite after
adsorption of MB, and composites after 30 minutes of electrochemical regeneration are shown in
Figure3-9. After adsorption, a new peak was observed at 144bcomesponding to the adsorbed
MB. A peak at around 1440 chwas observed in the Raman spectra of theposite after
electrochemical regeneration, indicating that some MB or its derivatives are present at the surface
of the rGQOIO-60 adsorbent. The TEM and Raman spectra results confirm that during
electrochemical regeneration of the rGO composites corrasfidhe rGO occurs, leading to a

higher adsorptive capacity in subsequent cycles.
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Figure 3-8. TEM images of (a) rGEO-60 before electrochemical regeneration and (b)

rGO-10-60 after electrochemical regeneration
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Figure 3-9. Raman spectra of the (a) rd0-60 before adsorption, (b) rGI®-60 after
adsorption, and (c) rG@D-60 after regeneration
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With regards to adsorption capacity and required regeneration time, the electrochemical
regeneration of the rG@-60 was found to be more effective than rB®75, since the
regeneration time was aboutet same but the MB loading was higher. It is not possible to
determine the charge efficiency of the electrochemical regeneration from the regeneration
efficiency, since the adsorption capacity increases due to oxidation of the graphene, and the
products othe oxidation of MB have not been determined. Further work is needed to investigate

the charge efficiency and the oxidation productions.

3.5 Conclusion

Reduced graphene oxide / magnetite composites were successfully synthesized in a one step
process cared out in the presence of hydrazine. The composite was found to be magnetic,
allowing facile separation of the adsorbent from the treated water. A process for the removal of
MB from water by adsorption, magnetic separation, and electrochemical regeneestistudied.
The adsorption isotherms were found to follow the Langmuir isotherm model. Thepenoois,
high electrically conductive nanocomposites were found to exhibit high rates of electrochemical
regeneration combined with a relatively high adsorptiapacity and their magnetic properties
facilitates rapid separation from the treated water. Complete electrochemical regeneration of an

rGO-10 composite adsorbent loaded with 39 mgMB was achieved under anodic conditions
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with a current density of 1MA cn? and a regeneration time as low as 30 min. Increasing the
regeneration time or the number of adsorption / regeneration cycles lead to an increase in
adsorptive capacity. The drawback of this method is that with increasing the regeneration time or
after several cycles, rGO starts to release carbon derivatives into the treated water. Although the
adsorption capacity of the adsorbent was recovered, further work is needed to evaluate the rate of
oxidation of MB and any released breakdown products forineatidition, further research on the
stability of the composite adsorbents after several adsofgeneration cycles are needed.
Methods to reduce or eliminate particle corrosion during the electrochemical treatment should be

explored.
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4.1 Abstract

A nanocomposite of titanium dioxide and féayer graphene, for use in an electrochemical
adsorption / regeneration process, was prepared using tiyelsolethod. The effect of the
annealing temperature on electriadgtic activity of the nanocomposites for MB oxidation was
investigated by cyclic voltammetry and constant current electrochemical regeneration. Cyclic
voltammetry indicated that graphem#&. nanocompositeG/TiO2) annealed at 400°C had a
higher activityfor MB oxidation than both the nanocomposite annealed at 500°C and the bare
graphene. Similarly, the regeneration of the MB loaded graphi&wehanocompositeG/TiOy)
annealed at 400°C was much faster than for both thecoammosite annealed 800°C andbare
graphene. This may be a consequence of the higher proportion of anatase phasateliO
annealing at 400°C (ca. 7% rutile B)@ompared to 500°C (ca. 40% rutile B)Owhich suggests
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thatanatase phaseO: on graphene is more catalytically acti@mplete regeneration of the
G/TiO2 annealed at 400°C with the maximum MB loading was obtained after an anodic
regeneration of 21 C per mg of adsorbate. The results demonstrat@dil@tannealed at 400°C
was regenerated in half the time required fierhare graphene. TEM studies showed that the bare
graphene was rapidly corroded, while corrosion was not observed faf i@, nanocomposites.
Keywords: graphene, titanium dioxide, nanocomposite, adsorbent, electrochemical

regeneration.
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4.2 Introduction

The removal of organic contaminants through adsorption onto graphene based materials is
considered to be one of the most promising methods in water treatment (Bharath et al. 2017,
Khurana et al. 2017, Yu et al. 2015b). However, the application of graphsee iveterials to
adsorption processes is limited by their high production and regeneration costs. Several methods
have been used to regenerate the loaded graphene based materials, namely thermal regeneration at
high temperature (Gao et al. 2014), Feri@r reactions (Qin et al. 2014), solvent extraction
(Zhang et al. 2014) and electrochemical regeneration (Sharif et al. 2017). However, each of these
methods has shortcomings including high cost, incomplete regeneration, adsorbent losses,
secondary pollutio, or long regeneration times. Among the aforementioned methods,
electrochemical regeneration showed that it can be a promising technique in which minimum
adsorbent loss, igitu regeneration, and high regeneration efficiencies can be achipegdi al.

2017, Hussain et al. 2015b, Narbaitz and Cen 1994, Narbaitz and Klasimi 208) with no
harmful reagents required.

The main mechanism for anodic electrochemical regeneration is oxidation of organic
pollutants on the surface of the absorbents (Brown et al. 2004b). Ideally, the adsorbate should be
mineralized completely during regeneration by electrochemical oxidaboweding them into
carbon dioxide, water and salts.

Anode materials used for electrochemical oxidation can be classified as active or inactive
(Comninellis 1994). While active anodes tend to chemisorb hydroxyl radicals and have a low
overpotential for oxgen evolution, inactive anodes physisorb the hydroxyl radicals and have
higher oxygen evolution overpotential. Depending upon the anode material and the mechanism of

the oxidation, the pollutants may not be oxidized completely, resulting in the prodoé€tion
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undesirable breakdown products. Active electrodes such as graphite, platinum, and ruthenium and
iridium oxides can only partially mineralize the organics. Inactive electrodes, however, such as tin
oxide, lead oxide and boron doped diamond can comypleii@leralize organics to carbon dioxide

and water.

In the electrochemical oxidation process, a part of the charge passed will usually be
consumed by side reactions, in particular oxy
It is, thereforepreferable to use an adsorbent material that can act as an inactive anode, in order
to decrease side reactions and increase the current efficiencyH@i et al. 2012). This will result
in reduced energy costs and reduced regeneration times, makingtiadsanpl electrochemical
regeneration processes more economically feasible.

As graphite is categorized as an active anode (Rueffer et al. 2011), it needs to be
functionalized to produce more hydroxyl radicals. Among the inactive electrodes, boron doped
diamond (BDD) has been shown to be very effective for hydroxyl radical production (Iniesta et al.
2001, Marselli et al. 2003). This is mainly due to the large band gap of diamond (5.45 eV) which
make the BDD suitable to produce a large amount of hydrogytab(Beck et al. 2000, Kraft
2007). However, the preparation of BDD is not simple, and BDD electrodes are consequently a
relatively high cost material (Xie et al. 2017). Ntsendwetre (Ntsendwana et al. 2013) reported
the modification of exfoliated gphite (EG) using diamond. Their findings revealed that exfoliated
graphite / diamond composites have a higher removal and current efficiency and faster degradation
kinetics than exfoliated graphite electrodes for electrochemical oxidation of trichldeseth{he
effect of adding diamond particles onto expanded graphite electrodes for the electrochemical
degradation oénthraquinonic dye was also investigated by Pelegepi (Peleyeju et al. 2016).

Their findings confirm the results obtained by Ntsendayavhere the incorporation of diamond
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increased the electwatalytic activity and consequently the degradation ratantbfraquinonic

dye in comparison with bare EG. |l tds been pro
mainly influenced by hilg production rates of hydroxyl radicals and electron trapping on the anode
surface. In several studies, Bitavebeenshownto act as an efficient electrocatalyst owing to its

large bandgap of 3.2 eV and increase the hydroxyl radical formation for ooyaaétion (Yang

and Hoffmann 2016), even without direct contact with the anode (Jasmann et al. 2016).

An improved electrochemical oxidation of Rhodamine B usingSsitdoped TiQ-coated
granular activated carbon was reported by Li et al (Li et al. 200&nother study, in order to
produce more active sites and hydroxyl radicals, @ual prepared a Tienhanegraphite
composite anode (Guo et al. 2015). Thezdm@naegraphite composite showed that it can generate
large amounts of hydroxyl radical adeégrade the organics efficiently. This result is consistent
with the study by Wang (Wang et al. 2008b) who observed that addition efpé@ificles to a
packed bed electrochemical reactor can enhance the production of hydroxyl radicals and,
consequently fte organic oxidation. It has also been reported that composite electrodes with TiO
demonstrate a high catalytic activity and anticorrosive behavior which can increase the durability
of the material (Evdokimov 2002, Lin et al. 2013a).

In the previouschager, the adsorption and electrochemical oxidation of organics using
reduced graphene oxide / iron oxide adsorbents was studied [6]. The result showed 100%
regeneration efficiency and good adsorptive capacity compared to a flake graphite intercalation
compaund (GIC) adsorbent. This graphene nanocomposite also demonstrated significantly lower
specific charge for regeneration than has previously been reported for graphite adsorbents (Brown
and Roberts 2007). However, the graphene nanocomposite adsorbenidizsion the course
of the regeneration process, similar to what was observed for GIC adsorbents (NARmoeko
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et al. 2014). Oxidation of large diameter (a few hundred micrometers) GIC flakes led to an increase
in specific surface area (presumably dusurface roughening) along with changes in the surface
functional groups. However, the graphene / iron oxide nanocomposite was found to severely
corrode during electrochemical regeneration, so that it was not possible to use the adsorbent for
more than dew cycles of adsorption and electrochemical regeneration [6].

In the present study, graphen&), nanocomposites Q/TiOz) calcined at different
temperature were synthesized, characterized and used in an adsorption and electrochemical
regeneration proces®revious work on electrochemical regeneration of adsorbents materials
focused on carbon derivatives, namely activated carbon (Berenguer et al. 2010, Wang and
Balasubramanian 2009, Weng and Hsu 2008) or graphite intercalation compound (Asghar et al.
2013k Asghar et al. 2014b), which both are categorized as active anodes. The aim of this research
was to offer new adsorbents with high adsorptive capacity for removal of organics, combined with
rapid electrochemical regeneration and stability for many cyiclesrder to overcome the
challenges of conventional adsorbents. Methylene blue (MB) solution was used as a model
contaminant in a synthetic wastewater. Along with the adsorption characteristics of MB on these
materials, the voltammetric behavior and eledbtemical regeneration performance was
investigated, including the regeneration time and specific charge required for complete
regeneration. The stability of th&/TiO> nanocomposite was also evaluated over multiple cycles

of adsorption and regeneration
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4.3 Experimental

4.3.1 Preparation of graphene / titanium dioxide nanocomposites
The method used for preparation@fTiO 400°C and G/ Ti@500°Cis described in section

2.1.

4.3.2 Characterization

Materials were characterised DM, SEM, DLS, RamanandTGA (see setion.2).

4.3.3 Stability of the nanocomposite

Themethod for studying thstability of the nanocomposite described in section 2.4.

4.3.4 Adsorption and electrochemical regeneration
The methodology described in section 2.3 was useddsorptionand electrocheroal

regeneration o6/TiO2 400°C and G/ Ti@500°C

4.3.5 Electrochemical properties
The electrochemical characteristics of the GéAlif@anocomposites were studied by cyclic

voltammetryand linear sweepoltammetryusing the methods described in section 2.5.

4.4 Result and discussion

4.41 Raman
The Raman spectra of the G/Bi@anocomposites is shownkigure4-1. The main Raman
features of graphene based materials are toaltad D band (ca.1350 ¢y G band (ca.1580 cm

1y and 2D band (ca. 2670 &in The G band arises due teptane vibration obp? carbon atoms,
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while the D band originates from disorder in thé-lsgbridized carbon systems. The degree of
disorder is a function of the D/G intensity ratio (Stankovich et al. 2007). Our Raman spectra shows
that the D/G intensity ratio remained apgmately constant which implies that the coating of the
TiO2 and the heat treatment at 400°C and 5083€s notffect the structure of the graphene.

The formation of the anatase phase of JTi® the G/TiQ 400°C nanocomposite was
confirmed by observingie § mode (at 145 crf (Ohsaka et al. 1978, Ren et al. 2013). However
increasing the calcination temperature in G/2l%00°Cleads to increase the rutile phase which
is confirmed by observing the ¢@t 427 cm?), Aig (at 620 crh') modes and the secowdder
effect at (237 cit) (Swamy et al. 2006).. The phases of Igdesent in the nanocomposites was
also confirmed by powder-pay diffraction (see Supporting Informatiéigure A.4-11). It was
found that the G/Ti©400°C nanocomposite contained 93 % anatase phaseamtOonly 7% of
the less active rutile phase. When the nanocomposite was annealed at 500°C the rutile content

increased to around 40%.
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Figure 4-1. Raman spectra of Bare graphene and 6 wt% G/m@Docomposites

4.4.2 SEM and TEM

SEM images of the bare graphene and G{Ti@hocomposites-(gure4-2 a and b) illustrate
that bare graphene is composed of smooth;dtaeding thin sheets, while the SEM image of 6
wt% G/TiO; nanocomposites revealed that the surface of graphene was covered with TiO
nanocystals. The morphology of bare graphene and G/Ti@ocomposites can also be seen in
high resolution using TEMHFigure 4-2 ¢ and d). The morphologgf the nanocomposites is
consistent with the bare graphene in the range of several micrometers. TEM image of the
nanocomposites confirm that the graphene acts as a substrate and support for.the TiO

nanomaterialdt can also be seen that size of the of the;a@rticles is around-20 nanometers
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which is in good agreement with the DLS measurement of the particle size in the original sol, as

shown in the supporting informatioRigure A.4-9).

EHT = 2.00 kv Signal A = SE2 Date :22 Jan 2016 EHT = 2.00 kv Signal A = SE2 Date :22 Jan 2016
WD = 7.9 mm Photo No. = 14285 Time :13:00:44  — WD = 7.6 mm Photo No. = 14280 Time :13:12:54

Figure 4-2. Morphological observation. (a) SEM image of bare garphene, (b) SEM image
of G/TiO2 400°C (6 wt% TiQ) nanocomposite (c) TEM image of bare garphene, (d) TEM image
of G/TiO2 400°C (6 wt% TiQ) nanocomposite
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4.4.3 Adsorption isotherm

Figure 4-3 shows the adsorption isotherm of the bare graphene and the >G/TiO
nanocomposites. The isotherms were found to be a good fit to the Langmuir adsorption model.
The data were fitted to the Langim model using nonlinear regression and the results are
summarized inTable 4-1. A small reduction in adsorptive capacity of the G/Ai@0°C
nanoconposite(6 wt% TiOy) was observed when compared to bare graphene, from around 25 mg
g!to 21 mg ¢. The adsorptive capacity of the G/Ei600°C nanocomposite was significantly
lower, at around half the capacity of the bare graphene. These results thaydbetTiQ particles
have a lower adsorption capacity than the graphene. All three types of adsorbent, the bare
graphene, and the G/Ti®anocomposites, were able to remove organics to low concentrations
(below 1 mgL™?).

The lower adsorptive capaciof the G/TiQ 500°C nanocomposites may be explained by
the thermal behavior of the graphene. The TGA results (Supporting Infornfrédiore A4-10)
show that the graphene starts losing mass at arounrd@®@BC, probably due to the presence of
amorphous carbon. One possible explanation for the significant reduction in the adsorptive
capacity after annealing at 500°C, is that a significant proportiamofphous carbon may be lost
during annealing, leading to loss of adsorption sites. Loss ofpdwnes carbon during annealing,
increases the ratio of Tiko graphene and may reduce the number of adsorption sites, thus

explaining the reduction in the adption capacityBy assuming the monolayer coverage based

on langmuir isotherrand considering the fact that MB can take the area ofAl3per adsorbed
molecule (Calcaterra and Parise 2010, Lau and Chen 1978), surafce aremohtahdsorbent can
be caculated. Therefore, 1 mg of MB can occupy 2.45mthe surface of the adsorbeRable
4-2 shows the surface area for eads@bent.
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Figure 4-3. Adsorption isotherm of MB adsorption on bare graphene and the

G/TiO2 nanocomposites (6 wt% T#D

Table 4-1. Adsorption isothermparameters based on the Langmuir equation for bare
graphene and the G/Ti@omposites.

Langmuir parametersy, = KOG,
1+bC,

Sample Maximum adsorption (mg | K(mg g') | b (L mg?) R2
Bare graphene 25 24.3 2.28 0.92
G/TiO2400°C 22 20.4 3.35 0.90
G/TiO2500°C 13 11.7 8.50 0.92
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Table 4-2. Adsorption isotherm parameters based on the Langmuir equation for bare
graphene and the G/Ti@omposites.

Sample Surface aregm? g?)
Bare graphene 62
G/TiO2400°C 51
G/TiO2 500°C 32

4.4.4 Stability of the adsorbent materials

The stability of the adsorbents was investigated through their electrochemical oxidation.
After the electrochemical oxidation, the resultant material was washed using 150 mL of deionized
water followed by filtration. COD analysis of the filtrate is showit able4-3 for bare graphene,
and G/ TiQ (6 wt%) adsorbents. The COD of the rinse water for the fresh material (graphene and
GITiO2 nanocompositesyas around 1 mb2. After electrochemical treatment, the COD of the
rinse water from the bare graphene increased to more than R8.rhgcontrast, the COD of the
rinse water from the electrochemically treated GATifanocomposites increasedhomslightly
compared to the rinse water from the fresh material. These results suggest that the bare graphene
suffered from more corrosion, assuming that the increased COD detected in the rinse water was
associated with corrosion products. For the GéTn@uocomposites the small increase in COD
after electrochemical regeneration suggests that the corrosion rates were significantly lower.
Several electrochemical oxidation experiments were carried out with different loading0f TiO

and the COD of the filterednse water was measured. The COD of the filtrate decreased with

79



increasing loading of Ti®up to 6 wt%. For Ti@loadings above 6 wt% the COD did not show
any significant change, and thus this loading ofzM@s used throughout this study.

A number of electrochemical oxidation experiments wecenductedwith G/ TiO>
nanocompositesalcinedat differenttemperatures i.e 30Q, 400°C and 500C . The COD of the
filtered rinse watewas measured. The COD of BéTiO2.300°C filtrated i d n6t s hatw a
change, Howevethe COD of theG/ TiO2 400°C and 500C filtrates decreasedignificantly.
Therefore, GTiO2400°C and 500C were chosen to be applied in adsorption and electrochemical

regeneration.

TEM images are consistent with the COD dateM images of bare graphene after the
electrochemical treatmenfi@ure 4-4a) show that the morphology of the graphene changes
significantly after electchemical regeneration compared to the as received grafRiguee

4-2c), with ragged edges and pores or holes through the graphene. For the cafjidsites,

there was no detectable change in the morphology observed by TEM after electrochemical

treatment Figure4-4b). The clean edges of the gtene are unaltered, and there is little evidence

S

of the corrosion observed for the bare graphene. Almost no holes or pores were observed, and the

few which can be seen may have existed before oxidation. The TEM images combined with the

COD data provide sting evidence that by depositing Bi@anoparticles on the graphette

surface of the graphene is somehow protected from electrochemical oxidation. The same

anticorrosive behavior has been observed for stainless steel and graphite coatedxayhLinO

(Lin et al. 2013a) and Guo (Guo et al. 2015), consistent with our results.
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Table 4-3. COD of filtered rinse water for adsorbents before and after electrochemical
oxidation.

Before After
electrochemical electrochemical
Adsorbent
treatment treatment
COD (mg LY COD (mg LY
Bare graphene 1 22
G/TiO2500°C
1.2 2.5
6 wt% TiO
G/TiO2 400°C
1.1 55
6 wt% TiO
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Figure 4-4. TEM image of (apare graphene surface after electrochemical oxidation, (b)
G/TiO2 400°C nanocomposite (6 wt% TiOsurface after electrochemical oxidation

4.4.5 Electrochemical Regeneration

The effect of the electrochemical treatment time on regeneration efficiency is presented in
Figure 4-5 for bare graphene, G/T¥O400°C and G/Ti@ 500C nanocomposites. For all
adsorbents, the regeneration efficiency was found to increase to 100% regeneration or greater with
increasing the regeneration time. For the bare graphene, the regeneration efficiency increased
steadily with regeneration time up &round 12 minutes, and then more rapidly to greater than
100% RE. A possible explanation for this observation is that initially most of the increase in
regeneration efficiency is associated with the oxidation of the MB adsorbate, but as the proportion
of the surface loaded with MB decreases, corrosion of the graphene accelerates. Corrosion of the
graphene will lead to an increase in surface area, thus increasing the regeneration efficiency by
creating new adsorption sites. Similar behavior has beendaEsmnved in our previous study
(chapter 3pf the electrochemical regeneration of reduced graphene oxide / iron oxide composite
adsorbents (Sharif et al. 2017).

For the G/TiQ nanocomposites electrochemical regeneration the rapid increase in
regeneration ficiency above 100% was not observed, presumably due to the stability of the
nanocomposites. In addition to having the lowest adsorptive capacity, the ,GUIDC
nanocomposite also requires a longer regeneration time to achieve a regeneration efficiency

100%. This may be due to the higher content of rutile phaseahiédDhence lower catalytic activity
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of the nanocomposite annealed at ¥DO%ee Supporting Informatiofigure A.4-11). In

contrast, the G/Ti@400°C nanocompositthowed more rapid regeneration, witiore than 80

% of the nanocompositeds adsorptive capacity
regeneration obtained after around 7 minutes. Treséts suggest that the higher proportion of

anatase phase TiOn the nanoparticles catalyzes the oxidation of MB, possibly through the
generation of hydroxyl radicals, so that a higher proportion of the current is used for the

degradation rate of MB (Kamierek and Chrzescijanska 2015).
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Figure 4-5. Effect of regeneration time on regeneration efficiency of MB on G/TiO
nanocomposites (6 wt % T#Dby applying the current density of 10 mAém
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4.4.6 Adsorption/regeneration cycles

The feasibility of the adsorption and electrochemical regeneration process, and the stability
of the adsorbent material, can be evaluated by carrying out successive adsorption and regeneration
cycles. The performance of the bare geaphand nanocomposite adsorbents was determined over
five successive adsorption and electrochemical regeneration cycles, as shagured-6. The
regeneration time for each adsorbent was based on the time required to achieve 100 %
regeneration, using the data showfigure4-6. The regaeration efficiency for the bare graphene
increased to around 150% after the second cycle. This suggests that the number of adsorption sites
was increased by the electrochemical regeneration, presumably due to the corrosion of the
graphene. The adsorptieapacity and regeneration efficiency remain approximately constant for
the subsequent cycles (three to five), possibly due to the loss of adsorbentabbst4 shows
the mass of adsorbent recovered after each cycle for all three adsorbents. For the bare graphene
there is a significant loss of adsorbent, amounting to ar80¥dof the initial mass losdfter 5
cycles. The volume of solution usedrfthe adsorption cycles was adjusted to maintain a constant
adsorbent dose in all cycles. For the GAlIfanocomposite adsorbents, the mass loss was much
lower, corresponding to around 8% of the initial mafier 5cycles. For the bare graphene, the
addiional loss was presumably due to corrosion, while for the G/@dtnposite adsorbents the
mass loss was attributed to physical losses as it is difficult to recover all of the adsorbent after

filtration. A control experiment was carried out to estimatepiigsical losses from the filtration

84



process, and these were found to be around 9+1%, confirming that there was no significant mass
loss due to corrosion for the G/Ti@omposites.

The regeneration efficiency of the G/Li@anocompositesloes notshow a sigificant
change throughout the five consecutive cycles of adsorption and regeneration, remaining at around
100%. These results indicate that the GATi@anocomposites are relatively stable under

electrochemical regeneration.

Table 4-4. Mass of the adsorbent recovered after multiple cycles of adsorption and
regeneration.

Cycle First Second Third Fourth Fifth
Adsorben
Bare Graphene| 0.94 0.88 0.81 0.76 0.70
G/TiO2400°C 0.99 0.97 0.96 0.94 0.93
G/TiO2500°C 0.98 0.97 0.95 0.93 0.92
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Figure 4-6. Regeneration efficiency for a series of adsorption and electrochemical
regeneration cycles for MB adsorption on bare graphene, &A400°C and GriO2 500°C
nanocomposites (both 6 wt% TiOAdsorption was carried out under conditions that give close
to the maximum loading of MB on the adsorbent. Regeneration of the bare graphene,>, G/TiO
400°C and G/Ti@500°C adsorbents were carried out ford,gnd 20 min respectively at a current
density of 10 mA cri.

The amount of charge required for 100% regeneration efficiency, normalized by the mass of
adsorbent or MB, can be used to compare the energy consumption for the regeneration of the
adsorbents. In other words, a lower charge passed per unit mass indivegéesehergy
requirement for regeneration or contaminant removal and oxidation, since the cell voltage was
about the same (around 3 V) in all cagezble4-5 shows a comparison of the Graphene, GALTiO
400°C and G/ Ti@500°C nanocomposites in terms of the specific charge required for complete
regeneration, based on the mass of MB. By considering the MB loading on the adsorbents and the
required time for complete regeneration, the amount of the charged passed36ri@e500°C

nanocomposite is 4.3 times higher than the bare graphene and the charged pass&dTadihe
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400°C nanocomposite is almost half of the bare graphene. This demonstrates the low
electrocatalytic activity of th&/TiO. 500°Cnanocomposite relativie that of theG/TiO2 400°C
The high electrocatalytic activity of the G/Ti@00°Cnanocomposite leads to much lower energy

required to achieve complete regeneration compared to bare graphene.

Table 4-5. Specific charge required for 100% regeneration efficiencgraphene, G/TiQ
400°C and G/Ti@500°C (both 6 wt% Ti@) adsorbents loaded with MB, for regeneration at 10
mA cnm?,

G/ TiO2 G/ TiO2
Graphene
400°C 500°C
Regeneration time (min) 14 7 20
Adsorptive capacity for MB
24 22 8
(mg g%
Charge passed per g of
) 924 462 1320
adsorbent (C'9)
Charge passed per mg MB (C
38.5 21.0 165

mg?)

4.4.7 Cyclic voltammetry for adsorbents loaded with MB
To study the electrocatalytic activity of thenocomposites, cyclic voltammetry studies were
carried out. Cyclic voltammograms were obtained for the bare graphene, MB adsorbed bare

graphene, G/Tie400°C, G/TiQ 400°C loaded with MB, and G/Tg®00°C loaded with MB, and
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the obtained results are dejeid inFigure4-7. Compared to the blank samplesire graphene and

G/ TiO2400°C), a pair of poorly defined redox peaks can be observed for the bare graphene loaded
with MB at a potential of arouneD.35 V versus Ag/AgCl. Theeak currents for th&/TiO>
nanocomposites were different to those on bare graphene, which can beeexfiieough the
difference in the electrocatalytic activity of the Ri@nnealed at different temperatures. For the

MB loaded G/TiQ 500°C nanocomposite, containing a higher proportion of the less
active(Fuentes et al. 2008, Garcia et al. 2007) rutilegple, the peak currents was around half

of that for the MB loaded bare graphene. In contrast, the magnitude of tkaefiedd redox peak
currents for MB loaded G/Ti£400°C (with a higher proportion of the more active anatase phase

of TiO2) was thredimes larger than for the MB loaded bare graphene, due to the high catalytic

activity of the anatase phase biO
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Figure 4-7. Cyclic voltammetry of bare graphene, bare graphene loaded wittGVIBO-
400°C ,G/TiO2 400°C loaded with MB an@/TiO2 500°C loaded with MB. The Tifdoading on

the nanocomposites was 6 wiescan rate of 5 mv-S

4.4.8 Linear sweepvoltammetry

The onset potential for oxygen evolution is a significant criterion in evaluating aotd
inactive electroded-igure 4-8 shows the linear sweep voltammetry behavior obtaineddoe
graphene and the G/Ti®ianocomposites in 0.1 M&SQ,. The oxygen evol uti on
Ag/AgCl) was estimated using extrapolations of the linear portion of the cyoogmtial curves
(dotted lines) to 0 A. The onset potential for oxygen evolution was estimated to be 1.65, 1.76 and
1.78 V for bae graphene, G/Tig400°C, G/TiQ 500°C (both 6 wt% Tig), respectively. Similar

results have been reported by Zhao et al. (Zhao et al. 2009) and Wang et al. (Wang et al. 2013),

89



who found that TiQincreased the onset potential for oxygen evolution in-B8G composites.
A high onset potential for oxygen evolution can promote the oxidation efficiency of organic

contaminants (Xie et al. 2017)
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Figure 4-8. Linear sweep voltammograms of (a) bare graphene, (b) GAQWQ’C, and (c)
G/TiO2 500°C. The loading of Ti@was 6 wt %. Experiments were carried out using 1 mbl L
sodium sulfate at a scan rate of 100 mv S
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4.5 Conclusion

G/TiO2 nanocomposites weseiccessfully prepared using the-gel method and utilized in
an adsorption and electrochemical regeneration process. The nanocomposites had a lower
adsorptive capacity than bare graphene. When annealed at 500°C, the adsorption capacity
decreased signifamtly, probably due to the loss of the amorphous carbon during the annealing.
TEM, analysis of the COD of rinse waters for electrochemically treated adsorbent, regeneration
efficiency data consistently showed that the bare graphene was rapidly corrodeg dur
electrochemical oxidation, while almost no corrosion was evident in the case of the: G/TiO
nanocomposites.

In addition to corrosion resistance, it was found that the G/#@I°C showed a high
electrocatalytic activity for oxidation of the MB. Comg@eatgeneration of2mg d* adsorbed MB
on theG/TiO, 400°C nanocomposite was achieved by passing 10 mAfen¥ min which was
much faster in comparison with the bare graphene. From cyaliammetry,while the G/TiO-
500°C nanocomposite was less cdiaflly active than bare graphene, t&TiO. 400°C
nanocomposite demonstrated excellent electrocatalytic activity. It can be inferred that the addition
of nanoparticles of anatase biddcreases the overpotential for graphene oxidation and oxygen
evolution, catalyses the direct oxidation of MB, and perhaps also the generation of hydroxyl
radicals, leading to rapid regeneration by oxidation of MB adsorbed on the surface of the graphene.
The more rapid regeneration can be attributed to the electrocatlytic activity of the TiO
nanoparticles, particularly for the material annealed at 400°C which contained a higher proportion
of anatase phase TiOFurther work is needed to investigate théaded mechanism for MB

oxidation on G/ TiQnanocomposites.
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The stability of the G/Ti@ nanocomposite was investigated through successive cycles of
adsorption and regeneration, demonstrating that the GfiEibcomposites were more stable than
the bare aqaphene, maintaining their performance through five cycles of adsorption and
regeneration. The stability of the composites is more difficult to explain than the rapid
regeneration. It is not clear why the Bi€hould protect the graphene from oxidation rafte
adsorbed MB has been oxidized on the graphene surface. Further work is thus needed to determine
the mechanism of graphene oxidation in the presence and absence wafiaParticles.
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4.7 Supporting information
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! University of Calgary, Department of Chemical and Petroleum Engineering, 2500

University Drive NW, Calgary, AB T2N 1N4, Canada

4.7.1 DLS measurement

The siz of Titanium oxide particles in the prepaisa was measured using dynamic light
scattering (DLS), as shown Figure A.4-9. The number average size of the pagscolvas 6 nm

which is in good agreement with the TEM results.
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Figure A.4-9. DLS measurement of T&khanoparticles in the sol.
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4.7.2 TGA

Figure A4-10 shows thermogravimetric (TGA) curves for the bare grapheney/ TiO
graphene 400°C and Ti#Ographene 500°C . Studies have shown that the first peak around 400°C
in the derivative curve of thEGA trace represents the oxidation of amorphous carbon and that the
combustion of graphene is represented by the peak around 600 °C. The results show that bare
graphene contains 20 % amorphous carbon and 80% graphitic carbon. Because of treatment at
400°C the TiQ /graphene 400°C sample lost a portion of its amorphous carbon, retaining just

5%. The heat treatment at 500°C of Figraphene 500°C caused the total removal of amorphous

carbon.
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Figure A.4-10. TGA plots of bare graphene, G/%@00°C and G/Ti@500°C .
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4.7.3 XRD

In order to investigate the crystalline structure of the nanocomposite, a powdgr X
diffraction (PXRD) instrument (Bruker D8 powder-rXay di ffract ometer, op
radiation,2 ¢ 10% 80°; scan rate of 0.0and a counting time of § per scan) was usdeigure
A.4-11shows the xay diffraction (XRD) pattern of Ti@powder,consisting oboth anatase and
rutile phasestreated at 400°C and 50D. (101), (004), (200). (211) and (204) crystal surface
diffraction peaks corresponding to 25.5, 37.8, 48, 55.1 and 62.8 degrees are assigned to anatase
respectively, and the other characterisiifraction peaks of (110), (101), (111), (210), (211),
(220), (002) and (310) corresponding to 27.35, 36.1, 41.25, 44, 54.3, 56.4, 62.7 and 64.08 are
assigned to rutile phaséleat treatment affects the crystal structure of the titanium oxide.
Integrationof the peak area at 25d@grees (anatase) and at 27.5 degrees (rutile) yields the ratio
of the crystallographic phasdsgure A.4-11shows that the amount of rutpdase increases with
higher annealing temperatures from 400 to°&08s calculated by the integration method, the
rutile phase percentage increases from around 7 % to 40 % as the annealing temperature increases

from 400°C to 508cC.
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Figure A.4-11 The XRD patterns of Ti400°C and Ti@500°C
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edward.roberts@ucalgary.(A.P.L. Roberts)

Aut hor s 0 c enregared thnoaterials, pesrformdd the experimentganized and

wrote the paper. and Prof. Roberts supervised the reggaijelt

5.1 Abstract

Electrochemical regeneration has been suggested for the degradation of organic
contaminants loaded on an adsorbétibwever, the process suffers from low regeneration
efficiency due to side reactions like oxygen evolution, as well as oxidation of the adsorbent. We
have previously reported the synthesis of conductive adsorbents, including graphene / magnetite
and graphea / TiQG: which suffer from either low regeneration efficiency or low adsorptive
capacity. In order to overcome these drawbacks, in this study other electrically conducting
nanocomposites such as graphene /.S@6nQ) and graphene / SISnG (G/SbSnG) were
successfully synthesize@nd characterized using nitrogen adsorpti@eanning electron
microscopy (SEM), transmission electron microscopy (TEM), and Raman spectroscopy.
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Thereatfter, the adsorption and electrochemical regeneration performance aidbemosites

were tested, using Methylene blue (MB) as a model contaminant. Compared to bare graphene, the

adsorption capacity of the new composites was
The adsorption capacity of G/Sp@nd G/SbSnQ were effetively regenerated in both

NaCl and NaSQx electrolytes, requiring as little charge as 21 C'mfjadsorbate for complete

regeneration, compared to >35 C infpr bare grapheneConsecutive loading and anodic

electrochemical regeneration cycles of theatmmposites were carried out in bdtaCl and

NaSOy electrolyteswithout loss of the nanocomposite, attaining high regeneration efficiencies

(ca. 100%).

5.2 Introduction

Adsorption is a promising method for the removal of soluble and insoluble organics form
wastewater effluents due to ease of operation, a wide range of applicatioashigihdlevel of
purity of the treated water (Ali 2014). However, handling of the loadisbrbent is a challenge
because of disposal limitations, such as toxicity, and the high cost of replacement adsorbent (Lin
and Cheng 2002, Namasivayam and Sangeetha 2006). Electrochemical regeneration has shown
potential for effectively recovering thelsorptive capacity of the loaded adsorbents (Asghar et al.
2013a, Asghar et al. 2014b, Berenguer et al. 2010, Wang and Balasubramanian 2009).

Early studies of electrochemical regeneration with an activated carbon adsorbent showed

that although it has adi adsorptive capacity, it requires long regeneration times, resulting in high
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energy consumption. This is mainly due to the porous surface and low conductivity of the activated
carbon (GARCIAOTON et al. 2005, Han et al. 2008, Narbaitz and Cen 1994). rBebval.

(Brown and Roberts 2007, Brown et al. 2004a, Brown et al. 2004b) studied an alternative material,
graphite intercalation compound (GIC), which is ypmrous and has high electrical conductivity.

This material demonstrated high regeneration efimyebut low adsorptive capacity. éhapter 3

(Sharif et al. 2017), reduced graphene oxide (rGO) / magnetite was chosen as an adsorbent since
it has a nosporous surface, high surface area and high electrical conductivity. The findings
revealed that rGO magnetite has satisfactory adsorptive capacity which can be completely
regenerated. However, the electrochemical regeneration process caused oxidation and corrosion
of the adsorbent. Similar adsorbent oxidation was also seen by Nkaumadikoet al (Nkrumah-

Amoako et al. 2014) for a GIC adsorbent. Graphitic materials display behaviors of both active and
inactive electrodes but the dominant mechanism for organic oxidation is believed to be direct
electron transfer. (Rueffer et al. 2011). This is likelyrtiegn reason for oxidation of the graphene

as well.

It is essential to tackle the problem of adsorbent oxidation and this can be done by changing
the dominant mechanism from direct electron transfer to mediated degradation using electro
generated hydroxyladicals. One approach would be to coat the surface of the carbon materials,
i.e. graphene, with materials which behave as inactive anodes such as boron doped diamond
(BDD), SnQ, SbSnQ, or PbQ. Due to the high overpotential of the inactive materiafs fo
oxygen evolution, they are considered good candidates for organic oxidation by means of reactive
oxygen species such as hydroxyl radicals. Extensive research has been conducted on inactive
materials to increase the rate of reactive oxygen species pmdudizone production on Sb
SnQ/Ti, hydroxyl radical generation on fluoride doped lead oxide, hydrogen peroxide generation
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on niobium lead oxide, and hydroxyl radical generation on BDD and/Tii@re several good
examples (Guo et al. 2015, Jasmann e2@il6, Li et al. 2016, Ntsendwana et al. 2013, Peleyeju

et al. 2016, Wang et al. 2008b, Yang and Hoffmann 2016). These materials increase the oxygen
evolution overpotential, minimizing this side reaction, thus increasing the current efficiency for
organicoxidation (Cui et al. 2009, Li et al. 2016, Xie et al. 2017). Owing to its large band gap of
5.45 eV, BDD is the best inactive, corrosi@sistant material (Beck et al. 2000); however, due to
their high cost, BDD cannot be effectively used for adsorpiuh electrochemical regeneration.

PbQ also has a high overpotential for oxygen evolution (Song et al. 2010) as well as a much lower
cost than BDD, but leaching of lead from the Pir@@ the solution can contaminate the treated
water(Siedlecka et al. 2(R).

In the current studygrapheneénQ® (G/SnQ) and graphene/SBnQ: (G/SbSnQy)
nanocomposites were prepared, characterized, and utilized in an adsorption and electrochemical
regeneration proces©ur previous study on electrochemical regeneratiomgraphene TiQ
adsorbents materials revealed that the addition of the f@&oparticles to the surface of the
graphene increases catalytic activity, reducing the required time for complete regeneration and
also protects the graphene surface from corro§®rarif and Roberts 2017). However, the
prepared adsorbents did not demonstrate good adsorptive capacity due to calcination.

The goal of the present study was to prepare new materials with higher adsorptive capacity
and comparable catalytic activity to tgeaphene / Ti@nanocomposite which can be applied in
successive adsorption electrochemical regeneration process. In addition to the methylene blue
(MB) adsorption and electrochemical regeneration behavior of these adsorbents, their

electrochemical propges were also investigated. The effect of the nanomaterial loading on the
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nanocomposites and the electrolyte types on the electrochemical regeneration, and the durability

of thenew materialsvas also assessed.

5.3 Experimental

The methods for preparatiaand characterisation (bByJEM, SEM, Ramanand BET) of
G/SnO2 andG/ Sb-SnO, were described in sections 2.1 and 2.2. The methodology for studying the
adsorptiorand and electrochemical regeneratiorcédnO, and G/ Sb-SnO> described in section
2.3 was usedlhe electrochemical characteristics of theS8D. nanocomposites were studied by

cyclic voltammetryand linear sweepoltammetry as described in section 2.5.

5.4 Result anddiscussion

5.4.1 Raman spectra

The surface chemical composition of the graphene and composite samples was characterized
by Raman spectroscopy, as showrrigure5-1. The peaks obseed at 1358 and 1580 chean
be attributed to the D band and G band of the graphene respectively (Zhao et al. 2012). The peak
at a Raman shift of 572 chtan be assigned to the cassiterite Smhoparticles; this peak is only
present for nanometer se&nQ particles (Camachtdpez et al. 2013, Zuo et al. 1994). The four

broad Raman peaks at 458, 566, 720 and 632aamn be attributed to Sn@anoparticles doped
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with antimony. The first 3 peaks are the surface vibration modes (Xu et al. 2013) tamntlas
thevibration in the plane perpendicular to thexds (Bonu et al. 2015)hus the Raman spectra

confirm that the presence of Sn@nd Sb SnG on the nanocomposite materials.

G/ Sb-Sn0O, 13

N

Intensity (a.u.)

G/ SO, 13
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Bare Graphene
p A _—

I I I I I I
500 1000 1500 2000 2500 3000

Raman shift (cm™)

Figure 5-1. Ramanspectra of Bare graphene, ShGbSnG, G/SnQ and G/SESnG
nanocomposites

5.4.2 SEM and TEM
Themorphology of the G/Sngand G/SESnG nanocomposites were observed using TEM

and SEM Figure5-2 andFigure5-3). A comparison between the SEMage of bare graphene,
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G/SnQ and G/SESnG reveals that SnOnanoparticles have adhered to the surface of the
graphene, however, due to the SEM limitationssinot possible to make more quantitative
comments on the nanoparticle distribution. The TEM imdggsire5-3 (b) and (d), show that the
average gie of Sn@ and SbSnQ nanoparticles is around 5 and 30 nm respectively. It can also
be inferred that the nanoparticles had been distributed uniformly on the surface; dueaio

der Waals forces they tend to aggregate (Velmurugan et al. 2016).
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(C) bare graphene
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Figure 5-3. (a) Low magnification TEM image of the G/SnO2 nanocomposite (b)-High
magnification TEM image of the G/SnO2 nanocomposite. (C) Low magnification TEM image of
the G/SBSnO2 nanocomposite (d) Highmagnification TEM image ofthe G/SbSnO2
nanocomposite.

5.4.3 Adsorption study

Adsorption isotherm studies were carried out to find the adsorptive capacity of the prepared
samples and to determine the adsorption range which will be used for adsorbent regeneration
studies. The results obtained have been depict&dgure 5-4. Table5-1 shows the calculated
surface area foraeh sample using BET method. It can be seenGIanQ and G/SESnG have
higher adsorptive capacity than the bare graphene. As the surface area of the graphene and
composite materials are all similar, we can conclude that the surface area is not lkspansi
higher uptake capacity of the composite adsorbents. The difference in the adsorptive capacity can
be either due to contribution of the metal oxide in adsorption or the better dispersion of the

nanocomposite in the water.
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The Langmuir and Freundh adsorption isotherm models were fitted to the experimental
data for MB adsorption on bare graphe@¢SnQ 7, G/SnQ 13, G/SbSnQ 7, and G/SE5nG
13. The Langmuir and Freundlich isotherms were used to evaluate the equilibrium conditions and

they can be expressed by the mathematical equdbieljs& [5-2] respectively.

L ir isoth q, = KibG, B

angmuir isotherm ¢, = ——— -
J 1+bC,

Freundlich isotherm: q =K,C. [5-

where ge is the loading of adsorbate on the adsorbent in equilibrium with a solution
concentration o€, KL andb are the Langmuir isotherm constants, Ka@ndn are the Freundlich
isotherm constants.

Table5-2 to Table5-4 show the isotherm constants and the determination coeffi&ént (
obtained by nonlinear regression for each adsorbent. By comparing the vadoofeach
adsorbentit can be observed that Langmuir isotherm provides a better fit to the experimental data
than the Freundlich isotherm model. Separation fa&gr(Hameed and Rahman 2008) (equation
3) andthe magnitude of (de la LuzAsuncion et al. 2015) arenportant parameters in the
Langmuir and Freundlich isotherm as they raticate whether the adsorption is favorable or not.
area value oR_ or n of less than pe indicates favorable adsorption.

1
1+bC,

R = [5-

It can be seen from th& values inTable5-3 that the adsorption process of MB on graphene
nanocomposites is favorable at all concentrations particularly at low concentrations. The values of

n obtained for thé-reundlich isotherm are neistent with the withiR_ values.
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The surface area of the nanocomposite can be estimated using MB. As the adsorption of MB
on the nanocomposites follows tHangmuir isothermit can be concluded that a monolayer of
MB has been adsorbed on the surafchalt been reported that one molecule of MB can occupy
130 A 20n the surface of the adsrobent (Calcaterra and Parise 2010, Lau and Chefdlt9&8).
5-1 shows the surface area for each adsorbent. It can be seen surface area calculated using BET

and MB are more or less the same.
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Figure 5-4. Equilibrium adsorption of MB ombare graphend&;/SnQ 7, G/SnQ 13, G/Sbh
SnG 7, and G/SE5nG 13

Table 5-1. Specific surface area of the graphene loaded with metal oxide

sample Bare graphen¢ G/ SnQ 7 | G/ SnQ 13 | G/ SbSnG&: 7 | G/ SBSnG: 13
Surface areéBET) (m? g}) 70 84 89 72 69
Surface areéMB) (m? g}) 62 88 98 85 85
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Table 5-2. Langmuir constants for adsorption of MB on Bare graphene, G/3nG/SnQ
13, G/SbSnG: 7, and G/SE5nG: 13

Langmuir parameterg), = 1?:)(1 (1)
Maximum R = L
Sample K b R? 1+bG,
adsorption (mg 9)
3)

Bare graphene 25 24.3 2.28 0.92 0.017
G/ SnQ7 36 34.53 11.92 0.97 0.003
G/ SnQ 13 40 37.02 8.16 0.94 0.005
G/ SbSnG: 7 35 33.82 8.87 0.97 0.005
G/ SbSnG: 13 35 33.47 5.19 0.94 0.008

Table 5-3. Dimensionlesdangmuir constants (R for adsorption of MB on Bare graphene
at low and higlconcentrations for different adsorbent

1

R=T7p
G ()
Initial
concentration
10 50
Samples
Bare graphene 0.04 0.009

109



G/ SnQ 7 0.008 0.002

G/ SnQ 13 0.012 0.002
G/ SbSnG: 7 0.011 0.002
G/ SbSnG: 13 0.019 0.004

Table5-4. Freundlich constants for adsorption of MB on Bare graphene, G/BM&SnQ
13, G/SBSNG: 7, and G/S5NG: 13

Freundlich parameters], = KC." (2)
Sample Maximum adsorption (mg1 K n R?
Bare graphene 25 14.90 0.17 0.92
G/sSnQ 7 36 26.44 0.09 0.83
G/ SnQ 13 40 26.63 0.12 0.89
G/SbSNG 7 35 25.01 0.11 0.88
G/ SbSn&: 13 35 23.39 0.13 0.91

5.4.4 Electrochemicalregeneration

Figure5-5 andFigure5-6 demonstrate thevelution of the regeneration efficiency with the
charge passed through the electrolytic cell usingac! and NaSQ; electrolytes For all of the
adsorbents in both electrolytes, the regeneration efficiency shows a steep increase as the charge
was increasd from 0 to 1000 C-Y and then it slowly increases until it reaches complete
regeneration. The findings reveal that the adsorptive capacity of all of the adsorbents can be

completely restored.
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In previous studies it has been reported that the utdizati NaCl instead dflaaSQs as the
electrolyte in the regeneration cell leads to higher regeneration efficiency (Narbaitz and Cen 1994,
Zhang 2002). Howevethe results of this study suggest that the choice of electrolyte has minimal
impact on thaegeneration efficiencyMoreover, with sodium sulfate as the electrolyte, if more
charge is passed through the cell after complete regeneration of the spent adsorbents, the adsorptive
capacity increases less compared to regeneration with a sodium clelectielyte. Previous
studies have indicated that electrochemical regeneration efficiencies of greater than 100% are
associated with oxidation of graphite adsorbent surfaces (Brown et al. 2004a, Ni&oraako
et al. 2014). Thus the previous studies ssggeat with sodium sulfate less oxidation of the
adsorbentds surface occur s, all owing it to re
sodium sulfate electrolyte is that it can hinder the formation of toxic chlorinated hydrocarbons
(Brown et & 2004b).

Previous work has shown that complete regeneration of graphenen@i@composite
loaded with MB dye could be achieved by passing a charge of 21Ghmuyigh the cell (Sharif
and Roberts 2017). The two main problems associated with this maposibe compared to bare
graphene were lower adsorptive capacity and a higher cell voltage required for electrochemical
regeneration. As explained previously, G/Sa®d G/SESnG showed higher adsorptive capacity
compared to bare graphene.

Table 5-5 shows the specific charge required for complete regeneration of the loaded
adsorbentsThe prepared nanocomposites had a required charge for compbgamxas low as
21 C mg?! for G/SnQ using NaCl as an electrolyte and for G/SibC: using NaSQy as an
electrolyte which is comparable to the graphene; hi@hocomposite results previously reported.
Energy consumption for 100% regeneration of the loaded adsorbents is calculated by multiplying
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the required charge by the cell voltages shown inTable 5-5, the G/Sn@ and G/SbSnG
nanocomposites demonstrate lower charge requirements for complete regeneration than bare
graphene using NaClorpBOsas t he el ectrolyte, with similar
G/SnQ and G/SbESnG adsorbents redpe less energy for complete regeneration. These results
confirm the higher electrocatalytic activity of the G/Sréhd G/SbSnG nanocomposites for

regeneration compared to bare graphene.
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Figure 5-5. Effect of charge passed on regeneration efficiency for MB adsorptitaurey
graphene, G/Sn£¥, G/SnQ 13, G/SBSnG 7, and G/SE5nG; 13 (current density of 10 mA cm
2. NaCl electrolyte)
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Figure 5-6. Effect of charge passed on regeneration efficiency of MB adsorptidramn
graphene, G/Sn£¥, G/SnQ 13, G/SBSnG 7, and G/SE5nG: 13 (current density of 10 mA cm
2, N&SQx electrolyte)
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Table 5-5. Specifc charge required for 100% regeneration efficiencyatfe graphene,
G/SnQ 7, G/SnQ 13, G/SBSNG 7, and G/SESnQ 13 adsorbents loaded with MB,
(regeneration at 10 mA cf)

Charge passed mg Bare
G/ SnG: 7 G/SnG>:13 G/ Sb-Sn0:7 G/ Sb- SnG:13
(C mg?) Graphene
NacCl 39 21 21 27 27
Na2SOs 35 23 23 21 21
Cell Voltage a2.6 a2.6 a2.6 a2.6 a2.6

5.4.5 Adsorption/regeneration cycles

Multiple loading and electrochemical regeneration cycles were carried out to investigate the
reusability of theG/SnQ andG/SbSnG nanocomposites. The adsorbents were utilized to adsorb
MB and regenerated for 5 successive cycles using either 2wt. % NaCi®0QiNes electrolytes
and 10 mA cr? current density. For each adsorbent, the required electrochemical treatment time
for 100% regeneration was estimated based on the data pldtigdiie5-5 andFigure5-6. Table
5-6 shows the mass of adsorbent recovered after each cycle for the five different adsorbent
materials. For the G/SnGand G/SbSnG nanocompositespnly around 10% of the mass of
adsorbent was &b over five cycles of adsorption and regeneration. The loss was within 1 to 2 %
of the loss observed from a control experiment to determine the physical losses associated with
the recovery of the adsorbent after filtration. In contrast, witlioéine grapene adsorbent around
30% of the mass was lost over the five cycles of adsorption and regeneration, confirming that

significant corrosive oxidation of the graphene was occurring during regeneration.
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As shown inFigure 5-7 and Figure 5-8, the electrochemical oxidation resulted in no
reduction of regeneration efficiency, even after 5 cydtagure5-7 andFigure5-8 also show the
change in regeneration efficiency of the bare graphene was much more than theaB(SG(3b
SnG nanocomposites. This increase in the regeneratiasiesflly was due to the oxidation of the
bare graphene during electrochemical regeneration which leads to the creation of more adsorption
sites, either by increasing the surface area or the number of functional groups (Asghar et al. 2013b,
NkrumahAmoako etal. 2014). The adsorptive capacity and consequently regeneration efficiency
of the nanocomposites changed less than for bare graphene which suggests that the addition of the
SnG and SBSnQG is providing some protection of the surface of the graphenedrathation. By
comparingrigure5-7 andFigure5-8, it is evident that the regeneration efficiency of the adsorbents
in sodium sulfate increased less than observed with sodium chloride. This result is consistent with
the charge loading resslfFigure5-5 andFigure5-6) andconfirmsthat there is a greater tendency
for surface oxidation of the graphemsingNacCl electrolyte.

A common major problem associated with using NaCl in an electrochemical water treatment
processes is the formation of chlorinated compounds which may be oraréhian the primary
pollutants (Radjenovic and Sedlak 2015). Thus, in addition to reduced oxidation of the graphene,
sodium sulfate can be a lower risk alternative to sodium chloride for regeneraGégra and
G/SbSnG nanocomposite adsorbents.

Table 5-6. Mass of the adsorbent recovered after 5 consecutive cycles of adsorption and
regeneration

Sample G/Sn0C:7 G/Sn0:13 G/Sb-SnO:7 G/Sb-Sn0O213  Bare graphene

Mass 0.91 0.88 0.89 0.90 0.70
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Figure 5-7. Regeneration efficiency for a series of adsorption and electrochemical
regeneration cycles of MB adsorptiontmare graphene, G/Sn®@, G/SnQ 13, G/SBSnG 7, and
G/SbSnG 13 nanocomposites ia NaCl solution. Adsorption was carried out under conditions
that give close to the maximum loading of MB on the adsorbent. Regeneratiare afrbphene,
G/SnQ 7, G/SnQ 13, G/SBSnG, 7, and G/SKSNG: 13 adsorbents were carried out for 14, 10,
10, 12 andL.2 min respectively at a current density of 10 mA%cm
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Figure 5-8. Regeneration efficiency for a series of adsorption and electrochemical
regeneration cycles of MB adsorption loare graphene, G/Sa@, G/SnQ 13, G/SbSnQG 7,
and G/SESnG 13 nanocomposites in a NaCl solution. Adsorption was carried out under
conditions that give close to the maximum loading of MB on the adsorbent. Regeneration of the
bare graphene, G/Sna@, G/SnQ 13, G/SBSnG 7, and G/SE5nG; 13 adsorbents were carried
out for 14, 10, 10, 12 and 12 min respectively at a current density of 10 A cm
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5.4.6 Electrochemical characterization of the adsorbents

5.4.6.1 Linear sweepvoltammetry

In order to assess the electrochemical characteristics of the nanocomposites, Linear sweep
voltammetry (LSV) was carried owEigure5-9 shows the radts for bare graphene, G/Sp@nd
G/SbSnG nanocomposites in which the current flow was measured as the applied potential was
increased. The experiments were performed in 0.1 MSSaat a scan rate of 100 mV¥swith
Ag/AgCl and platinum wire were useas reference and counter electrodes respectively. Onset
potentials of 1.65, 1.87, 1.87, 1.9, and 1.87 V were measurkdr®graphene, G/Sn@, G/SnQ
13, G/SbSnQ 7, and G/SE5SnG 13 adsorbentsespectively for the oxygen evolution reaction.

The dely in the onset potential indicates the suppression of this side reaction and increasing the
charge efficiency for generating reactive oxygen species. Such a trend has also been observed by
different researchers for Se@nd SbBSnG electrocatalyst materml (Li et al. 2016, Wang et al.

2013, Xie et al. 2017, Zhao et al. 2009).
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Figure 5-9. Linear sweep voltammograms of (a) bare graphené&z(8hQ 7, (c) G/SnQ
13, (d) G/SESNG 7, and (e) G/SIBSnQ 13. Experiments were conducted using 1 mdkbdium
sulfate at a scan rate of 100 mV S

5.4.6.2 Cyclic voltammetry

Figure 5-10 shows the cyclic voltageramf the bare garphene, G/Sn@nd G/SESnG
nanocomposites in 0.5 mol'LNaSQ;, solution contating 25 mgtof MB. The current density
was normalized by the graphene loading for all of the adsorbents. Unlike the bare graphene,
G/SnQ and G/SESnQG demanstarate a well defined pair of redox peaks for MB oxidation and
reduction.| n addi ti on, t h®, wpsesmdller $oe5(5aG and G/BESNG: @
nanocompositeselative to bare graphene, demonstrating that the electron transfer was faster

for thesenanocompositest can be seen that the Sp@hd SbSnQG: nanoparticles coated graphene
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