
Two-Dimensional Materials for

Water Treatment

James Martin Exley

School of Civil Engineering

University of Leeds

Submitted in accordance with the requirements for the degree of

Doctor of Philosophy

NOVEMBER 2022

mailto:JoeScience@leeds.ac.uk
http://physics.leeds.ac.uk
http://www.leeds.ac.uk


2



The candidate confirms that the work submitted is his own and that

appropriate credit has been given where reference has been made to the

work of others.



For my wonderful parents; my mother, Joanne, and my late father,

Howard.

I dedicate my PhD thesis to you, as a thank you for your considerable

personal investment in all aspects of my education, in my lifelong journey

from St. Anthony’s to BGS to Oxford and finally to Leeds.

Thank you both for your unconditional love and support throughout. I

sincerely hope that you are proud of the achievements, for I could not have

completed them without you.



Acknowledgements

Many people, both within and external to University of Leeds, have provided

enormous sources of support which has been essential in enabling me to

complete my PhD. Some have given assistance with regards to completion

of the research, others have supported me personally or in other ways. A few

have helped in both areas. I would now like to offer my acknowledgements

and express my gratitude to those who have provided help and support.

Firstly, I would like to express my sincere gratitude to my academic su-

pervisors, Professor Martin Tillotson (School of Civil Engineering) and Dr.

Timothy Hunter (School of Chemical and Process Engineering (SCaPE)),

for their ongoing support and supervision with regards to all aspects of my

research. Their help and contributions have encouraged me to think criti-

cally about my own research and constantly be looking for ways to improve

and develop my project. These are undoubtedly skills that I will need in my

scientific career beyond my PhD: as such I am very grateful for the lessons

learned and time they have invested in getting to know me and work along-

side me on this fantastic journey. These have been extremely challenging

times in which to undertake such an enormous body of research, against the

backdrop of unprecedented times during the COVID-19 global pandemic.

There have been times when we all have had to dig deep in order to contin-

ually develop this research, despite ongoing external challenges over which

we have no control. Martin and Tim have ridden the highs and lows of

this with me, and I will always be grateful for their support through these

challenging times.

I would like to thank Dr. Tom Pugh (Evove Limited), for providing in-

dustrial support, being my industrial supervisor and main point of contact

with the company since starting his role. I would like to sincerely thank



Tom for his help and ideas, these have been invaluable in helping me to

develop the research. By benchmarking my research against progress in the

water industry, he has challenged me to improve as a researcher, for this I

am very grateful for the assistance Tom has provided.

I would also like to thank other members of Evove Limited, some of whom

have now moved on. Dr. David Pears and Dr. Kangsheng Liu were instru-

mental in helping me to define and shape my scope of research in the earlier

stages of my PhD. In addition, Mr. Daniel Clow and Dr. Ola Karczmarczyk

helped so much with my initial lab work at the company site and provided

me with a platform from which to grow my own research.

Within University of Leeds, I would like to thank my friends and col-

leagues across the Water, Public Health and Environmental Engineering,

water@leeds and Colloids and Polymer Engineering group networks, many

of whom I have had the great pleasure of getting to know over the course

of my research. In particular, I would like to mention my colleagues from

Public Health laboratories, with whom I have whiled away a substantial

number of research hours, including Mr. Isah Saidu, Mr. Saleh Al Haddad

and Ms. Fika Nikendary. They have all been wonderful friends and a fan-

tastic support network, I would like to wish each of them the best of luck for

years to come. In particular, my close friendships with Mr. Jianting Feng

and Mr. Heng Song, and our weekly trips to the local snooker club to pot

some balls, in attempt to be like Ronnie, have helped me get through the

mammoth task of writing a thesis. For this, Jianting and Heng are owed a

special thanks. I would also like to thank Ms. Qian Ye for her friendship

and wish her the best of luck with completing her research.

In addition, I would like to especially thank the Public Health Laboratory

Technicians in School of Civil Engineering, who have provided invaluable

technical assistance and a good measure of moral support ! Ms. Karen

Stevens, Ms. Emma Tidswell and Mr. Morgan McGowan have helped with

all aspects of laboratory work and to them I am indebted. Dr. David

Elliott has helped enormously with the setup of dead end cell and is owed

a special thanks. Ms Lucy Leonard and Ms. Victoria Leadley have helped



with training and use of FTIR and Thermal analysis equipment: they are

owed a special thanks also.

I would also like to thank the following, who have helped greatly with

separate aspects of my research:-

• Dr. Andrew Britton (SCaPE), for his help with XPS analysis, and the

Henry Royce Institute for making the analysis possible.

• Dr. Ben Douglas (SCaPE), for training and help with particle sizing

equipment, Water Contact Angle measurement, zeta potential mea-

surement and BET analysis.

• Dr. Faye Esat (SCaPE), for her help with XRD.

• Dr. Alexander Kulak (School of Chemistry), for his help with Raman

Spectroscopy.

• LEMAS and in particular, Mr Stuart Mickelthwaite, for help with

SEMEDX and FIBSEM.

Last but not least, I would of course like to thank my family. For my

amazing girlfriend Xin, thank you for all your love and for being there for

me always, in reaching this point. We have supported each other in getting

through the PhD and can now look ahead to building our lives together. My

mother Joanne and sister Kate, through their love and support, have pro-

vided a great source of motivation and inspiration and carried me through

my PhD studies.

For financial support, I would like to express my gratitude to Evove Limited

and Engineering and Physical Sciences Research Council, for funding the

research and making it possible.



Abstract

This research investigates the utility of two commercial graphene oxide

(GO) materials in treatment of cationic Methylene Blue (MB) and anionic

Methyl Orange (MO) dyes and salt-contaminated waters, as a means to

provide a scalable solution to address the challenges faced by the global wa-

ter industry. The crucial feature of the GO materials was realised in terms

of their disparity in flake size, a key parameter in terms of the interactions

of GO with contaminant species.

To elucidate the flake sizes, a unique approach, using laser diffraction and

dynamic light scattering, was applied to characterise the GO flake sizes.

This showed that the materials were clearly of different size order, thus

they were termed Smaller flake (SFGO) and larger flake GO (LFGO), re-

spectively. Brunauer-Emmett-Teller analysis was conducted on both GO’s,

demonstrating that SFGO possessed higher surface area and total pore vol-

ume. Electrokinetic properties were investigated by measurement of zeta

potential; confirming the electronegative character of the GO flakes in pH

range 3.50 - 10. In particular, the negativity of SFGO was very prominent.

Fourier Transform Infrared and X-Ray Photoelectron spectroscopic tech-

niques were employed to characterise the GO chemistry, revealing that the

functional group presence was highly similar for both GOs.

Treatment of dye-contaminated waters was investigated by application of

commercial GO’s as adsorbents and as polymeric membrane coatings. Both

GO’s were demonstrated as having high capacity to adsorb MB, due to

electrostatic attraction between the flakes and cationic dye. In particular,

SFGO was an effective adsorbent of MB, owed to its high zeta potential,

small flake size and greater pore volume. In contrast, electrostatic repulsion



hindered the adsorption of MO, though both GO systems achieved promis-

ing levels of MO sorption. In membrane filtration of dyes, SFGO coatings

were found to reject both dyes effectively; the mechanism for MB filtration

was likely based on charge-mediated adsorption, while for MO, repulsion

ensured that levels of MO rejection were particularly high. LFGO demon-

strated effective operation at lower GO coating concentration, a feature that

is potentially attractive for industrial usage.

Application of the materials was extended to consider the impact of salt

upon dye adsorption and filtration, and the desalination capacity of GO

membranes in sodium chloride, sodium sulphate, magnesium sulphate and

ammonium heptamolybdate salt solutions. In desalination, the Donnan

Effect, relating to electrostatic properties of the system, was considered

the most important mechanism for rejection of salts, as demonstrated by

the respective ordering of the rejections. Rejection capacities decreased

with increasing ratio of valencies (Z+/Z−) and increasing charge cationic

charge density. In dye adsorption studies, addition of magnesium sulphate

and sodium sulphates to dye solution was demonstrated to have an adverse

impact upon the adsorption capacity of both GO’s for MB, due to the

effects of charge neutralisation. In particular, the Mg2+ cations reduced

the adsorption of dye significantly; SFGO was strongly affected, due to its

high negative charge. Dye-salt fractionation experiments confirmed that

the MB rejection capabilities of the GO membranes was impacted greatest

by the addition of magnesium sulphate. This feature was attributed to the

divalent cation having capability to diminish the electronegativity of the

GO surface and thus weaken the Donnan effect of the membranes.

This research contributes to knowledge of GO adsorbent and membrane

systems, by application of a unique analytical characterisation system cou-

pled with detailed exploration and analysis of the impact of flake sizes upon

performance. From this, it is anticipated that further research into com-

mercial GO’s may follow and develop the role of parameters including flake

size and oxygen content.
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Chapter 1

Introduction and Background

1.1 Background and Research Challenge

1.1.1 The water crisis

Water is one of the most precious resources on earth: essential for sustaining life and for

usage by a plethora of industries. There is ever-growing worldwide concern, however,

regarding the availability of clean water, this is driven by the adverse impacts of factors

including climate change [31] and increasing global population [32]. Water scarcity is

the term given to the situation in which there is inadequate fresh water to meet the

standard water demand [33]. Typically, the boundary for water scarcity is considered

<1000 m3/person/day of available fresh water [34]. As little as 3% of total water

capacity on Earth is fresh water, with virtually all remaining water locked away in salt

water in the vast oceans and seas [35].

Alarmingly, water scarcity is an issue which affects nearly 1 billion people and 28

countries across the globe, including some of the poorest worldwide on the African

and Asian continents [32]. In addition, the trend for populations in these countries

to migrate from rural - urban habitation causes further difficulties including increased

difficulty to access water, and this leads to increased levels of freshwater abstraction
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[36, 37]. Population growth is a significant factor in the water crisis, as the global

population is expected to swell to approximately 9 billion people by 2050 [38]. This

will place significant pressure upon those countries currently existing under conditions

of water scarcity, as their already stretched water resources will be further pressurised.

In addition, the expansion in global population will increase the forecast number of

people who will be living under situations of water scarcity to 2.0 billion; close to 95%

of this total will be living in the developing world [39].

Different countries are facing unique challenges in terms of their own water scarcity

issues. In the Middle East, Yemen is among the most water-starved counties with only

120 m3/person/day: this is a combination of physical scarcity due to droughts, but

also accelerated depletion of existing resources due to political issues and years of war

[40, 41]. Syria is another country that has suffered similarly and greatly, as severe

droughts with total rainfall <8 inches per year and strategic militarised targeting of

water facilities during times of conflict have crippled already fragile water resources

[42]. Water scarcity in Italy is, however, very different in nature, as Italy has a network

of rivers and receives plentiful water supplies from river and rain (combined 300 billion

m3 per year) [43]. Despite this, the geographic situation in Italy, with its mountainous

terrain, makes movement of water very challenging, such that only around 58 billion

m3 per year are usable. This situation is made worse by the out-dated existing water

transport facilities: Rome, for example, loses in excess of 40% water each year due to

leaky, poorly maintained pipes [44]. Thus, the challenges faced by Italy may be due to

infrastructural issues resulting in water scarcity, as opposed to physical water scarcity.

1.1.2 Industrial pollution of water: the textile industry

In the context of the water crisis, which was discussed in the previous section, a mul-

titude of issues are rooted in global industrialisation [45, 46]. In total, the UN reports

that industrial water usage accounts for as much as 22% of the total global water us-
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age [47]. Undoubtedly, the expansion of a number of industries including information

and technology, which perhaps barely existed several decades ago, have contributed to

industrial demand for water. A grave consequence of industrialisation and water is,

however, the accumulation of pollutants in water sources, exacerbated by the fact that

as much as 80% of industrial wastewater is discharged back to environment without

treatment [48]. Currently, the agricultural industry, which provides food for the planet,

is the largest single user of water [49]. In addition to water usage, the global agricul-

tural industry consumes up to 2 million tons of pesticides, often rich in nitrogen and

phosphorous, in order to combat insects which are a threat to plants [50]. Pesticide

runoff into water sources is a significant cause of water pollution, as the nitrogen and

phosphorous rich pesticides lead to eutrophication of rivers and streams, giving rise to

algal bloom, thus harming the aquatic life therein [51, 52].

The textile industry is also a major source of global water pollution. The textile in-

dustry is a markedly heavy user of water, as nearly all of the requisite textile processing

steps require water, meaning that in a fabric production plant, approximately 200 litres

of water are required for production of a kilogram of material [53]. The textile industry

has, however, played an important role in the growth of economies in developing re-

gions such as China, India and Bangladesh [54]. Western countries began outsourcing

textile production to Asia as early as the 1960’s, such that at present, almost 80% of

the world’s clothing and fabrics is produced in Asia [55]. The EU is the world’s largest

importer of textile materials: as of 2020, the EU imports as much as US$ 87 billion per

year [56], thus reflecting the enormity of the textile market.

Synthetic dyes are dominant in the textile industry, as they have excellent coloura-

tion properties and remain bound to clothing after repeated wash cycles [57]. By far

the largest of industrial dye classes is the azo dye class, occupying in total 70% of the

industrial dye market [58]. They have molecular structure R - N = N - R’, where the

R and R’ side groups are typically aryl. The chromophore (responsible for imparting
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colouration) is the N = N group. The azo dye class boasts a number of advantages

enabling their application in textile dyeing: including vivid colouration and good re-

sistance to oxidation when on fabric [59]. Azo dyes tend, however, to be very stable

and resistant to natural degradation: upon discharge into effluent they may exhibit

recalcitrance to degradation [60, 61]. In addition, their persistence in the environment

is a serious problem owing to their toxicity and carcinogenicity, which may cause health

concern for humans and animal species [62]. An example azo dye structure, that of

Basic Red 18, is shown in Figure 1.1. The dye clearly possesses characteristic azo group

( C - N = N - C linkage) and associated aryl side groups.

Figure 1.1: Azo dye Basic Red 18, with the characteristic N = N chrompohore. Adapted
from [1].

In addition to dye pollution, there is likewise an associated problem with discharge

of chemicals which are not dyes but are used to aid the dyeing process. Two such

examples are heavy metal ions and salts. Heavy metal cations such as Lead (Pb2+),

Chromium(Cr6+), Nickel(Ni2+), Copper(Cu2+), Cadmium(Cd2+), Mercury(Hg2+) are

often a significant feature in textile effluent owing to the usage of chemicals containing

them during the processing stages [63, 64]. Certain dye classes, known as metal com-

plex dyes, even contain cations within their chemical structure, comprising side groups

stabilised around a central metal cation such as Zn2+ [65]. Heavy metals cause a myr-

iad of environmental problems, as they are persistent and highly toxic: many are also

capable of dissolution in water, thus enabling them to undergo water-borne migration

from their initial locality to distant places [63]. Usage of salts, in particular sodium

salts such as sodium chloride and sodium sulphate (in textile terms, the decahydrate
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form, often known as Glauber’s salt, is heavily used) play an important role. Salts are

used to aid the adsorption of dye onto fabrics, for example, in dyeing cotton (negatively

charged) with anionic reactive dye [66]. Accordingly, salts may act as electrolytes to

overcome initial electrostatic repulsion between dye and fabric, and maximise the com-

pleteness of the dyeing process, termed exhaustion of the dye [67]. High salinity is a

further complication which must be addressed during effluent treatment, as the accu-

mulation of excess salt in waterways is responsible for termination of micro-organisms

[68].

A country that illustrates both positive and adverse impacts of the textile industry

is China. China has economically prospered from textile industry exports: to highlight

this, China single-handedly accounts for in excess of 40% of the world’s annual clothing

exports, this boosts the Chinese economy by bringing in enormous financial gain (in

total US$ 270 billion in 2013) [69]. China’s contributions to the textile industry are of

such magnitude that the second-placed global exporter, Bangladesh, exports less than

one-seventh of the amount that China does [70]. The environmental burden placed

on on the country by the textile industry is however, grave. In textile dyeing, around

200,000 tons of dye are lost annually, due to inefficiencies in the dyeing process [71].

The lack of strict enforcing local effluent discharge regulation has led to irresponsible

discharge of dye-containing effluent into water sources, meaning that in China, over

80% of the rivers are considered to have some degree of dye-related contamination

[72]. Perhaps an issue of even greater magnitude is that 74% of these are considered

unsafe for human contact [73]. Exacerbating the situation further is the fact that as

many as 30 of the toxic components (including those from heavy metal and salt groups)

contained within the effluent cannot be removed from water and are as such, discharged

into water sources without treatment [74]. The anticipated impact that this may have

upon the world’s largest national population is alarming: with increased cases in recent

years of serious long term health conditions correlating to contaminated water including
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impaired cognitive functioning and memory losses [75]. As such, China is among the

countries most in need of a means to address the issues brought by textile-related

pollution of waterways, otherwise it faces damning consequences for its own ecology

and population.

1.1.3 Classical membrane principals and processes

A membrane is a selective barrier, capable of separating fluid streams and restricting the

passage of certain components from within a stream, while being permeable to others.

It belongs within the group of methods related to physical separation of species.

Fundamentally, membrane based operations have three fluid streams: these are

feed (inlet), permeate (flows through the membrane) and retentate (retained by the

membrane) [76]. This is represented in Figure 1.2, in which the flow of permeate is in

a direction perpendicular to the flow of feed.

Figure 1.2: Feed, permeate and retentate streams of membrane-based operations.
Adapted from [2].

Material selection is an important criteria in the design of membranes. Incumbent

materials include a multitude of polymeric materials, boasting a number of advantages
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including ease of formulation and handling, modest cost and reasonable levels of con-

taminant removal [77, 78]. In industrial desalination, for example, polyamide (PA)

membranes are the dominant material class, occupying 91% of the market share [79].

These membranes boast high levels of salt removal and are capable of producing mem-

branes having small pore size. Alternative materials include polyethersulfone (PES),

which boasts favourable mechanical and thermal properties [80], and polyvinylidiene

fluoride (PVDF), which is also very chlorine resistant and mechanically rugged [81].

Ceramic materials, typically metal oxide varieties including aluminium oxide [82], are

an alternative to polymers. These are a popular choice given the superior mechanical

and thermal performance compared to polymers, in addition to their robustness to

harsh environments and chemical cleaning [83].

Despite their proven application in removal of a multitude of contaminants, poly-

meric membranes suffer a number of disadvantages which provide a practical challenge

to their application.

The phenomenon known as fouling is a persistent and inevitable challenge to which

membranes are prone. During operation, dissolved or particulate species from the

feedstream are deposited onto the surface of the membrane, thus blockading the pores

and hindering effective passage of cleaned fluid through the membrane [84]. Depending

on the nature of the feed, foulant species can be organic [85], inorganic [86] or biological

[87] in nature. Halting the filtration process does not enable the foulant to simply

vacate the membrane surface freely, as such chemical cleaning is often required to

cleanse the surface, often using harsh cleaning agents including hydrochloric acid and

concentrated bleach [88]. The requirement of a membrane to undergo periodic cleaning

is a serious hindrance in terms of enforced membrane down-time, which in turn has an

unfavourable impact on process economics: for example, Jafari et al. [89] report that

the enforced replacement of RO membrane modules due to fouling is a significant cost

(approximately 24%) of the total operating expenditure.
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Technological advancements, including installation of energy recovery devices, have

enabled membrane systems to operate with lower overall energy footprint, such that

overall power demands have reduced twofold over the past two decades [90]. Industrial

seawater desalination plants are, however, still considered to be energy-intensive, as

there must be a minimum required energy input to provide sufficient pressure on feed

side to counteract the osmotic pressure and drive the flux [91]. At present, there are

concerns that some membrane systems are approaching this thermodynamic limit of

energy input and are thus running as efficiently as possible [92]. Membrane systems also

require space for housing physically very large units, which is an issue when the plant

is competing with urban space for habitation [93]. Issues of economics and energy of

operation have led to a number of the world’s most water scarce but also economically

disadvantaged countries to steer away from desalination completely: as of 2020, Bu-

rundi, Malawi and Uganda had no desalination plants, while Ethiopia had only limited

desalination capacity (1720 m3/day) [94]. In turn, many of the large (10,000 - 50,000

m3/day) or extra-large (>50,000 m3/day) plants seem to be concentrated in regions

with greater overall space or stronger economies, such as the Middle East [94].

Innovation is essential in overcoming these challenges associated with the use of

membranes. Attempts to address issues related to fouling, for example, have led to

serious research and investment in anti-fouling membranes [95]. The development of

novel 2D materials, such as GO have provided an innovative step in membrane tech-

nologies, as they have the potential to offer lucrative advantages including efficient

separation of contaminants including salts [96] and dyes [97]. Additionally, they have

demonstrated promising anti-fouling capabilities and it is hoped that they will lead to

cost-effective operation, thus enabling the downscale of the aforementioned very large

desalination plants.
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1.1.4 2D materials: Graphene and Graphene Oxide

2D materials are now a cornerstone of modern science, and are finding application

in a number of scientific areas. The first of these to be discovered was graphene, by

Geim and Novoselov in 2004 at University of Manchester [98]. Graphene possesses

a planar hexagonal carbon system, a single atom thick, with carbon bonds making

up an sp2 carbon system [99]. As discussed below, graphene was determined to have

remarkable physical and chemical properties, a feature which inspired the search for

further materials of this kind. Zeolites are aluminosilicate mineral-based materials, with

mineral structure comprising elemental aluminium, oxygen and silicon packed into a

three dimensional structure, with high surface area [100]. Metal Oxide Frameworks

(MOF’s) are another class. Their high surface area structure comprises a heavy metal

cation stabilised by coordinate bonds with surrounding chemical ligands known as

linkers [101].

Among the expanding class of 2D materials, the unique properties of graphene oxide

(GO) are unique and have enabled its application in a myriad of diverse fields includ-

ing electronics [102], water purification [103], coatings [104] and in printing [105]. GO,

unlike the aforementioned graphene, possesses embedded oxygen functionality on its

basal plane. The physical properties of pristine graphene have, however, been consid-

ered superior to those of GO, owing largely to the strength of the carbon bonding in

the sp2 system and the ordered material planes [106]. Both graphene and GO possess

remarkable mechanical properties. The Youngs’ Modulus of monolayer GO was shown

by Suk et al. [107] to be 207.6 GPa, which despite being lower than pristine graphene

by an order of magnitude (1.0 TPa) [108], is significantly higher than metals such as

copper (115 GPa) [109]. In terms of thermal properties, GO is a an insulator, having

demonstrated low overall thermal conductivity (0.5 W · m−1 · K−1) [110], in comparison

to that of graphene (3000 - 5000 W · m−1 · K−1) [111]. Given its insulating properties,

GO may however find usage in improving the flame retardant properties of polymer
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composites: for example, Higginbotham et al. [112] demonstrated that incorporation of

GO into polycarbonate matrix decreased the heat released from the composite, based

on calorimetric measurements. GO possesses high electrical resistivity (1.64 · 104 Ωm),

as a result of disruption to conduction of charge carriers in the carbon system brought

about by the introduction of oxygenated surface groups [113]. Graphene, on the other

hand, has a zero valence gap between conduction and valence bands, resulting in re-

markably high conductivities ([114]). Improving the electrical conductivity of GO is

possible, however, given the remarkable property of GO to undergo chemical modifica-

tion (as discussed in subsequent paragraphs) by chemically reducing GO to an alternate

form reduced-GO (RGO) [115]. Modification of GO to RGO has enabled the appli-

cation of the material in nano-electronics, fo example, in energy storage applications

[116].

GO is, by nature, amphiphilic, owing to its distinct regions of sp2 and sp3 bonding

of connected carbon-carbon and carbon-oxygen regions, respectively [117]. GO is able

to form stable dispersions in water with ease, as in water the material exfoliates to a

series of stabilised GO sheets. Given this ability, it is favourable for GO to undergo

reactions in dispersed phase, thus opening the pathway for interaction of species with

the oxygenated groups on the exfoliated sheets [118].

Reduction of GO to RGO was mentioned in the previous paragraph. One common

reducing agent employed for chemical reduction of GO is hydrazine (N2H4), which is

suitable given its stability in water [119]. Alternative reducing agents are also utilised,

such as sodium borohydride (NaBH4), which is considered less toxic than hydrazine

[120]. Chemical reduction of GO is therefore considered simple to perform and is

capable of significantly lowering the oxygen content in GO, which may in turn improve

the electrical and thermal properties of the material, as highlighted above. A recent

article by Liu and Speranza [121] reported that chemical reduction of a GO material,

in which oxygen content decreased upon reduction from 33.6% to 10.7%, was capable

10



of producing low resistance films (92 Ω) of the material.

In addition to chemical reduction of GO, the abundance of oxygen functionality en-

ables GO to react with other materials, thus introducing chemical functionality to the

material. By considering the Lerk-Klinowski model, GO possesses carboxylic groups

on the edges of its planes and epoxy/hydroxyl groups on the basal planes. These

properties enable GO to undergo a fascinating array of chemical reactions: several

such examples will be highlighted here, though there are in fact an abundance of

possibilities. Liu et al. [122] conjugated six-armed polyethylene glycol (PEG) onto

the carboxyl groups of a Hummers’ Method GO, by sonication with 1-Ethyl-3-(3-

dimethylaminopropyl)carbodiimide under basic conditions. The resulting PEGylated

GO was utilised as a drug delivery vehicle as it exhibited increased stability in pro-

tein serums and saline solutions, relative to GO, in resisting aggregation. The epoxy

groups on GO are able to undergo ring opening polymerisation reactions, for example

with amine groups in an amine-terminated ionic liquid [123], and may also undergo

nucleophilic substitutions with amine-containing groups, both of which may stabilise

the material in solution [124].

Among the methods to prepare GO, the Hummers’ Method (1958) [125] remains a

highly prominent means to oxidise multilayered graphite to produce GO on an industrial

scale. The method is applicable at low temperature therefore mitigating the risks of

explosion. Graphite is an inexpensive starting material and is capable of oxidation to

GO by treatment with concentrated sulfuric acid (H2SO4), sodium nitrate (NaNO3)

and potassium permanganate (KMnO3). The original synthesis was performed by

Hummers and Offeman [125] adding H2SO4 and NaNO3 to graphite at 66◦C, before

cooling in an ice bath to 0◦C and slow addition of the KMnO3. Interaction of KMnO3

with the acid creates Manganese (VII) Oxide (Mn2O7), which is the oxidising agent

involved in oxidation of graphite to GO.

A representation of the Hummers’ Method is shown in Figure 1.3.
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Figure 1.3: Hummers’ Method of GO synthesis from graphite. Adapted from [3].

Although many processes are based upon the Hummers’ Method, a number of

modifications to the original method have been investigated as a means to expedite

and improve the production process. In essence, a multitude of these exist, primarily

focusing on alternative chemicals to those utilised in Hummers’ Method. The utility

of NaNO3 in the Hummers’ procedure results in the unwanted by-product of sodium

ions, which must then be treated [126]. A number of research studies have focused

on the exclusion of NaNO3 altogether, for example, Alam et al. [127] and Marcano

et al. [128]. Others have focused on switching or eliminating the use of KMnO3 as

the oxidising agent: Peng et al. [129] suggests the use of K2FeO4, which is a stronger

oxidising agent compared to KMnO3, and is reportedly capable of producing exfoliated

and completely oxidised GO in less time. Furthermore Yu et al. [130] substitute the

corrosive H2SO4 with hydrogen peroxide (H2O2), claiming that their yield was 25%

higher compared to the analogous Hummers’ Method.

The chemical structure of GO has been been a matter of debate among researchers

for some time, and there are a number of proposed models in existence. The Lerf-

Klinowski model [131], introduced in 1998 and developed around 13C and 1H Nuclear

Magnetic Resonance (NMR) studies of GO, has become a very prominent and widely

accepted structural model. In the Lerf-Klinowski model, GO comprises a flat, planar
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arrangement of hexagonal carbon atoms, decorated with oxygen functionality around

the carbon rings, in such forms as carboxyl (-COOH), ether (-COC-) and hydroxyl

(-COH) groups, thus, carbon is present in both sp2 and sp3 form [131, 132].

Earlier examples of possible GO structural models include Hofmann-Rudolph (1936)

[133], in which the structure of GO comprises graphite layers with randomly introduced

expoxy functional groups embedded, but failed to provide information regarding the

hydrogen atoms within the material. Another example is the 1946 model by Ruess

[134], in which the intercalation of hydroxl groups into the GO basal plane introduces

wrinkles into the structure, with carbons present in chair-like cyclohexane configu-

ration. Scholz-Boehm (1969) [135] subsequently improved this by suggesting a more

disordered chemical structure containing ketone groups and C = C bonds. Represen-

tative examples of the four GO structures discussed in this section are presented in

Figure 1.4.

Figure 1.4: Structural models of of graphene oxide (GO), based on (a) Hofmann-
Rudolph, (b) Reuss, (c) Scolz-Boehm and (d) Lerf - Klinowski structural models.
Adapted from [4].
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1.1.5 Emergence of Graphene Oxide within water treatment

In the previous section, the physical and chemical properties of GO were introduced.

The unique structure of GO, based on the Lerf-Klinowski model, possesses distinct

regions of sp2 and sp3 carbon bonding, which enables GO to interact with aqueous-

based contaminants including salts and dyes. The principal characteristics of GO have

given rise to the emergence of GO and derivative materials in water treatment [136].

Increasingly, GO is utilised primarily in two distinct areas of water treatment, namely

in adsorption [137] and in membrane filtration [138]. In this section, the utility of GO

in these key areas is briefly introduced, though a more detailed review is provided in

the following literature review.

Adsorption of dyes

GO possesses a number of attractive properties that enable its utility as a dye

adsorbent. These include very high surface area and ability to interact with dyes via

mechanisms including π - π interaction and electrostatic mechanisms [139, 140]. Owing

to the presence of negatively charged oxygen-containing groups, GO is electronegative

and very hydrophilic [118]. In particular, the property of electronegativity has meant

that GO has seen prominent usage for adsorption of cationic dyes, such as Methylene

Blue (MB) [141] and Rhodamine B (RhB) [142]. Electrostatic attraction facilitates the

contact between adsorbent and adsorbate, and the very high surface area enables the

adsorption to be abundant and rapid. In contrast, adsorption of anionic dye such as MO

onto GO is less commonly reported, as electrostatic repulsion between the like-charged

adsorbent and adsorbate limits the capacity of GO to adsorb MO.

Membrane filtration of dyes

In membrane systems, it is desirable to restrict the motion of contaminants while

simultaneously achieving rapid passage of cleaned fluid through the membrane geom-

etry. In terms of dye removal, GO has demonstrated capability in improving the dye

removal and permeation rates of cleaned water through polymeric membranes, as such
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it has been attracted significant attention in the field of dye removal by membrane fil-

tration [97, 143]. GO in aqueous dispersion may be coated onto the surface of polymer

substrates including PES [144], PVDF [145] and PA [146]. When applied as a surface

coating, flakes of GO tend to stack onto one another and impart electronegativity onto

the polymer surface, thus enabling interaction with charged species such as dyes. A

schematic representation of dye filtration using a surface-coated GO membrane is shown

in Figure 1.5, showing the retention of dye molecules on the feed (top) and transited

water molecules on permeate (bottom) side.

Figure 1.5: Schematic representation showing rejection of dyes by a GO-coated polymer
membrane. Adapted from [5].

Membrane filtration of salts

The charged nature of GO has seen the material attract significant research interest

with regards to sieving of ionic species from water: thus demonstrating the potential

of GO membranes to desalinate seawater [147]. Salts dissociate into their ionic con-

stituents in water: for example, sodium chloride dissociates into Na+ cations and Cl−

anions. GO-coated membranes offer a means for membranes to interact with these ionic
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species, based upon charge interactions [148] and size-based sieving [149]. A schematic

representation of the motion of salt ions around stacked layers of GO is depicted in

Figure 1.6.

Figure 1.6: Schematic representation showing motion of salt ions around stacked layers
of GO. Adapted from [6].

1.2 Research Problem

Since its emergence, GO has been utilised for treatment of a multitude of water-borne

contaminants, seeing its rise in applications related to addressing the challenges of the

water crisis, including desalination of seawater and cleanup of contaminated water. It

has been highlighted that GO is capable of removing contaminants from water based on

means including adsorption and membrane filtration. GO has proven an excellent ad-

sorbent of cationic dyes including MB [141], while the efficacy of adsorption of anionic

dyes including MO is overall lower [150]. Electrostatic charge and π - π interactions

between GO and dye have been attributed as being the prominent features of the ad-

sorption mechanism [139, 140]. The charged nature of GO also enables its application

within membrane systems, as it is capable of interaction with charged species such

as dyes and ionic species [97, 147]. Given its surface chemistry, including significant

oxygen presence (including -COOH, -COC- and -OH groups) on basal plane and sheet

edges, GO is capable of undergoing chemical reduction [119, 121] or chemical modifi-
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cations to incorporate new functional groups [122, 124]. Production of exfoliated GO

at industrial or commercial scale is now possible: based on well-established methods

based on oxidation of powdered graphite [111, 114, 151].

A common trend for existing literature studies involves in-house synthesis of GO

from graphite powder, based on oxidation techniques such as Hummers’ Method, for

adsorption of dyes [152, 153] and filtration of dyes [154] and salts [155]. Utilisation of

commercially available GO products, including aqueous dispersions of the material that

require minimal or no further purification, have been comparatively less well reported.

One such example of the utility of commercial GO in water treatment applications

was the adsorption study of Zhang et al. [150], in which high adsorption capacity for

MB (429 mg/g) was achieved using a GO prepared from commercial GO powder by

dispersing in water. Commercial GO is considered to have a number of advantages

over in-house GO, including reliability of formulation, time-savings, experimental re-

producibility and lending of itself to upscale industrial applications. Zhang et al. [150]

were able to reduce the commercial GO and conduct adsorption studies with the re-

duced form. As a reflection of its advantages, commercial and industrial organisations

may be expected to favour commercial GO over that which is prepared in-house, for

reasons such as efficacy of time and scalability. In addition, if the efficacy of com-

mercial GO materials could be demonstrated within membrane fabrications, namely in

membrane coatings, then this would have potential to provide cost-effective improve-

ments in membrane performance. Thus, there is significant attractiveness for utility in

treatment of contaminated waters.

An essential stage in development of GO technologies within water treatment in-

volves obtaining detailed analytical characterisation. Many studies offer rigorous char-

acterisation approaches [156, 157, 158]. Furthermore, several interesting studies have

contextualised the characterisation of multiple materials against one another, including

GO with RGO, in order to gain comparative understanding of the respective behaviours
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and properties [158, 159]. An important property governing the interaction of GO with

contaminants is the flake size of the material. Studies involving characterisation of

GO flakes have utilised microscopic imaging techniques including optical microscopy,

coupled with analysis on software [160, 161]. Accordingly, a study that explores the

property of different material flake sizes and the interaction of GO with contaminant

species, coupled with a detailed characterisation methodology would contribute knowl-

edge to the field. Furthermore, this would offer a novel approach to developing GO

within water treatment, by providing a unique pathway for GO material and membrane

characterisation, coupled with in-depth analysis of the behaviour.

1.3 Aims and Objectives

The aim of this research is to characterise two commercial GO materials, having the

crucial property of different flake size. The importance of flake size will be explored by

application of the GO materials in water treatment, namely in adsorption and removal

of anionic MO and cationic MB dyes and salts from water.

In order to address the aim of this research, the following objectives are set:

1. Analyse the chemical nature of the commercial GO materials. The flake size

of each will be characterised using laser diffraction and dynamic light scattering

techniques. Develop further characterisations using spectroscopic techniques and

microscopy analysis.

2. Investigate the adsorption of cationic MB and anionic MO dyes onto GO sur-

faces. Explore the importance of flake size on adsorption. Develop mathematical

descriptions of of the kinetics and isotherms of adsorption and relate these to the

dye adsorption capacities of the materials in equilibrium.

3. Utilise GO as a coating material for fabrication of PES membrane filter materials.
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Apply these GO-coated PES membranes to removal of anionic MO and cationic

MB dyes from dye-contaminated waters.

4. Utilise GO-coated PES membranes as a means to desalinate water contaminated

with salt, such as magnesium sulphate, ammonium heptamolybdate, sodium chlo-

ride and sodium sulphate.

5. Investigate the impact of salt addition upon dye adsorption efficacy of GO, within

the context of cationic MB adsorption, by dissolving salts magnesium and sodium

sulphate into the dye solution prior to insertion of adsorbent. Explore the differ-

ences in adsorption by different flake size materials.

6. Investigate the impact of salt addition upon filtration efficacy of GO-coated mem-

branes, by filtration of MB - sodium sulphate and MB - magnesium sulphate

solutions.

1.4 Thesis Scope

This thesis comprises in total seven chapters, the contents of which are summarised as

follows:

Chapter 1 provides an introduction to the thesis and provides some background

information, regarding classical methods of water treatment, including membrane sep-

aration systems. The motivation of the research is presented and aims and objectives

of research are defined. The scope of the thesis is outlined.

Chapter 2 provides a literature review, focusing on methods of GO membrane

preparation, the utility of GO as an adsorbent and as a membrane coating for treatment

of dye-contaminated and saline waters.

Chapter 3 discusses the materials and experimental methods necessary for obtain-

ing the results in Chapters 4 - 6. Preparation of materials for characterisation and
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requisite analytical methods is discussed. Methods for filtration testing with dyes and

salts using uniaxial flow testing is discussed. Experimental procedures and subsequent

mathematical modelling of dye adsorption systems is also detailed.

Chapter 4 discusses characterisation of GO materials and GO-coated PES mem-

branes. A number of techniques were employed in order to characterise the materials,

namely these are: Fourier Transform Infrared (FTIR), Raman, X-ray photoelectron

(XPS) and Ultraviolet-Visible (UV-Vis.) spectroscopic techniques. X-ray diffraction

(XRD) was used to characterise the interlayer spacings and scanning electron mi-

croscopy (SEM) was utilised to analyse the morphologies. Colloidal stability was inves-

tigated by measurement of zeta potential and particle sizing achieved by laser diffrac-

tion (LD) and dynamic light scattering (DLS). GO-coated PES membrane analysis

was achieved using focused ion beam scanning electron microscopy (FIBSEM), Water

Contact Angle measurement, FTIR, XRD and Thermogravimetric Analysis (TGA).

The content of this chapter addresses Objective 1, as listed above.

Chapter 5 discusses utility of GO as a material adsorbent and membrane coat-

ing, for treatment of dye-contaminated waters. Kinetics and equilibria of adsorption of

cationic MB and anionic MO is discussed and the mathematical models are utilised to

reveal that adsorption is governed by pseudo-second order (PSO) kinetics and Lang-

muir (monolayer) equilibrium. Filtration efficacy of GO-coated PES membranes is

investigated subject to the impact of a number of parameters including initial dye

concentration, filtration pressure and coating thickness. Proposed mechanisms for the

interaction of GO with dyes is also discussed. Aggregation of GO in dye solutions is

also investigated by LD and measurement of zeta potential.

The content of this chapter addresses Objectives 2 and 3, as listed above.

Chapter 6 discusses utility of GO-coated PES membranes for desalination of saline

waters. Desalination experiments were performed using uniaxial flow testing, involving

magnesium sulphate, ammonium heptamolybdate, sodium chloride and sodium sul-
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phate salts. The suggested mechanisms of salt rejection were discussed. The impact of

salt addition upon MB removal efficacy is discussed, as GO is employed as an adsorbent

and as a membrane coating for removal of dyes in a mixed dye-salt system. Proposed

mechanisms and discussions are provided.

The content of this chapter addresses Objectives 4, 5 and 6, as listed above.

Chapter 7 summarises and concludes the thesis, and highlights areas for develop-

ment of the research based upon this thesis.
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Chapter 2

Literature Review

2.1 Overview

This literature review provides detailed information regarding the application of GO

materials as adsorbents of dyes and in membrane materials, for removal of dyes and

salts. In order to maintain focus on areas which are highly salient for the research chap-

ters of this thesis, attention is paid to highlighting studies that concern the employment

of GO in its unmodified form, though on several occasions, comparisons with modified

GO materials are made. In analysis of these studies, the experimental methods and

the membrane fabrication method are elucidated, and the relevance of the results are

discussed. Comparison of behaviours or trends with other sources from the literature is

made, including signposting the performance of materials other than GO in adsorption

and filtration.

The content of this literature review is divided into the following themes:

• GO and other materials as dye adsorbents, considered in Section 2.2.

• Methods for preparation of GO membranes, considered in Section 2.3.

• Removal of dyes using GO and other material membranes, considered in Section
2.4.

• Desalination using GO and other material membranes, considered in Section 2.5.
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Conducting a literature review of GO is not straightforward, as the existence of

an abundance of information may prove challenging to navigate. In order to facilitate

this process, a number of literature databases were employed, including Web of Sci-

ence (Clarivate Plc (UK)), Science Direct (Elsevier (Netherlands)) and GoogleScholar

(Google (USA)). After the above themes were decided, these databases were utilised to

explore the field for information. As mentioned above, the primary focus was regarding

GO materials that are chemically unmodified, thus enabling the content of the review

to be restricted.

2.2 Adsorption of dyes using GO

2.2.1 Adsorption of cationic dyes using GO adsorbents

A dye may be classified as a cationic dye provided that upon ionisation in water, it

possesses an overall positive charge. Adsorption of these dyes using GO adsorbents is

particularly favourable, owing to the strength of interaction between the deprotonated

groups on the GO, and the cationic groups on the dye [118]. The adsorption of cationic

dye MB was introduced in Section 1.1.5, in which the high capability of GO to adsorb

this dye was highlighted. GO has also found utility as an adsorbent for a multitude

of other cationic dyes, including malachite green [162], RhB [142] and Crystal Violet

[163]. In each case, GO has been demonstrated to adsorb the dyes with high efficacy.

As discussed in Section 1.1.4, the Lerf-Klinowski model of GO proposes a struc-

ture comprising regions of sp2 carbon bonding, and oxygen-containing groups such as

hydroxyl, expoxy and carboxyl. Deprotonation of these groups results in an oxygen

group with a vacant lone pair of electrons, which has been exploited for the purposes

of cationic dye adsorption. A number of studies have examined the impact of pH on

cationic dye performance, concluding that increasing the pH results in stronger adsorp-

tion, owing to the greater deprotonating effect of the alkaline solution [164, 165]. The
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carboxyl groups tend to deprotonate most easily in solution, as the resulting conjugate

base formed by the vacation of hydrogen atom is very stable [166]. Efforts have been

made to increase the oxygen content in GO and in particular the carboxyl group pres-

ence [167]. Zhao et al. [168] fabricated a GO sponge material that contained a high

content of carboxyl groups, relative to the GO starting material: it was demonstrated

that the sponge’s adsorption capacity for MB was very promising relative to the GO

(780 vs 446 mg/g).

The mechanism of adsorption of cationic dyes by GO has been attributed to a

number of features including electrostatic interactions, π - π interactions and hydrogen

bonding [7]. Electrostatic interactions are considered the primary mechanism for ad-

sorption of cationic dyes such as MB [169]. π - π interactions between the benzene rings

on GO and the aromatic groups on the cationic dyes are thought to provide an impor-

tant secondary contribution to the adsorption mechanism [170]. These interactions are

not considered to be the major mechanism, however. Yang et al. [171] compares MB

adsorption on GO and expanded graphite, having similar structure but different oxy-

gen content (GO having considerably higher): it was demonstrated that the adsorption

capacity of GO was three orders of magnitude higher for GO than expanded graphite.

This suggests that the electrostatic interaction is the dominant mechanism, as the MB

is clearly inclined to adsorb on the oxygen groups. Hydrogen bonding has also been

suggested as a minor contributor to the adsorption mechanism, through the multitude

of alcohol-containing groups in the GO structure [171].

Aggregation of GO in cationic dye is typically a hindrance of the adsorption process.

GO tends to form an electrokinetically stable suspension in water, with net negative

charge, which facilitates the interaction of GO sheets with cationic dyes. GO has high

adsorption capacity for cationic dyes but the undesirable aggregation of sheets has

the impact of reducing the dye adsorption capacities, due to the stacking of sheets

[172]. The mechanism for aggregation of GO sheets has been attributed to the stability
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theory developed by Derjaguin, Landau, Verwey and Overbeek (DLVO) [173]. By

DLVO theory, a highly charged species, such as negatively charged GO, is electrically

stabilised by a summation of attractive van der Waals’ forces and repulsive forces due

to likeness in electric charge. Adsorption of species such as salt cations or cationic

dyes has the effect of neutralising the effective negative charges on the sheets, resulting

in a shrinkage of the electrical double layer surrounding the individual flakes [174]. If

the repulsive electrical forces are reduced in magnitude, the cohesive van der Waals’

attractive forces between sheets of GO will become the dominant force, thereby resulting

in aggregation of the sheets [175].

Aggregation of GO sheets and subsequent sedimentation is an irreversible process,

as such, recovery of the GO adsorbent following dye adsorption is a problematic task

[172, 176]. Separation of GO from adsorbent using magnetic nanoparticles is currently

an active area of research. Junyong et al. [177] synthesised a GO with embedded

Fe3O4 nanoparticles, reporting that this material could be separated from RhB using

an applied magnetic field after the adsorption process. An alternative means to prevent

sheet aggregation was the research of Jayanthi et al. [178], who synthesised a 3D foam

architecture that was able to resist aggregation in RhB dye while having comparable

equilibrium adsorption to flake GO. Despite efforts being made to overcome the adverse

effects of GO sheet aggregation, current investigations in the literature suggest that

the aggregation of GO sheets is an enormous practical challenge. A number of such

investigations have expressed concern that the aggregation phenomenon may limit the

overall applicability of GO as an adsorbent, despite the high adsorption capacities for

cationic dyes [175, 178].

2.2.2 Adsorption of anionic dyes using GO adsorbents

Adsorption of anionic dyes by GO is hindered in practical application by the effects of

electrostatic repulsion, in which the deprotonated oxygen-containing groups on the GO
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repel the anionic dye [179]. The mechanism of adsorption for anionic dyes is therefore

different to that of cationic dyes, as governed primarily according to π - π interactions

of the aromatic structures on GO and dye, and hydrogen bonding [174]. Considering

adsorption of MO as an example, the azo (N = N) group on the dye is capable of

hydrogen bonding with a hydroxyl group on the GO [180].

A summary of the mechanisms of MB and MO adsorption, as discussed in these

two sections, is provided in Figure 2.1.

Figure 2.1: Proposed mechanisms of interaction for GO with cationic MB dye (left)
and anionic MO (right). GO interacts with MB via electrostatic interaction, π - π
interaction and hydrogen bonding. The interaction with MO is considered related to π
- π interaction and hydrogen bonding only. Adapted from [7].

As illustrated in a number of comparative dye adsorption studies [169, 179, 181],

the adsorption capacity of GO for anionic dyes is reportedly poor relative to the level

of adsorption achieved in cationic dye adsorption. In the work of Minitha [179], for ex-

ample, the adsorption capacity of GO for MB is approximately double that of MO (130

mg/g versus 66 mg/g). This emphasises the significance of electrostatic interactions in

the overall dye adsorption mechanism.

Owing to the difficulties in adsorption of anionic dyes using GO, a very popular

means of overcoming the electrostatic repulsion involves modifying GO to incorporate
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the presence of other species. Crosslinking of GO with chitosan is a very popular means

of improving the anionic dye adsorption capacity, as the de-protonated amine groups are

a rich source of positivity, capable of promoting electrostatic attraction [182, 183]. Shi

et al. [184] demonstrated that their GO - chitosan aerogel, with a GO:chitosan blending

ratio of 1:2, was able to adsorb MO with roughly five times the capacity of MB. RGO

has also been demonstrated a capable adsorbent of anionic dyes: for example, Zhang

et al. [185] reported that their photo-reduced GO was capable of adsorbing anionic

Orange II dye four times more effectively than unmodified GO.

2.2.3 Kinetics of dye adsorption using GO adsorbents

Kinetics of dye adsorption by GO adsorbents is herein considered. Salient models of

kinetics are introduced and subsequently contextualised by considering the application

of these within existing GO adsorption studies.

Studying the kinetics of dye adsorption involves monitoring the rate at which dye is

adsorbed by an adsorbent [186]. The kinetics of the dye adsorption process is dependent

upon the characteristics of the adsorbent, in terms of its physical or chemical properties,

and the overall mass transport mechanism [187].

A number of computational models have been applied to model the experimental

behaviour of a GO adsorbent - dye adsorbate system, the most popular of which are the

pseudo first order (PFO) and pseudo second order (PSO) systems [188]. Ho and McKay

[189] demonstrated that these models may be linearised, as such their popularity has

grown, as they are able to account for the behaviour of most systems [190]. Ho [191]

published a subsequent paper that discussed the supposed superiority of the PSO model

over the PFO, owing to its potential applicability within a wider range of systems.

The PFO model assumes that the rate of adsorption of solute species is proportional

to the difference between equilibrium adsorption and the instantaneous amount of solute

adsorbed at a given time instant [192]. PFO model is better suited to the initial stages
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of an adsorption process [189]. Additionally, the model assumes that sorption takes

place at localised sites only and that a state of maximum adsorption is reached when

there are no more available binding sites for occupation [193].

The generalised form of the PFO model is given according to Equation 2.1 [188],

where k1 (min−1) is first order adsorption rate constant, qt is the amount of adsorption

taken place at time t, qe,exp is the experimental equilibrium adsorption and qe,cal1 is

the calculated equilibrium adsorption (all having units mg/g).

dqt
dt

= k1 · [qe,exp − qt] (2.1)

Integration subject to the boundary conditions qt = 0 at time t = 0 and qt = qt at

time t = t yield the following exponential form:

qt = qe,exp · [1 − e−k1·t] (2.2)

The popularised Ho and McKay [189] linearisation of Equation 2.2 is provided by

Equation 2.3:

ln(qe,exp − qt) = −k1 · t + ln(qe,cal1) (2.3)

Provided that the relationship between ln(qe,exp1−qt) and t is linear, the adsorbent

- adsorbate system may be assumed to follow PFO kinetics and the values of k1 and

qe,cal1 may be yielded, from the slope and vertical intercept of the plot, respectively.

In the PSO model, the rate-limiting step is chemical sorption, that is, a chemical

reaction involving transfer of electrons between the adsorbent and adsorbate species

[194]. The kinetics of reaction is found to be proportional to the number of active sites

which are available on the adsorbent [195]. The curvilinear definition of the PSO model

is defined by Equation 2.4 [189], where k2 (g ·min−1 ·mg−1) is the second order rate

constant.
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dqt
dt

= k2 · [qe,exp − qt]
2 (2.4)

Ho and McKay [189] proposed in total four linearised forms of the PSO equation.

Of these linearised forms, the most widely used, owing to its perceived advantages with

regards to fitting properties [186], is given by Equation 2.5:

t

qt
=

t

qe,cal2
+

1

k2 · qe,cal2
(2.5)

where qe,cal2 is the second order calculated equilibrium adsorption, in mg/g.

Thus, a plot of t
qt

versus t should yield a linear line, with slope equal to the inverse of

qe,cal2 and the value of k2 may be extracted from algebraic manipulation of the vertical

intercept.

In GO - dye adsorption systems, a multitude of studies have shown preference for

the PSO model over PFO. In the following paragraphs, the kinetics of dye adsorp-

tion by GO is considered, using examples from the literature. The comment must be

made however, that comparison of kinetic model parameters across multiple sources is

often not straightforward. In practice, a number of the calculated and experimental

model parameters may vary significantly from one another, according to the features

of the adsorbate itself, including particle size [196] and surface area [197]. As such, it

is important to consider that the GO morphology between two systems may not be

comparable, thus impacting the adsorption.

Peng et al. [198] performed adsorption studies using 0.50 g/l MB with 0.6 g/l

GO prepared by Hummers’ Method, and demonstrated better statistical fit for PSO

(R2 = 0.997) over PFO (R2 = 0.832). The value of qe,exp was remarkably high, at

2255.35 mg/g, while the values of qe,cal1 and qe,cal2 were 369.46 mg/g and 2302.1 mg/g,

respectively. As such, the higher value of statistical R2 coupled with the closer fit of

the qe,cal2 value indicates that the PSO has overall much better fit to the experimental
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data compared to the PFO model.

Utilising kinetic models to represent experimental data enables the efficacy of ad-

sorption for multiple materials to be compared within the same study. This has been

demonstrated powerfully on a number of studies in the literature, several of which are

highlighted here. Li et al. [199] compare the adsorption kinetics of MB onto three ma-

terials: activated carbon, carbon nanotubes and GO. It was shown that the PSO model

provided a better account of the behaviour relative to the PFO model, with R2 values

ranging 0.981 - 0.992. The resulting k2 values were higher for GO (90.6 · 10−6 g ·min−1

·mg−1) compared to the other materials. Minitha et al. [179] compared the adsorption

kinetics of MB for GO versus a synthesised RGO, reporting near-perfect fitting of the

PSO model (R2 > 0.999) for GO - MB and RGO - MB adsorption. This study reveals

that the values of k2 for GO are an order of magnitude larger for GO (0.151 g ·min−1

·mg−1) compared with RGO (0.061 g ·min−1 ·mg−1), despite the analogous qe,exp and

qe,cal2 values being slightly higher for RGO compared to GO. The recent comparative

study of Abouzeid et al. [200] discusses adsorption of MB onto GO and a GO modified

with silica, revealing that the k2 values for the composite (9.8 · 10−6 g ·min−1 ·mg−1)

are higher than the unmodified GO (9.3 · 10−6 g ·min−1 ·mg−1).

The comparative element within studies is also employed for internal comparison of

adsorption of different dyes by the same adsorbent species, often by means of comparing

the efficacy of dyes with contrasting molecular charges. Sabna et al. [167] compared

the adsorption of crystal violet onto GO, with MO. By PSO, it was demonstrated that

the adsorption of the cationic crystal violet was more effective than MO (qe,exp = 250

versus 38.3 mg/g). Kim et al. [8] compared MB adsorption with anionic Acid Red

1 dye, likewise showing by PSO that the cationic MB was adsorbed more effectively

(qe,exp = 301.2 versus 52 mg/g) and faster than Acid Red 1 (k2 = 0.0050 versus 0.0004

g ·min−1 ·mg−1). Plots of the linear PFO and PSO kinetics models, for MB and Acid

Red 1 adsorption, are shown in Figure 2.2.

30



Figure 2.2: Pseudo First Order (PFO) and Pseudo Second Order (PSO) kinetics of
adsorption of MB and Acid Red 1 by Reduced GO. PFO plots are shown in (a) for MB
and (b) for Acid Red 1. PSO plots are shown in (c) for MB and (d) for Acid Red 1.
Adapted from [8].

It is clear by inspection of the plots that the respective PSO fits are better than

the corresponding PFO fits, as the data has evidently lower spread about the kinetics

lines.

Alternative kinetic models have been suggested alternatives to PFO and PSO. The

intraparticle diffusion model, first proposed by Weber and Morris [201], suggests that

adsorption happens via a two-stage mechanism, involving the transfer of adsorbate onto

adsorbent surface and subsequent penetration of adsorbate into adsorbent pores. The

penetration stage is the rate-limiting step. Chia et al. [202] demonstrate that their

GO - MB system fits the PSO and intraparticle diffusion model simiarly well (for PSO,

R2 = 0.999 - 1.000, for intraparticle diffusion R2 = 0.997 - 0.999), leading them to

conclude that the PSO is the dominant mechanism, but external mass transfer due to

intraparticle diffusion is also a fundamental aspect.
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Isolated examples from the literature do not actually employ a kinetics model for

analysis of their dye adsorption data. Zhang et al. [203] prefer to monitor qe,exp at set

time intervals, subject to controlled temperature (293 K) and at pH 7, and plot the

values of qe,exp versus t. It is acknowledged, however, that the lack of mechanistic model

hinders the comparison of this work with other sources from the literature, accordingly,

the impact of such a study may be limited.

This section has introduced the key models for predicting the kinetics of adsorption

of GO systems, namely, the PFO and especially PSO models. Studies from the litera-

ture were brought in to contextualise the utility of these models and demonstrate the

power of applying them in linear form. This has provided motivation for later kinetics

studies, which will consider the application of these models in GO adsorption systems.

2.2.4 Equilibrium of dye adsorption using GO adsorbents

In this section, equilibria of dye adsorption by GO adsorbents is evaluated. Several key

isotherms are introduced, including mathematical definitions, and these are contextu-

alised by considering the application of these within existing GO literature.

The adsorption of adsorbate onto adsorbent is a dynamic process, and if the inter-

action proceeds for sufficient length of time, an equilibrium will be established between

the amount of adsorbate in solution and the amount that is adsorbed onto the adsor-

bent [204]. An adsorption isotherm is an empirical means of relating the concentration

of adsorbate on the surface of an adsorbent to the concentration of that species in

solution, at a given temperature [205].

Langmuir [206] and Freundlich [207] isotherms are perhaps the two most commonly

studied isotherms, used to define the behaviour of GO - dye systems.

Langmuir adsorption is characterised by the assumption that the adsorbent species

is of physically homogeneous configuration [206]. Theoretically, all binding sites on the

adsorbent are identical with equivalent binding energies [208]. Langmuir also predicts
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that the adsorbent has only limited capacity for adsorption, as such, a saturation value

is established that represents a complete monolayer of surface adsorption, where each

binding site holds one adsorbate molecule [209]. The linearised Langmuir relationship

is expressed by Equation 2.6:

Ce

qe
=

1

KL · qmax
+

Ce

qmax
(2.6)

where KL is the Langmuir constant (l/g), qmax (mg/g) is the maximum adsorption

capacity, qe (mg/g) is equilibrium dye adsorption and Ce (mg/l) is equilibrium dye

concentration remaining in solution.

For Langmuir isotherm to be obeyed, a plot of Ce/qe versus Ce ought to be linear

with slope equal to the inverse of qmax and vertical intercept equal to 1/(KL ·qmax), thus

enabling calculation of parameters qmax and KL from intercept and slope, respectively.

Freundlich isotherm is an empirical relationship concerning the non-ideal adsorp-

tion of sorbate onto an adsorbent with heterogeneous surface energy [205]. Freundlich

predicts that the overall amount of adsorption onto an adsorbent surface will increase

provided that the concentration of adsorbate in the solution phase increases [207]. The

isotherm is, however, limited in applicability to cases in which the concentration of

adsorbate in solution is low and it is optimised for only a narrow range of adsorbate

concentrations [210]. The governing linearised equation is given by Equation 2.7:

ln(qe) =
1

n
· ln(Ce) + ln(KF ) (2.7)

where KF (mg(1−1/n) ·l1/n ·g−1 ) is the Freundlich constant, related to the adsorp-

tion capacity, and parameter n represents adsorption intensity. A plot of ln(qe) versus

ln(Ce) will be linear if Freundlich model is obeyed, with slope equal to the reciprocal

value of n and intercept equal to ln(KF ).

Adsorption studies involving the adsorption of dyes onto GO tend to combine anal-
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ysis of kinetics and equilibria within a single study. Konicki et al. [211] performed

kinetics and equilibrium studies under the same experimental conditions, by taking the

equilibrium concentrations to be the values at the end of the kinetics studies. They

demonstrated that the adsorption of cationic dyes Basic Yellow 28 and Basic Red 46

was attributed to PSO kinetics and Langmuir adsorption. GO had higher equilibrium

adsorption capacity for Basic Red 46 (by Langmuir, qmax = 76.9 versus 68.5 mg/g),

which was consistent with the calculated qe values in PSO kinetics. Gong et al. [212]

likewise combined kinetics and adsorption studies, in a study in which MO was utilised

to probe the π - π stacking mechanisms of GO at pH 2, 7 and 10. The kinetics ex-

periments were performed for a total 150 minutes, the equilibria concentrations were

measured at time 180 minutes after the commencement (i.e. 30 minutes after kinet-

ics experiment ceased). The GO - MO system also behaved according to Langmuir

equilibrium and PSO kinetics.

The general trend in GO - dye adsorption studies appears to favour the Langmuir

isotherm, but a number of studies have seen favourability of the Freundlich isotherm.

Bankole et al. [213] studied the adsorption of cationic RhB onto GO nanosheets, find-

ing that the adsorption is governed by PSO kinetics and Freundlich isotherm. In this

study, the equilibrium experiments were performed at low RhB concentration (highest

30 mg/l): as such, this may account for the preference towards Freundlich. The cal-

culated Freundlich parameters KF (46.36 mg(1−1/n) ·l1/n ·g−1) and n (1.24) suggest

favourability of the isotherm, as the KF value is high and the low value of n suggests

that the adsorption is intense. Gan et al. [214] use their composite glucomannan/GO

hydrogel material for adsorption of MO and MB. They report that higher initial dye

concentrations were used for the equilibrium studies compared to the kinetics, and that

the preferred isotherm was that of Freundlich. In this study, the material is demon-

strated to have higher tendency to adsorb MB, as a study of qe as a function of pH

showed that the adsorption of MB is higher than MO across the full pH range. The
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Freundlich model used, however, shows the KF value to be higher for MO (3.71 versus

2.68 mg(1−1/n) ·l1/n ·g−1), indicating stronger adsorption, and the analogous n is higher

for MO, suggesting the adsorption is less intense (1.50 versus 1.36).

The Sips isotherm [215] is an alternative to those of Langmuir and Freundlich, often

regarded as a combination of the two. It was previously discussed that the Freundlich

isotherm predicts that the surface adsorption will increase provided that the concentra-

tion of dye in solution increases, thus predicting theoretically infinite adsorption. Sips

isotherm maintains the Freundlich prediction of heterogeneity of adsorption, but intro-

duces a finite limit for dyes at high concentration [216]. A number of GO or modified

GO - dye adsorption studies have employed Sips isotherm, as a means of comparison

with Freundlich or Langmuir [163, 217, 218]. Other isotherms are also uncommonly

used to model the equilibria of GO - dye adsorption: these include Dubinin-Raduskevich

[219] and Temkin [220].

This section has introduced adsorption isotherms for modelling the equilibria of dye

adsorption for GO - dye systems. The literature has shown that the foremost isotherms

are those of Langmuir and Freundlich, both of which are expressible in linear form.

The dominance of the former is interesting, especially given the complex aggregate

microstructure of GO flake systems.

2.2.5 Impact of ions on dye adsorption

Textile industry effluent is a complex mixture of different chemical species, the com-

position of which may vary depending upon the location and application [221]. The

species contained within the effluent are not necessarily ionic; these species may also

significantly impact the adsorption process. As such, it is important to establish a

baseline for characterisation of the typical ranges of species present in textile effluent,

which may be utilised as a reference point for determining the necessary concentrations

in experimental studies. Table 2.1 details a typical effluent composition, taken from
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Dos Santos et al. [27] and Pal [28]. By inspection, this depicts that the variety of

species within effluent is staggering. Also shown in the table is the permissible levels

of a number of these species within surface water, in India [29]. Given the tight limits

of a number of these, this places significant demand upon the adsorbent species, which

must therefore be capable of operation in a variety of chemical environments.

Table 2.1: Textile industry effluent sample composition and permissible limits of species
in India [27, 28, 29].

Textile effluent Parameter Quantity in effluent Permissible limit

pH 9.69 - 10 6.5

Alkalinity (mg/l) 498.2 20 - 200

Apparent colour (Pt Co) 3280 20

Turbidity (FTU) 183 5

Chemical Oxygen Demand (mg/l) 1395 550

Total Dissolved Solids (mg/l) 3120 2000

Oils and grease (mg/l) 126 0.20

Aluminium (mg/l) 0.24

Ammonium (mg/l) 17

Cadmium (mg/l) 0.001

Calcium (mg/l) 43

Chloride (mg/l) 2581 600

Chromium (mg/l) 0.69

Magnesium (mg/l) 4

Mercury (mg/l) 0.002

Sulphate (mg/l) 1400 250

Sodium (mg/l) 2900 200

Tin (mg/l) 0.20

The high degree of alkalinity and associated high pH of the effluent presents a prob-

lem for adsorbent species including GO. Given the greater tendency of hydrogen atoms
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to deprotonate at high pH, the adoption of greater negative surface potential dimin-

ishes the adsorption of anionic dyes due to greater repulsive effects [222, 223]. Given

the tendency for textile effluents to be a mixture of dyes, it is difficult to determine

the concentration in typical units; as such, the colour is characterised by platinum -

cobalt (Pt Co) units. Effluent water is thus highly coloured, which presents problems

for aquatic life and for the aesthetics of natural water sources [224]. Similar problems

are raised by water which is highly turbid [225]. Total dissolved solids (including ionic

species) present another problem, as these can be toxic [226]. Non-ionic species includ-

ing fats, oils and grease are present in effluent as a natural impurity washed off the

fibre during dyeing [227]. They are however capable of interacting with GO adsorbents

via hydrogen bonding, thus hindering the process of adsorption [228].

As evidenced, there is also a significant heavy metal presence within effluent. Heavy

metals present a serious environmental problem, owing to their accumulation, recalci-

trance to degradation and toxicity [229]. In particular, there is a high quantity of

ionic species including sodium, sulphates, chlorides and magnesium, necessary for the

processing stages of textile dyeing and production [230].

An important consideration is that the presence of ions may have an impact upon

the electrokinetic properties and stability of GO adsorbents. This is particularly impor-

tant given the presence of high valency cations including aluminium (3+) and chromium

(3+) within effluent. Although GO tends to form a well dispersed and stable dispersion

in water due to repulsion of the negative charges, the addition of ions has the effect

of screening the electronegativity, ultimately leading to aggregation of the GO sheets

[231]. The electrokinetic stability of GO, subject to the addition of ions, has been

studied by Wang et al. [9], who obtained zeta potential measurements of GO across

a range of salt concentrations 0 - 91 mM, using monovalent sodium chloride, divalent

magnesium chloride and trivalent aluminium chloride. It was demonstrated that the

impact upon zeta potential increased with increasing cationic valency, such that for ad-
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dition of aluminium chloride at sufficiently high salt concentration, the zeta potential

was high enough to suggest positively charged colloidal stability (>30 mV). It was pro-

posed that the higher charge and smaller diameter of the Al3+ cations enables the ion

to bind strongly to GO and that the positivity is a result of excess cations remaining in

solution. Figure 2.3 shows the obtained zeta potential, as a function of salt concentra-

tion. A similar trend was observed by Baskoro et al. [232], who compared the impact

of magnesium sulphate and sodium sulphate concentration upon zeta potential (0 - 1.0

M), revealing that the divalent magnesium salt had a significantly greater impact on

the stability of GO.

Figure 2.3: Zeta potential of GO-in-water dispersions, subject to variation in salt con-
centration in the range 0 - 91 mM NaCl, MgCl2 and AlCl3. Adapted from [9].

For low valency sodium salts, the interaction mechanism of GO with Na+ cations

is considered to follow the DLVO theory of aggregation (introduced in Section 2.2.1,

in the context of GO aggregation in cationic dye solution) [233]. Sodium cations have

no specific adsorption capacity for the functional groups on GO, as such they do not

adsorb, though may accumulate in the vicinity of the flakes and have a slight impact

upon the electrical double layer in the vicinity [234]. The interaction of GO with higher

valency cations such as Mg2+ ions is far stronger, as the higher valency on the ion leads
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to cation bridging and adsorption [235]. These stronger interactions result in a greater

tendency of GO to aggregate in the presence of high valency cations, as the higher

valency cations are capable of forming crosslinks between GO sheets [233].

The addition of cations to a GO - dye adsorption system may therefore have a

significant adverse impact upon the adsorption capacity of the GO. Survey of the liter-

ature reveals that there have been some highly interesting behaviours associated with

the adsorption of dyes by GO, subject to the presence of dissolved salts. Nuengmatcha

et al. [236] demonstrated that the adsorption of cationic malachite green by GO was

adversely impacted by the presence of sodium chloride, with qe values decreasing from

around 340 mg/g to 300 mg/g when salt concentration was 0.10 M. Similarly, Travlou

et al. [217] found that the adsorption of anionic Reactive Black 5 dye onto GO is

hindered by sodium chloride addition, with addition of 0.10 M decreasing the qe values

from around 190 to 110 mg/g. Other sources have, however, reported that the addition

of cationic species has minimal or no impact upon the adsorption of dyes. Zhang et

al. [203], for example, reported that addition of monovalent potassium chloride, up to

0.05 M in MB, did not have any significant impact upon the qe values. Remarkably,

the work of Sharma et al. [237] reveals that loading MB with salt actually improves

the MB adsorption capacity of the GO adsorbent. They report that the addition of

salt, which introduces anions as well as cations, has the impact of increasing the dis-

persibility of the GO, contributing to the electrostatic repulsion of the GO in aqueous

media. Furthermore, the impact of anion valency also has a positive relationship with

MB adsorption: with sulphate (SO2−
4 ) ions resulting in greater adsorption capacities

than chloride (Cl−) ions, owing to the greater polarisability of the more highly charged

anions.

By considering the impact of ions on dye adsorption, this section has introduced a

key question in the application of GO adsorbents; that is, how might the performance

be hindered in real effluent conditions. Introduction of ions into the dye brings an
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element of non-ideality to the system, and the literature has shown that this adversely

impacts adsorption. This is a key indicator with regards to industrial application in

which the effluent composition, as shown, is highly non-ideal.

2.2.6 Performance of alternative industrial adsorbents in dye adsorp-
tion

In this section, the performance of alternative industrial adsorbents will be considered,

so as to compare with the performance of GO systems.

Activated carbon is typically a powdered adsorbent, with high carbon content and

microporous structure [238]. The process known as activation involves introducing

porous features into the carbonaceous surface by processing [239]. Like GO, activated

carbon has negative surface charge and high specific surface area [240]. Activated car-

bon has been utilised in adsorption of dyes including MB. In the research of Sharma

and Uma [241], an activated carbon synthesised from rice husk adsorbed MB with

overall qmax = 14.3 mg·g−1. Benhachem et al. [242] performed kinetics and equilib-

rium studies, determining that the Langmuir qmax = 38.3 mg·g−1 and PSO qe = 43.9

mg·g−1. Studies have reported on the functionalisation of activated carbon with gold

nanoparticles, in order to modify the surface charge and promote adsorption of MO.

Ghaedi et al. [243] report one such fabrication, achieving by PSO kinetics qe = 151.5

mg·g−1.

Zeolites, highlighted in the previous chapter, are an alternative adsorbent mate-

rial for dyes. Akgul et al. [244] reported on the performance of an alkaline-modified

clinoptilolite material, which adsorbed MB with overall PSO qe = 47.3 mg·g−1. Ad-

sorption of anionic dyes using zeolites has also been studied; for example, Alver and

Metin [245] modified a silicon-dioxide dominated zeolite with hexamethylenediamine,

adsorbing anionic Reactive Blue 250 dye with qmax = 58.5 mg·g−1 by Langmuir model.

This section has highlighted the performance of GO competitor adsorbent materials

including activated carbon and zeolites. Adsorption of dyes by a number of these
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adsorbents has been shown to follow PSO kinetics and Langmuir adsorption isotherms,

much like the previously discussed studies on GO. The performance of the competitor

systems does, however, appear significantly lower than GO, likely a feature of the

remarkably high surface area and relatively small flakes of GO. Perhaps an advantage

of competitors over GO, however, is lower cost [246], also the possibility of natural-based

synthetic pathways, using for example rice husks [247] and lignin [248].

2.3 Methods for fabrication of GO membranes: an intro-
duction

2.3.1 Vacuum deposition

Vacuum deposition is an extremely popular method of preparing GO-coated mem-

branes, in which a GO suspension is continuously filtered through a porous substrate

under applied vacuum conditions [174, 249]. Given their lateral sizes are larger than

the substrate pores, the layers of GO flakes accumulate and stack atop one another

on the membrane top surface, resulting in formation of a deposited GO coating layer

[250]. The technique is simple to implement, and provided that the concentration of

GO is varied, can lead to GO coatings of varying thickness, ranging from single nm

[251] to tens of microns [252]. Vacuum deposition is however, currently a small-scale

technique, limited to membranes which are only a few cm in size [253]. Another limi-

tation of the technique is the potential for uneven stacking of GO layers [10]. As more

GO is deposited, caking of the surface leads to a decrease in vacuum pressure over

time, resulting in a coating structure in which the top layers are more loosely packed

than those nearer the substrate itself. The layering of GO under vacuum deposition is

shown in Figure 2.4, in which loosely stacked GO is deposited on more ordered layers

of GO.
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Figure 2.4: Fabrication of GO-coated membrane by vacuum deposition technique. Un-
der the applied vacuum, the GO stacks more densely closer to the substrate and more
loosely with increasing distance away from the surface. Adapted from [10].

2.3.2 Layer-by-layer assembly

Layer-by-layer (LbL) assembly of GO membranes involves stacking layers of GO onto

a substrate, employing chemical reagents as supporting materials to ensure bonding

between GO layers. The bonding materials enhance the coating’s internal bonding

strength by promoting favourable electrostatic interactions [254] or covalent crosslinking

layers of GO [255]. LbL assembly of GO-coated membranes is capable of overcoming

some of the previously highlighted limitations of the vacuum deposition technique, in

which the GO layers are unsupported and thus the internal bonding is relatively weak

[256].

In the case of electrostatic interaction, the support material is typically a poly-

electrolyte that possesses opposite electrical charge to the GO [257, 258]. Hu and Mi

[259] prepared a GO membrane by LbL approach, using cationic poly(allylamine hy-

drochloride). The layering was established by immersing a polyacrylontirile membrane

in the poly(allylamine hydrochloride) for 30 minutes and subsequently immersing in

a prepared GO dispersion. A combined crosslinking-electrostatic interaction approach
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was employed by Kandjou et al. [260], in which a GO coating was prepared on a

glass slide by first soaking the slide in poly(ethylene imine) to initiate the positively

charged layer and subsequently immersing in GO. Following rinsing, the slide was

soaked in p-phenylenediamine crosslinking agent and again in GO. Alternating cycles

of p-phenylenediamine - poly(ethylene imine) soaking were performed to yield the LbL

GO membrane, having combined electrostatic - covalent support.

2.3.3 Spin coating

Spin coating involves dropwise addition of GO suspension onto a substrate surface that

is rotating rapidly, and subsequently dried by evaporation, resulting in formation of a

GO coating that is uniformly deposited [253]. The substrate must, however, be very

flat and of a consistent morphology, otherwise the coating integrity and uniformity may

be sacrificed.

Spin coated membranes are most popular in separation of gaseous phases, for ex-

ample hydrogen:carbon dioxide [261]. Several examples have also applied spin coated

membranes to separation of liquid phases. Kim et al. [262] demonstrated spin coating

for sodium chloride rejection, by spinning GO suspension onto a nylon substrate ro-

tating at 1000 revolutions per minute (RPM) for 30 seconds. Abdelkader et al. [263]

also used spin coating for GO/polyacrylamide membrane with PES support, which was

used in desalination. A 47 mm diameter PES membrane was spin coated with 1 ml

polyacrylamide at 3000 RPM for 6 minutes prior to undergoing an analogous spin-

ning procedure with 1 ml GO suspension, prior to drying, yielding the final composite

membrane.

2.3.4 Bar coating

Bar coating enables coating of substrates to be achieved on a larger scale than is

possible using the previously discussed fabrication techniques [253]. Provided that
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the concentration of GO in a dispersion is sufficiently high, the viscoelasticity of the

material enables a GO laminate to be coated onto substrate if subjected to an imposed

shear force [264]. This may be achieved by stroking the surface at constant velocity,

using a rigid rod, or doctor blade, resulting in a uniformly deposited GO coating. A

schematic depiction of the bar coating process is provided in Figure 2.5, in which a

doctor blade is shown traversing the surface of a fixed substrate, layering GO sheets

which were formerly in colloidal nematic phase.

Figure 2.5: Coating of GO onto substrate by bar coating using a rigid rod or doctor
blade, resulting in uniformly deposited GO laminates. Adapted from [11].

Akbari et al. [11] discuss bar coating of a nylon substrate with dimensions 13 cm

X 14 cm. The role of GO coating concentration was investigated using coatings with

concentration 0.10 mg/ml - 60 mg/ml, revealing both by visual inspection and electron

microscopic imaging that >40 mg/ml was needed for optimised coating uniformity.

Interestingly, Wang et al. [265] were able to utilise a far lower concentration of GO

(<2.5 mg/ml), driven by a doctor blade at 150 mm·s−1. By this approach, it was

possible to coat very large sheets of poly(ethylene terephthalate), having dimensions

20 cm X 47 cm.
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2.4 Filtration of dyes using GO membranes

In Section 2.2, the adsorption of dyes by GO adsorbents was considered in terms of the

affinity of GO towards classes of dye, considering mechanisms including electrostatic

interactions and π - π interactions. Incorporation of GO into membrane fabrications

has proven capability in increasing the performance of a filtration system in removing

dyes from a feedstream [266]. In classical membranes, the performance criteria are

a high flux and high rejection: in essence there appears a tradeoff between achieve-

ment of both aspects simultaneously [267, 268]. Applications of GO membranes have

demonstrated capability in improving the retention of dye species compared to pristine

polymer membranes: Kadhim et al. [269], for example, showed this in a GO/PES

membrane, prepared by drop casting. It was demonstrated that a GO loading of 0.50%

resulted in a remarkable ten-fold increase in flux of Acid Black 210 dye, while the cor-

responding dye rejection increased from 88% to 99%. An inspection of the literature

therefore has demonstrated that the incorporation of GO into a membrane offers the

advantages of improved flux and rejection, as such, it has become highly popular for

membrane-based treatment techniques, particularly within research applications.

2.4.1 Mechanism of dye rejection by GO membranes

The property of GO that enables high permeation rates of water is related to the struc-

ture of the material. Its unique chemical structure, comprising distinct sp2 and sp3

regions, corresponding to carbon bonding and carbon - oxygen bonding, respectively,

enables unique behaviour and interaction with water molecules [270]. The hydrophobic

sp2 regions of GO ensure rapid permeation rates of water, as water transits special hy-

drophobic nanochannels [271, 272]. The behaviour of water within the unique structure

of GO has been considered by Wang et al. [12], who propose that the GO structure

possesses these hydrophobic channels in the sp2 regions, meanwhile the sp3 regions act

as hydrophilic gates, allowing accumulation and ultimately, passage of water. When
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water passes through the hydrophilic gates, it may enter the hydrophobic channels and

slide through with high velocity, owing to the very low friction between water and hy-

drophobic channel caused by drag-reducing effects [273, 274]. A representation of the

channeling of water through hydrophilic gates and hydrophobic channels is provided in

Figure 2.6.

Figure 2.6: Permeation of water through GO. GO is accumulated in the hydrophilic
regions, and the high flux of water is generated by the low frictional flow inside hy-
drophobic nanochannels. Adapted from [12].

The chemistry of GO also enables the material to interact with dyes in a number

of unique manners and is an important aspect of the mechanism of dye rejection.

The adsorption of cationic and anionic dyes onto GO was considered in Sections 2.2.1

and 2.2.2. A number of important features related to GO - dye interactions were

highlighted in these sections, including electrostatic interactions (both attractive and

repulsive forces) and π - π stacking.

In filtration of cationic dyes by GO membranes, adsorption is a very prominent

feature, as the cationic components can become adsorbed onto the GO surfaces during

operation of the filter [275, 276]. In many cases, GO membranes have exhibited very

high removal rates for cationic dyes: for example, Jee et al. [275] - 92.8% MB, and
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Chen et al. [277] - 96.29 % MB. In spite of this, there is concern regarding the impact

of dye adsorption upon the reusability and longevity of the membrane in operation.

An et al. [278] discuss that for negatively charged membrane surfaces, contact with

cationic species leads to adsorption, and this is an unwanted feature associated with

membrane fouling, as the functional groups are dissociated, in time, this leads to flux

decline of the membrane. The removal mechanism of cationic dyes by GO membranes

was considered by Mahmoudian and Kochameshki [279], who proposed a two stage

mechanism. In the first stage, cationic dyes are electrostatically attracted to GO and

adsorb onto the surfaces, and in the second stage, they undergo interactions with the

membrane geometry in order to remain on the membrane. Khansanami and Esfandiar

[280] suggest that van der Waals’ forces are principally responsible for the adsorption

of cationic dyes onto GO membranes. It seems therefore that electrostatic charge

interactions are an important governing characteristic in the adsorption of cationic

dyes.

In filtration of anionic dyes, GO membranes exhibit strong electrostatic repulsion

to the negative charged dyes, resulting in many cases very high removal rates of dye

[179, 281]. Adsorption of anionic dye onto GO is not a prominent feature of anionic

dye rejection. Ghaffar et al. [282] demonstrated the adsorption capacity of GO/-

polyvinylidene fluoride membrane, using four cationic dyes and anionic MO. The qe

value of the membrane was greatest for cationic MB (96.5 mg/g), while for anionic

MO, it was very low (1.56 mg/g). As such, it is considered that electrostatic repulsion

is the dominant characteristic for rejection of anionic dyes including MO.

Steric effects also play a significant role in the rejection of dyes by GO membranes,

these relate the geometry of the dye molecules to the sizes of the membrane pores and

interlayer spacing [283]. Additionally, it has been reported that dyes of high molecular

weight are removed from water with greater effect compared to smaller molecular weight

dyes [284]. Molecular weight is generally related to physical size, as higher molecular
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weight typically corresponds to larger size, as such, the contribution to rejection by

steric effects is greatest for large molecules [285]. The size or molecular weight of dyes

has been shown to have an impact upon the filtration performance of GO membranes.

The rejection characteristics of a series of cationic dyes, in the work of Mahmoudian

and Kochameshki [279], demonstrated the impact of molecular weight/size on efficacy of

removal. For cationic MB (319.85 g/mol) and Crystal Violet (407.99 g/mol), removal

of the latter was found to be approximately 5% higher, this was attributed to the

combined impacts of increased surface adsorption and steric effects. Similarly, Khadim

et al. [269] were able to demonstrate comparable behaviour with two anionic dyes, of

similar molecular weight: Rose Bengal (973 g/mol) and Acid Black 210 (938 g/mol)

were rejected with > 99% removal rate.

2.4.2 Factors impacting removal of dyes by filtration in GO membrane
systems

The separation performance of a membrane system is influenced by a number of factors;

these include both intrinsic properties of the membrane itself and also the external

properties of the feed. The literature has demonstrated that variation in such external

properties including initial dye concentration and filtration pressure and membrane

properties including GO content in the membrane provides interesting insight into the

behaviour of the membrane system. In this section, the impact of these parameters is

considered with attention to the literature.

Increasing the transmembrane pressure (differential in pressure between each side of

the membrane) generally correlates to an increase in permeate flux through the mem-

brane. This relationship is however not simple to predict and models have predicted

the existence of a critical flux, beyond which flux does not proportionally increase with

an increase in transmembranme pressure [286, 287, 288]. Increasing or decreasing the

pressure in dye filtration will have an impact upon the flux and rejection characteristics

of a GO membrane. In polymeric membranes, the increase in flux with transmembrane
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pressure is linear to a point, beyond which the profile flattens [289]. The relationship

between flux and pressure in a GO membrane system was explored by Medina et al.

[290], who fabricated a GO-coated membrane using vacuum deposition technique. In-

creasing the filtration pressure from 137.8 to 413.4 kPa resulted in an increase in flux

from approximately 0.10 to 0.60 l ·m−2 · h−1. The effect of increasing the pressure on

dye removal does not appear to have been considered, however. The impact of filtra-

tion pressure on the performance of a GO-embedded membrane was investigated by

Abdelhamid et al. [13], who compared the results of filtration of anionic Congo Red

with cationic MB. When the pressure was increased from 3 - 7 bar, the flux increased

from approximately 4 to 10 l ·m−2 ·h−1 for both dyes, meanwhile the rejection declined

in both cases, though the decline was more marked for MB. It was discussed that the

increase in pressure is responsible for overcoming the membrane resistance, such that

at 7 bar, the resistance is at its lowest, resulting in high flux and low rejection. The

corresponding flux and rejection profiles from the study are provided in Figure 2.7. The

relationships between flux and pressure are assumed linear for MB, while curvilinear

for Congo Red.

Figure 2.7: Impact of filtration pressure on the performance of GO-embedded polysul-
fone membrane, in filtration of (A) Congo red or (B) MB dyes. Adapted from [13].

Initial concentration of dye in feedstream impacts membrane performance: this
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has been evaluated in NF membrane systems [291]. In general, increasing the initial

dye concentration increases the ionic concentration of species in the feed. This has

the overall effect of decreasing the permeate flux, as the osmotic pressure in the feed

side is increased, resulting in slowing of the water transition across the membrane

[292, 293, 294]. Shao et al. [295] considered that the effects of increasing dye concen-

tration on filtration performance, including reduced permeation and dye rejection, are

accounted for owing to two main reasons. Firstly, increasing concentration results in

increased concentration polarisation of dye in the vicinity of the membrane surface,

resulting in formation and deposition of a cake layer of dye. Secondly, an increased

mass of dye molecules become adsorbed onto the surface due to the higher initial con-

tent of dye in the feed. The impact of increasing dye concentration on the filtration

performance of GO membranes has also been considered. Homem et al. [296] varied

the concentration of dye from 10 to 40 mg/l in their GO/PES membrane system, pre-

pared by vacuum filtration methods. It was reported that the increase in concentration

resulted in a decrease in both permeate flux (17.2 to 11.4 l ·m−2 ·h−1) and dye rejection

(96.1% to 91.4%) capabilities of the membrane, tested in dead end configuration at pH

10. Xing et al. [297] likewise report that increasing Congo Red concentration from

0 - 1000 mg/l in their vacuum-prepared GO/polyacrylonitrile membrane has effect of

significantly decreasing permeate flux, from around 4000 to 500 l · m−2 · h−1, mean-

while the impact upon rejection is less significant, with decline only around 5%. Other

studies have demonstrated only very moderate sensitivity to the effects of increasing

dye concentration. One such example is the work of Chen et al. [298], whose LbL GO

intercalated with titanium dioxide nanoparticles achieving rejections of MB (92.64%)

and MO (99.57%) when concentration was 100 mg/l and very similar MB (92.05%)

and MO (99.37%) when concentration was 10 mg/l. As such, the dye concentration

has been demonstrated to impact membrane performance, however, the mechanism

of dye-membrane interaction in relation to the particular dyes and membranes is also
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important.

The loading of, or concentration of GO in a membrane is also an important factor

in determining the performance. Zhong et al. [299] demonstrated that increasing the

concentration of GO from 10 - 200 µg/ml, in their GO/cellulose vacuum deposition

membrane had the effect of significantly decreasing the flux of MB from >30 to <10

l · m−2 · h−1. The rejection profile also showed an overall increase with increasing

concentration, but the relationship flattened for GO concentrations beyond 25 µg/ml. It

has been considered that the increase in concentration results in a thicker coating layer

of GO, thus increasing the resistance to mass transfer of species across the membrane

and likewise the tortuosity and longer the path length for transport of water molecules

[300]. Several studies considered in this literature review have demonstrated that the

relationship between GO content and dye removal increases to a maximal value, before

following a decline subject to further increase in GO content. Abdelhamid et al. [13]

show that increasing GO content from 0 - 2 wt% in their phase inversion membrane

increases flux of MB due to the hydrophilicity of the GO, but as loading is increased

from 2 - 4 wt%, the flux declines due to blockages of membrane pores by GO. Similarly,

the membrane of Khadhim et al. [269], that was prepared by casting, demonstrates

an increase in permeate flux and rejection when GO content is increased from 0 - 0.50

wt%, before declining when GO concentration is increased beyond this level. It was

discussed that the increase of GO content results in an increasingly viscous casting

solution, thus resulting in poorer filtration performance. The increase of GO content

therefore correlates to improvements in membrane properties; if, however, the content

is increased too greatly, then the interactions of GO with membrane surface act as a

hindrance to the performance.
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2.4.3 Comparative filtration of anionic and cationic dyes using GO
membranes

The impact of dye electrical charge, in relation to the interaction of dye with membrane,

was considered in Section 2.4.1 to play an important role in the overall mechanism.

Comparative studies open the pathway to analysis in which it is possible to explore

the impacts of charge on filtration performance. A number of these select studies

are considered here, to explore the comparative elements of filtration performance in

existing literature.

The impact of electrical charge has been studied by a number of authors. Thebo

et al. [301] report that their vacuum filtration-prepared GO membranes exhibit high

rejection capabilities towards two cationic (MB and RhB) dyes and two anionic dyes

(Evans Blue and Methyl Blue), with the more significant difference in performance

being related to flux. It was found that the anionic dyes were filtered with much lower

fluxes (12 and 14 l ·m−2 ·h−1, for Methyl Blue and Evans Blue, respectively), compared

to cationic dyes (21 and 25 l ·m−2 · h−1, for RhB and MB, respectively). Huang et al.

[302] prepared a RGO membrane using vacuum filtration technique. This membrane

was excellent in rejection of anionic Brilliant Yellow (99.2%) and Evans Blue (100%)

dyes, but extremely poor in rejection of cationic MB (12.6%). It was discussed that this

was related to the adsorption of cationic dyes on the surface, relative to the repulsion

of anionic dyes from the electronegative membrane.

Comparative filtration performance between multiple cationic and anionic dyes has

also been used as a means to elucidate the overall mechanism of separation. Chen

et al. [281] achieved 99.9% and 96.3% rejections of MO and MB, respectively, citing

electrostatic repulsion as the predominant reason for the higher overall rejection. Fur-

ther adsorption studies (the type of which were discussed in Section 2.2) were used to

demonstrate that the membrane had adsorption capacity 250 mg/g for MB and only

38 mg/g for MO, thus proving that the adsorption of MO was less significant in the
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overall filtration mechanism compared to that of MB. Mahmoudian and Kochameshki

[279] likewise achieved higher rejection overall for anionic dyes, citing electrostatic re-

pulsion as being the dominating factor. They gained insight into the mechanism by

measuring zeta potential of the membrane coating before filtration (-17 mV) and after,

with a series of dyes, including cationic MB (-10 mV) and anionic MO (-18 mV). This

suggests that increased levels of adsorption of dye onto the GO during filtration of the

cationic dye has the effect of neutralising the negativity of charge, thus being reflective

of the poorer performance of the membrane in cationic dye removal.

2.4.4 Performance of alternative membrane materials in removal of
dyes

This section presents the removal of dye molecules using competitor membrane mate-

rials, alternative to GO-based ones. As discussed in the previous chapter, polymeric

membranes are one option, using macro-molecular polysulfones, polypropylene, poly-

tetrafluorethylene and polyethylene materials, among others [303]. As discussed, in

industrial operation, these membranes are limited due to their proclivity to foul due to

excessive caking of the filter [304]. Efforts to improve the performance and longevity

of polymer membranes include modification of the surface using polymeric materials.

Chitosan is an example of a natural polymer that is capable of modifying the surface

and improving anti-fouling characteristics and mechanical strength [305].

A number of polymer-modified membranes have achieved high performance in re-

moval of dyes. Fradj et al. [306] synthesised a chitosan-modified cellulose membrane,

that was able to remove approximately 89% of 15 mg/l MO at flux rate 38 l ·m−2 ·h−1

at 4 bar. Another example of a biopolymer-based membrane is the chitosan/alginate

composite membrane of Mokhena and Luyt [307], showing promising rejection in excess

of 95% of anionic congo red. The nitrogen-doped multilayer molybdenum carbide and

molybdenum oxide nanosheet membrane of Iqbal et al. [308] interestingly operates un-

der zero applied filtration pressure; accordingly, it is termed a gravity-filtration system.
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This membrane did achieve promising flux (53.4 l · m−2 · h−1) and rejection (84.8%)

of 100 mg/l MB dye. It is however uncertain whether such a membrane would be

useful for industrial application, as performance under pressure is an important factor

in membrane design.

This section has demonstrated that alternative materials can be utilised to fabricate

membrane structures with promising performance in dye removal. These membranes

may also offer advantages including biodegradability and biocompatibility [309]. Pos-

sible disadvantages of these systems however include limited industrial relevance; that

is, improbability of achieving scalability on an industrial scale.

2.5 Desalination using GO membranes

The utility of membranes in desalination was introduced in Section 1.1.3, in which it was

discussed that osmosis-driven filtration is currently the dominant means of separating

ions from water. In order to provide sufficient driving force to overcome the effects

of osmotic pressure in reverse osmosis (RO) systems, the filtration pressure must be

very high: typically of the order 80 bar for seawater desalination [310]. The unique

interactions of GO with water molecules, including nanochanneling of water through the

hydrophobic sp2 basal plane regions, is an attractive feature that has seen the rise of GO

membranes in desalination [311]. The expectation is that the water-channeling feature

of GO will have the capability to reduce the associated energy cost of membrane-based

operations [96, 147].

2.5.1 Mechanism of salt separation using GO membranes

The behaviour of ions in the vicinity of a membrane surface are related to the elec-

trical properties of the surface itself. Accordingly, electrostatic interactions of species

with GO coating have been considered a salient feature of the overall mechanism of

desalination. The governing principal of electrostatic interactions are considered in
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terms of the Gibbs-Donnan Effect [312, 313], often shortened to the Donnan Effect.

This model is an electrochemical principle, driven by discrepancies in charge that oc-

cur when ions present in solution do not distribute evenly across the membrane feed

and permeate sides. When salts dissolve in solvent, the cations and anions disassociate,

as such they are free to act as independent, charged electrolytes [314]. With respect to

GO membranes, anionic species are termed co-ions, as they share the negative charge

characteristic of the GO, meanwhile cationic species, with opposite charge, are termed

counter-ions. Due to effects of electrostatic repulsion effects, the GO surface repels

co-ions, thus maintaining their presence in the feed side [315]. If co-ions are retained,

then by conservation of electrical charge neutrality on the feed side, counter-ions must

be simultaneously retained, to satisfy the requirement that charge is conserved [316].

This implies that for any given salt, the greater number of cations per anion leads to

higher rejections of the ions; as for every permeating anion, more cations must transit

the membrane, to maintain charge neutrality.

In order to highlight its importance in GO membrane systems, a number of studies

have suggested that the Donnan Effect is the predominant mechanism of separation

[317, 318]. An illustrated example is the work of Liu et al. [319], who prepared a

GO membrane by vacuum filtration and tested using dead end filtration with a series

of sodium salts: sodium chloride, sulphate, and phosphate. The ordering of salt re-

jections decreased according to that expected by Gibbs-Donnan (phosphate (PO3−
4 ),

sulphate (SO2−
4 ), chloride (Cl−)), leading to the conclusion that this was the dominant

mechanism.

2.5.2 Current challenges in GO membrane-based desalination

The hydrophilic character of GO is a feature of its oxygenated regions, dominated by

the epoxy, alcohol and carboxylic regions on the edges of the planes [320]. These regions

enable the interaction of GO with water, as discussed in Section 2.4.1, facilitating rapid
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permeation of water through stacked layers of GO. The negative charge characteristic

of GO layers culminates in electrostatic repulsion between layers [174]. Electrostatic

repulsion is the cause of intra-layer repulsion in a stacked layer, while the forces holding

the stack together are mainly weak van der Waals’ attractive forces and hydrogen bonds

[321]. In dry state, the combination of electrostatic repulsion and van der Waals’ forces

results in typical interlayer spacings of the order 0.80 nm ± 0.10 nm [155, 321]. The

hydrophilic nature of GO enables the material to uptake water when the membrane is

in hydrated state, resulting in a phenomenon known as swelling, in which the uptake

of water results in expansion of the interlayer distancing [155, 322]. Interlayer spacings

of GO layers in hydrated state of up to 1.3 nm have been reported [323]. A schematic

representation of swelling in hydrated state, increasing the interlayer spacing of a dry

state GO stack, is shown in Figure 2.8.

Figure 2.8: Swelling of a GO layer, having initial interlayer spacing 0.80 nm in dry
state to an undefined but greater distance in hydrated state. Adapted from [14].

Ionic species are very small, the hydrated diameters of some common ions are as

follows: Na+ - 0.72 nm, Mg2+ - 0.86 nm, Cl− - 0.66 nm, SO2−
4 - 0.76 nm [324]. As

such, if GO layers are swollen to interlayer spacings exceeding 1 nm, then the ionic

species may permeate the gaps with relative ease, as such, size exclusion is no longer a

prominent feature of the rejection mechanism. In addition, the layers of GO may regress

from an ordered laminate in dry state, to a state of relative disorder when hydrated
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[325]. As such, the swelling of GO membranes has a severely degrading impact upon the

long-term desalting capability, with studies reporting that in free-standing structures,

the rejection inevitably tends towards zero throughout extended periods of operation

[14, 326, 327]. It appears that the swelling behaviour of hydrated GO threatens the

stability of the membranes and poses a serious challenge to the long-term operational

utility of the membranes [328].

Efforts have been made to overcome the adverse impacts of swelling, which typi-

cally aim to improve the aqueous stability of the membrane by controlling the interlayer

spacings. The work of Abraham et al. [329] discusses the use of cations to physically

restrict the movement of a GO coating prepared by vacuum filtration. Incorporating

the cations resulted in tighter spacings relative to the uncontrolled GO (0.64 nm com-

pared to 0.98 nm). The modified membrane was able to achieve mean rejection of

sodium chloride 97%, at low permeate flux (0.50 l ·m−2 ·h−1). Owing to the tunability

of GO, it has in fact been possible to modify the structure in attempt to produce com-

posite materials with reduced interlayer spacings relative to unconfined GO. Among

the possibilities are nanoparticles, such as zeolites [330], chemical crosslinkers such as

dopamine [323] and dicarboxylic acids [331].

2.5.3 Factors affecting desalination in GO membranes

In this section, the impact of a number of parameters on desalination by GO membranes

is considered, these include: pressure, initial salt concentration and GO content in the

membrane.

Polymer membranes are highly elastic and undergo microstructural compression

when exposed to high levels of external pressure [332, 333]. The relationship between

applied pressure and flux through a GO membrane on a microstructural level is, how-

ever, not always simple to comprehend. A study by Chong et al. [15] examined the

behaviour of a GO membrane subject to an applied external pressure. Interestingly, it
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was observed that in GO coatings prepared by uncontrolled stacking techniques, layers

of GO tended to compact and densify subject to an increase in filtration pressure from

1 - 10 bar. The microstructure became more ordered and the pressure-scaled flux of

pure water decreased with an increase in filtration pressure. It was deduced that this

observation was due to a decrease interlayer spacing and compression of the cavities in

GO laminae, resulting from the increase in pressure. A schematic representation of the

compaction phenomenon is shown in Figure 2.9.

Figure 2.9: Conversion of a GO membrane from an originally non-ordered state to an
ordered state due to the compressing effects of applied pressure. Adapted from [15].

Computational analysis of salt movement in GO membranes has demonstrated that

increasing filtration pressure promotes passage of ions by increasing their energy, en-

abling a greater number of ions to reach the minimum required energy barrier for per-

meation across a membrane. This results in lower salt rejection subject to increasing

pressure [334, 335]. At higher filtration pressure, the interlayer channels that facilitate

the rapid permeation rate of water may collapse, resulting in an increase in the diffi-

culty of ions and water to permeate the stacked layers [336]. The compaction process

does, however, lead to increased electrostatic repulsion between layers of GO that are

brought closer, owing to the densification process [337]. As such, the literature has

suggested that increasing pressure both densifies the coating, while resulting in an en-

hancement of the repulsive forces. The effect of filtration pressure on desalting ability

of a GO membrane is highly interesting, as reflected in a number of experimental stud-

ies that show an increase in salt rejection subject to increasing filtration pressure, thus

contesting the aforementioned computational studies highlighted earlier. Wei et al.
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[16] investigated the attenuation of flux in a vacuum-prepared GO membrane system,

revealing that in water, membrane compaction resulted in a greater degree of atten-

uation, as at 0.25 MPa, the flux declined by 36% over 5 hours filtration, meanwhile

at higher pressure 1.0 MPa the flux declined by 75%. The impact on salt rejection

by this membrane was also marked: at 0.25 MPa, sodium sulphate (2000 mg/l) rejec-

tion was <22%, meanwhile at 1.0 MPa, rejection was 85.8%. Similarly, Li et al. [338]

demonstrated that increasing pressure from 2 - 6 MPa decreased the pressure-scaled

flux, while had the effect of enhancing the salt rejection of potassium chloride, sodium

chloride and calcium chloride. A schematic representation of the effects of membrane

compaction resulting in an increase in salt rejection is provided in Figure 2.10.

Figure 2.10: Compression of GO coatings layers subject to high pressure, resulting in
high salt rejection capabilities of the membrane under increased pressure. Adapted
from [16].

The impact of salt concentration has been shown to have a detrimental effect on

desalination capabilities of GO membranes. Huang et al. [337] determined that in-

creasing the initial feed concentration of sodium chloride from 0 - 100 mmol/l had the

impact of reducing the permeability of salt through a GO membrane, due to increased

screening of the electrical double layers resulting in tightening of the pores. Similar

behaviour was observed by Li et al. [339], who reported a drop in sodium chloride

rejection from approximately 100% to around 95%, when the initial concentration of

salt was increased from 10 - 30 mM. Another interesting recent result was reported
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by Wang et al. [340], who studied vacuum filtered GO membranes, in desalination of

sodium chloride and sodium sulphate feeds at 1000 and 2000 mg/l. It was found that

the higher concentration of both salts led to a lower overall permeate flux through the

membrane, but the salt rejection behaviour was less typical. Increasing sodium chloride

concentration led to decline in rejection, as expected, but for sodium sulphate, it led

to an increase in rejection. A detailed mechanism or discussion has not been provided

in the article, and similar trends do not appear to have been reported elsewhere. A

number of experimental studies have explored the impact of initial salt concentration

using dead end filtration as the mode of testing [255, 317, 341]. In these studies, the

effects of concentration polarisation are increased in the vicinity of the membrane sur-

face, and the impact on filtration performance is enhanced when the salt concentration

is increased. Morelos-Gomez et al. [342] demonstrated that utilising cross flow filtra-

tion for high salinity feeds is an effective means of overcoming the high concentration

polarisation phenomenon in dead end cell systems, as the shearing action mitigates

this. As such, the employment of cross flow systems may be utilised for optimisation

of desalination experiments.

The impact of GO concentration or loading in membrane fabrications has also

been investigated. Li et al. [343] studied the effects of GO loading by preparing a

series of GO membranes with loadings in the range 0.0025 - 0.0200 wt%, using an

immersing technique in which the GO was deposited onto a polyethersulfone base.

Desalination experiments were performed with 1.0 M sodium chloride. The results

showed an interesting trend, in that an increase in flux was exhibited for increasing GO

loading from 0.0025 - 0.0100 wt%, by up to 57%. It was suggested that the increase in

hydrophilicity brought by the usage of higher concentration of GO promoted the high

flux of water. Further increasing the loading from 0.01 - 0.02 wt% had the effect of

reducing the water flux, however, as this increase in GO concentration led to thicker

layers of GO on substrate (169.6 - 228.2 nm). Liang et al. [344] also studied the
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impact of GO coating concentration on permeate flux of salt solution through their

GO/polyacrylonitrile membrane, in the range 1.8 - 115.9 µg/cm2. It was determined

that the lowest GO concentration gave the highest corresponding permeate flux, but

in analogy to Li et al., suggested that there was a limiting range of effectiveness,

as for GO concentrations up to 5 µg/cm2, the drop in flux was more minimal, but

more substantial for loadings beyond this. The membrane did, however, exhibit high

levels of salt rejection, maintaining >97% across the range. It was concluded that

increasing GO loading led to an increased resistance to mass transfer, that inhibited

the passage of water, but maintained a stable microstructure to promote rejection at

higher concentrations. Qian et al. [345] likewise achieved interesting behaviour with

loading of GO in a mixed casting membrane comprising GO with chitosan, noting that

increasing loading from 0 - 1.0 wt% increased the hydrophilicity and corresponding flux

of 10% sodium chloride from 10.5 to 16 l ·m−2 ·h−1. Increasing the GO content beyond

1.0 wt% decreased the flux to around 12.5 l ·m−2 · h−1, due to the overlap of GO and

chitosan polymeric chains, an effect which hindered the motion of water through the

membrane.

2.5.4 Performance of alternative membrane materials in desalination

This section discusses the desalination of saline feeds using alternative membranes.

As highlighted in the previous chapter, polyamides are the dominant polymer for

commercial RO membrane fabrication. Thin film composite membranes are typically

fabricated by interfacial polymerisation reactions. A polysulfone membrane is typi-

cally soaked in a diamine solution, before it is dried and reacted with an acyl chloride

[346, 347]. The performance of these membranes has now far surpassed the cellulose-

based membranes introduced in the 1950’s [348]. One such example of a polyamide is

the fabrication of Zhan et al. [349], who recorded a permeate flux of 79.2 l·m−2 ·h−1 and

97% rejection of sodium sulphate at 5 bar. The difficulty associated with the interfa-
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cial polymerisation process lies in the rapid but uncontrolled reaction at the polymeric

interface, resulting in structures with unpredictable morphologies and transport prop-

erties [350]. Wen et al. [351] attempted to control the reaction by modifying with

a metal oxide framework. This membrane achieved relatively low permeate flux with

metal oxide loading of 0.20 wt% (4 l ·m−2 · h−1), but a very high rejection (99.1%) of

1.0 g/l sodium chloride solution.

Metal oxide frameworks are another emerging class of material that are being tar-

geted with respect to desalination. It has been suggested that this class of membranes

may offer improved resistance to fouling during operation compared to polymeric mem-

brane alternatives [352]. Khadom et al. [353] fabricated a metal oxide framework

membrane supported on polysulfone; this membrane achieved flux 79.4 l · m−2 · h−1)

and 2.0 g/l sodium chloride rejection approximately 99%. Xu et al. [354] fabricated a

thin film composite membrane modified with chromium-based MIL-101 nanoparticles.

When MIL-101 wt% was 0.10%, the flux was around 48 l ·m−2 ·h−1 and rejection 93%

at 16 bars pressure.

Carbon nanotube membranes are a further class of exciting developmental mem-

brane for desalination. Owing to the tubular carbon design, they may achieve fric-

tionless passage of water (therefore high permeability) [355]. The carbon nanotube

modified polyamide membrane of Chan et al. [356] filtered 1.0 g/l sodium chloride

solution at 28.5 l ·m−2 · h−1 with rejection 98.6% when the nanotube loading was 20

wt%. Both flux and rejection were greater than the unmodified polyamide membrane,

which achieved flux 6.8 l ·m−2 · h−1 and rejection 97.6%.

This section has demonstrated the efficacy of alternative membrane materials in

desalination applications. As the dominant class of membrane material for desalination,

polyamide thin film composites are highly effective in separation of ions from water.

Embedding of novel materials including metal oxide frameworks and carbon nanotubes

has been demonstrated to be effective in improving the longevity and fouling resistance
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of this class of membranes.

2.6 Summary

In this literature review, the utility of GO within water treatment was explored, by

considering the removal of dyes by adsorption and filtration.

The adsorption of dyes by GO adsorbents was first considered. Adsorption of

cationic dyes is a significant field, with many studies reporting high adsorption ca-

pacities, owing to favourable electrostatic and π - π interactions. Adsorption of anionic

dyes is comparatively less well-reported, with the overall interactions of adsorbent and

dye typically less favourable than cationic dyes, due to electrostatic repulsion. Kinetics

and equilibria of adsorption were also reviewed and a number of salient models were

identified for each, including the pseudo first and second order systems (PFO and PSO,

respectively) for kinetics, and Langmuir and Freundlich isotherms for equilibria. The

impact of ionic species upon adsorption of dyes was also considered, highlighting the

effect that cationic presence may have upon the electrokinetic properties of the GO,

thus potentially limiting the efficacy of adsorption. The reduction in GO adsorption

performance is correlated to increasing cationic valency.

Techniques for preparation of GO membranes were reviewed, including vacuum

deposition, layer-by-layer assembly, spin coating and bar coating. Among these, for

small scale membrane productions, vacuum deposition was indicated to be a simple

yet effective method to produce coatings of fairly uniform consistency, with potentially

scalable coating thickness.

Removal of dyes by GO-coated membranes was introduced by considering the mech-

anism of interaction between GO and dye within a GO membrane system. In analogy

to the adsorption of dyes, electrostatic effects were considered important for removal

of anionic and cationic dyes, separately. In addition, steric effects, due to the relatively
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large sizes of the dyes were considered an important contributor. The impacts of a

number of experimental factors were then evaluated, including filtration pressure, GO

loading in membrane and dye concentration. Furthermore, a select number of studies

were introduced that focus upon the comparative removal of anionic and cationic dyes,

as these provide insight into the removal mechanism by exploring the differences in

charge.

Desalination of saline feeds by GO-coated membranes was introduced by considering

the significance of electrostatic charge by the Gibbs-Donnan Effect. Existing challenges

in desalination using GO-coated membranes were also discussed; these include swelling

of the layers due to intercalation of water molecules within the hydrophilic regions of

the GO. This effect was highlighted as particularly prominent in membrane systems in

which the GO layers are unrestricted. In analogy to the removal of dyes by filtration,

the impacts of a number of factors on desalting performance were considered, including

filtration pressure and GO content in membrane.

It is clear that GO materials have widespread and well-established utility in water

treatment, within research applications. The breadth of research in the field is already

highly significant, with a multitude of studies providing templates regarding chemical

or analytical characterisation, dye adsorption and removal of contaminants by filtra-

tion. It is considered that at present, despite such a substantial knowledge basis from

research, the commercialisation of GO within membrane treatment systems, is how-

ever, not apparent, within published literature, or within widespread searches. Such a

system may be considered an essential next step in developing the technologies as the

market continues to expand and mature. As an essential feature of this, a comparative

study that highlights the utility of commercial GO sources within water treatment ap-

plications would provide a salient stepping-stone from which the commercialisation of

the technologies may be achieved. At present, this appears to be an omission in terms

of achieving the next phase of the development of the technologies and is thus the focal
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point of this research.
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Chapter 3

Analytical methods and
techniques for characterisation of
GO materials and membranes

3.1 Overview

The purpose of this section is to introduce the analytical tools and methods pivotal

to characterisation of GO materials and membranes. Within this chapter, background

information is provided regarding the analytical techniques and their operation; in

addition specific experimental methods utilised in characterisation of GO materials or

membranes are discussed. In essence, this chapter provides the basis of Chapter 4, which

focuses on the results of characterising GO materials and GO-coated membranes, using

the analytical characterisation techniques presented in this chapter. The techniques

included are as follows: Fourier Transform Infrared spectroscopy (FTIR), Raman spec-

troscopy, X-ray photoelectron spectroscopy (XPS), Brunauer-Emmett-Teller (BET),

Dynamic Light Scattering (DLS), Laser Diffraction (LD), X-ray Diffraction (XRD), zeta

potential, Scanning Electron Microscopy (SEM), Focused Ion Beam Scanning Electron

Microscopy (FIBSEM), Thermogravimetric Analysis (TGA), Water Contact Angle.

A summary of the analytical techniques utilised in characterisation of the GO mate-

rials and GO-coated PES membranes is provided in Table 3.1. This indicates whether
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the technique is used for characterisation of GO or GO-coated membranes, provides

an overview of the expected information to be obtained from the analysis, and sign-

posts the relevant section of this chapter in which a description of the technique and

experimental methods may be found.

Table 3.1: Analytical techniques utilised in characterisation of GO materials and GO-
coated PES membranes.

Technique GO/GO membrane Section Expected information

FTIR GO 3.4 Chemical bonding

Raman spectroscopy GO 3.5 Defect ratio

XPS GO 3.6 Chemical Bonding; Elemental analysis

BET GO 3.7 Specific Surface Area; Total Pore Volume

DLS GO 3.8 Particle/flake sizing

LD GO 3.8 Particle/flake sizing

XRD GO 3.11 Crystalline nature; Interlayer spacing

Zeta potential GO 3.9 Electrokinetic stability

SEM GO 3.12 Imaging dried dispersions

FTIR GO Membrane 3.4 Chemical bonding; Differences pre-/post-coating

FIBSEM GO Membrane 3.13 Morphological/cross-sectional imaging; GO layer thickness

TGA GO Membrane 3.10 Thermal stability

XRD GO Membrane 3.11 Interlayer spacing pre-/post-hydration

Water Contact Angle GO Membrane 3.14 Hydrophilicity/-phobicity

3.2 Materials

Commercial GO’s were obtained from suppliers at 1.0 wt% in aqueous dispersion. Due

to commercially sensitive matters, the supplying companies for these GO products are

not disclosed. PES filters (pore size 0.20 µm, diameter 47 mm) were obtained from

(Sterlitech Corporation (USA)). Aqueous dyes Methyl Orange (0.10 wt%) and Methy-

lene Blue (0.50 wt%) dyes, and sodium chloride, sodium sulphate, magnesium sulphate

and ammonium heptamolybdate salts were obtained from (Merck (Germany)). All

chemical reagents and solvents were used without further purification or modification.
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3.3 Preparation of GO-coated PES membranes

GO-coated PES membranes were prepared via vacuum deposition technique. A labelled

picture of the vacuum deposition experimental setup is shown in Figure 3.1.

Figure 3.1: Labelled vacuum deposition experimental setup, showing the vacuum pump
connected to a vacuum flask via tubing. GO dispersion is pipetted onto a secured PES
membrane, and the liquid phase is pulled through the membrane pores, meanwhile a
GO coating remains on the polymer surface.

The GO dispersions were diluted in distilled water down to concentrations 0.01

mg/ml and 0.10 mg/ml and subsequently sonicated in an ultrasound bath for 10 min-

utes. A clean, dry PES membrane was carefully rinsed in distilled water, mounted on

top of a vacuum flask, and sealed in position by clamping inside a containing vessel.

Coated membranes were prepared by transferring 7.6 ml of GO at concentration 0.01

mg/ml or 0.10 mg/ml using a pipette onto the top surface of the PES substrate. The

vacuum pump was switched on and through the suction action of the vacuum, a GO-

coating was deposited on the membrane surface. The water was deposited into the

vacuum flask. From switching the vacuum pump on, the process typically required
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approximately 15 minutes to fully deposit the GO. Following vacuum deposition, the

coated but wet membrane was removed very carefully from the top of the flask using

tweezers and dried overnight in a covered petri dish, at room temperature.

In Section 4.3.1, flake sizes of the two GO materials, using DLS and LD particle siz-

ing techniques, will be presented. This analysis will reveal that one GO is of nominally

smaller flake size compared to the other; as such, the former will henceforth be referred

to as smaller flake GO (SFGO), while the latter will be larger flake GO (LFGO).

A sample of the four GO-coated PES membranes, corresponding to SFGO and

LFGO at each respective coating concentration, are shown in Figure 3.2.

Figure 3.2: SFGO- and LFGO-coated PES membranes. Top Row: SFGO coated PES,
0.01 mg/ml SFGO (Left) and 0.10 mg/ml SFGO (Right). Bottom Row: LFGO coated
PES, 0.01 mg/ml LFGO (Left) and 0.10 mg/ml LFGO (Right).
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3.4 Technique: Fourier Transform Infrared spectroscopy

The Infrared (IR) region of the electromagnetic spectrum covers the broad wavelength

range of approximately 760 nm - 100,000 nm [357]. Analysis of solid, liquid or gas

samples by FTIR spectroscopy is typically conducted in the wavelength region 2.5 -

25 µm (having respective wavenumbers 4000 - 400 cm−1), the region known as the

mid-infrared region [358]. In this region of the IR spectrum, chemical bonds within a

sample become excited and undergo characteristic molecular vibrations, which deter-

mine the rotational-vibrational nature of the sample [359]. Fundamentally, chemical

bonds absorb IR radiation at a certain frequency, the resonant frequency of molecular

vibration of the particular bond in question. Modern FTIR analysis is conducted by

directing a beam of IR at a crystal which is in contact with the sample: resulting in

generation of an evanescent wave, which undergoes multiple total internal reflections,

passing through the sample material at least one time [360]. The resulting data is

Fourier Transformed, giving the FTIR spectrum. The correct name for FTIR systems

operating in this manner is Attenuated Total Internal Reflectance (ATR) - FTIR. Anal-

ysis of samples by ATR-FTIR enables a multitude of samples to be analysed with no

further preparation, thus the technique is simple.

3.4.1 Experimental Methods: FTIR

FTIR analysis of GO materials

Samples of GO at undiluted concentration 1.0 wt% were dried overnight onto glass

slides using a (Genlab Prime Oven (UK)) oven at 50◦C. The GO was then extracted

from the surface by scraping using clean tweezers and ground down using a mortar and

pestle.

FTIR spectra of dried GO samples were obtained using a (Thermo Fisher Scientific

Nicolet iS10 (USA)) spectrophotometer. For each sample, 5 mg of the dried GO powder
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was mixed with 300 mg laboratory grade potassium bromide (KBr) pellets in a ceramic

crucible. The GO-KBr powdery mixture was further ground into a fine powder using a

pestle, and subsequently compacted into a thin 10 mm diameter disk using a (Specac

(UK)) mechanical hydraulic press. Following compaction, FTIR analysis was carried

out on the disk in transmission mode, wavenumber interval 4000 - 400 cm−1, using

32 scans at resolution 4 cm−1, with an applied background correction to account for

analysis conducted in atmospheric air.

FTIR analysis of GO membranes

FTIR analysis of dry membranes was performed using a (Perkin Elmer (USA))

spectrophotometer. Samples were mounted onto the ATR crystal and the IR beam

source directed at the sample. As above, spectra were recorded in transmission mode

in wavenumber interval 4000 - 400 cm−1, completed with 32 scans at resolution 4 cm−1,

using background correction for air.

3.5 Technique: Raman spectroscopy

Raman spectroscopy is a means of structural fingerprinting that provides information

regarding the vibrational modes of molecules within a sample based upon scattering of

monochromatic light (often from a visible light source) [361]. When electrons within

molecular bonds are excited by incident photons, they temporarily enter a state of

higher energy. When the electron returns to its fundamental energy state, a photon is

emitted. If this photon is of the same energy as the incident photons from the source, the

scattering is termed elastic: this phenomenon is known as the Rayleigh Effect [362]. If

the energy of the scattered photon is lower than the incoming photons, the scattering

is inelastic, referred to as Stokes-Raman Scattering [363]. Stokes-Raman scattering

is a very weak effect, occurring in approximately one in every 108 transitions [364].

The relative energetic levels of the transitions in both Rayleigh and Stokes-Raman
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transitions are shown in Figure 3.3. For Stokes-Raman scattering, the electrons are

shown returning to a higher energy level relative to their initial state, following decay

from a virtual state.

Figure 3.3: Atomic scale electronic energetic transitions in Rayleigh scattering (left)
and Stokes-Raman scattering (right). Adapted from [17].

Raman spectra reflect the intensity of photon emission at different wavenumbers

of light. Typically, the spectrum is shown in terms of the difference or shift in energy

between incident and scattered photons, termed Raman shift, in order to represent the

inelastic scattering effects [365]. Raman Shift is defined by Equation 3.1 [364]:

∆ν = (
1

λIncident
− 1

λShifted
) (3.1)

where ∆ν represents the Raman Shift, having units equal to inverse wavelength.

λIncident and λShifted represent the wavelengths of photon from the incident and shifted

beams, respectively. For a given material, the Raman Shift is unique to that particular

material, as such, Raman spectroscopy enables material fingerprinting, thus enabling

identification of a material based on the obtained Raman spectrum [366].
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3.5.1 Experimental Methods: Raman Spectroscopy

Raman spectra of dried GO samples were recorded using a (Horiba XploRA PLUS

(Japan)) spectrometer. Samples of GO at undiluted concentration 1.0 wt% were dried

overnight in an oven onto a glass slide. Raman analysis of the sample was performed

by irradiating the GO with green laser light (λ = 532 nm), with output power 1.2

mW. Imaging and positioning of the sample was achieved using a light microscope

with 100X magnification. Spectral data was acquired using one measurement spot per

sample. Intensity of shift values were recorded for Raman shifts in the wavenumber

interval 0 - 3500 cm−1.

Raw Raman data was obtained with a non-zero background. Background correction

algorithm was applied to the obtained raw data using OriginPro (OriginLab Corpora-

tion (USA)). Correction of the background was completed with spline point-to-point

interpolation and 16 connection points per each fitted interpolation.

3.6 Technique: X-ray Photoelectron Spectroscopy

XPS is a surface analytical technique, capable of providing detailed information re-

garding the chemistry of the top 10 nm of a sample [367]. In XPS analysis, the sample

surface is irradiated with an X-ray beam, which excites the atoms in the sample, result-

ing in photoelectric emission of electrons from the surface. In XPS, the mono-energetic

X-ray beam is typically generated by an aluminium Kα source inside an X-ray tube,

producing photons of wavelength 0.834 nm (1486.7 eV) [368]. The energies of the emit-

ted electrons are analysed in an energy analyser, a hemispherical lid, which forces the

electrons to undergo an arc of circular motion [367]. The distance travelled by a given

photoelectron is related to its entry speed and therefore initial kinetic energy, as the

more initial energy, the greater the arc of travel. A schematic representation of the

motion of photoelectrons inside the hemispherical energy analyser is shown in Figure

3.4.
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Figure 3.4: The major components of X-ray Photoelectron Spectroscopy (XPS) in-
strumentation, showing the X-ray source and beam being directed at a sample. The
emitted photoelectrons are directed into a hemishperical analyser and their kinetic en-
ergies measured by a detector. Adapted from [18].

The electron binding energy (EBinding) is the minimum amount of energy required to

remove an electron by photoelectric emission. EBinding is related to the kinetic energy

of emitted electron (EKinetic) by the Einstein photoelectric relationship [369], which

also involves the energy of X-ray photon (EPhoton) and the work function (ϕWork):

EBinding = EPhoton − (EKinetic + ϕwork) (3.2)

The kinetic energies of emitted electrons are measured experimentally, as discussed,

such that the corresponding values of EBinding may be calculated using this relationship,

with the values of EPhoton and ϕWork also known. The essence of XPS analysis involves

obtaining a spectrum that considers the intensity of photoelectric emission, as a function

of EBinding.

Atomic electrons are arranged in orbital shells (e.g. 1s, 2s, 2p), each having different

energies depending upon the particular element. As such, the intensity of photoelectric

emission at characteristic binding energies is indicative of the elements present. This

is in essence a form of fingerprinting by which XPS enables the presence and electronic
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state of an atomic element to be identified, as the energies of emitted photoelectrons are

corresponding to those within the electron configuration of the element. The intensity

of binding energy signal is proportional to the number of photoelectrons emitted: as

such, the atomic species may not only be identified but the atomic percentage may be

quantified [367].

In XPS spectra, the intensity of photoelectron signal is plotted as a function of

binding energy. Spectra are collected via two acquisition modes, these are i. survey

spectra and ii. high resolution spectra. Survey spectra, collected over a broad range

of binding energies, for example the range 1100 - 0 eV, are used for identification of

atomic species present within a sample [370].

High resolution spectra are focused on a more narrow range of binding energies,

typically within regions defined by the the peaks identified during the survey scan

[371]. High resolution spectra are used to identify the chemical state and bonding

of select elements within the sample [372]. For example, a high resolution spectra

collected in the interval around binding energies 284.6 eV reveals the chemical bonding

of all carbon 1s bonds in the sample. The high resolution spectra tend to be a complex

composite profile, however, which must be separated into its constituent peaks (peak

fitting) to give information regarding the chemical bonding [367]. Such a process is

termed deconvolution: this is no easy task, but has been made simpler in modern

day by the development of commercial software packages such as CASAXPS (CASA

Software Limited (UK)).

A sample high resolution spectrum of the C1s region is given in Figure 3.5, with the

associated binding energy interval 292 - 282 eV. The raw XPS signal data is represented

by the black line, with a smoothing function overlaid onto this data, represented by

the red line. The smoothed data has been deconvoluted to five peaks, numbered 1 - 5

on the plot.
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Figure 3.5: High resolution XPS analysis of the C1s region of a GO material. Adapted
from [19].

The labelled peaks, with associated functional group identity and concentration are

tabluated below:

Table 3.2: Summary of deconvoluted peaks, from high resolution XPS analysis of a GO
material, from Figure 3.5.

Peak Number
Binding Energy Functional group Atomic

(eV) %

1 284.6 C - C 13.06

2 286.6 C - O 29.46

3 287.8 C = O 16.63

4 289.1 O - C = O 5.21

5 290.9 π − π∗ satellite 35.64

During the experimental analysis of a sample by XPS, it is common for an insulating

material to become charged [373]. This phenomenon results in unwanted shifting of the

observed binding energy peaks to misleadingly high binding energies. As such, this may

result in the high resolution spectra giving misrepresentative information regarding the

position of the peaks and therefore nature of the chemical bonding within the sample
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[374]. In order to compensate for the effects of charging, it is possible, using specialist

XPS software packages, to mark a select peak of know position as a reference peak. The

raw data will be subsequently translated towards the reference peak, For GO materials,

the C - C peak (labelled as Peak 1, on Figure 3.5 and in Table 3.2), positioned at 284.6

eV, referred to as the adventitious carbon peak, is typically used as the reference, and

any remaining spectral peaks may be fitted accordingly, their position having been

corrected by adventitious carbon [373, 375].

This example has illustrated the qualitative and quantitative uses of XPS, in identi-

fying elements and functional groups and also estimating the amount of select elements

and bonds present. XPS has become a very popular means of analysing GO materi-

als, as its power is realised when utilised in conjunction with the other spectroscopic

techniques such as FTIR and Raman spectroscopy.

3.6.1 Experimental Methods: XPS

XPS survey and high resolution O1s and C1s analysis was carried out using a (Thermo

Fisher Scientific Escalab 250Xi (USA)) ultrahigh vacuum XPS instrument. GO powder

was produced as per the method outlined in Section 3.4. Samples were secured on a

sample mount using conducting carbon tape and loaded inside the vacuum chamber.

Pressure inside the chamber during operation was maintained at 2·10−11 mbar. The

X-ray source was AlKα, producing X-rays with energy 1486.7 eV. Photoelectron pass

energy (minimum energy with which photoelectrons must have before being allowed to

contact the detectors) for survey spectra was 40 eV and for high-resolution C1s and

O1s spectra it was 20 eV. The dwell time (duration of each analysis step) was 20 ms

for the survey spectra and 100 ms for high resolution analysis. Data was collected at

one measurement spot per sample, at room temperature.

XPS data was processed using CASAXPS. Analysis of survey data was conducted

by ascribing the two obtained peaks as carbon (286 eV) and oxygen (532 eV). Back-
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ground correction was not applied to the survey spectra. Quantification of the relative

percentages of carbon and oxygen was achieved using the inbuilt quantification tool of

CASAXPS. Analysis of high resolution O1s and C1s was carried out using adventitious

carbon (284.6 eV) as the reference peak. Smoothing of raw experimental data was

achieved using the software’s quadratic smoothing tool. Background correction was

achieved using a Shirley background function, applied to the spectra prior to decon-

volution. Deconvolution of spectra was performed using peak fitting with Gaussian

shapes. For each C1s spectra, the smoothed data was deconvoluted to five spectral

peaks in total, while the O1s were deconvoluted to four.

3.7 Technique: Brunauer-Emmett-Teller Analysis

Brunauer-Emmett-Teller (BET) theory accounts for the adsorption of gas molecules

onto the outer surface of a solid-phase adsorbent. Provided that the gas contacts

the adsorbent surface at temperature below its critical temperature, then weak solid

- gas interactions enable the gas to physically adsorb onto solid by van der Waals’

interactions [376]. In order to avoid unwanted chemical interactions of adsorbent with

gas, it is important to select an inert adsorbing gas: as such, Nitrogen is most popular,

with analysis conducted at the boiling point (77 K) [377]. Detectable levels of gas

adsorption are quantifiable if the adsorbent is cooled to cryogenic temperatures.

BET theory predicts that gas molecules adsorb via Langmuir adsorption mechanism

(as introduced in Section 2.2), forming a single monolayer of adsorbed molecules [378].

As the sample has been cryogenically cooled and analysis is conducted under isother-

mal conditions, increasing the quantity of adsorbing gas increases the amount of gas

adsorbed [379]. The amount of gas adsorbed is strongly correlated with the surface area

of the adsorbent [380]. Conversely, decreasing the quantity of gas (reducing pressure)

leads to desorption of gas molecules from adsorption surface. Almost all adsorbents are
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porous, to some degree, as such, adsorption may occur inside the pores as well as on the

surface. An isotherm is established between the adsorption and desorption quantities

of gas, which are visualised as a plot showing quantity of gas adsorbed as a function of

relative pressure [381].

The adsorption-desorption isotherms involve strictly non-linear relationships be-

tween adsorption and relative pressure. These relationships may be linearised by ap-

plication of the BET equation [382]. In multi-point BET analysis, adsorption data

are collected at five data points in the relative pressure interval 0.025 - 0.30, and ma-

nipulation of the obtained relationships enables the calculation of two parameters: i.

Specific Surface Area (SSA) and ii. Total pore volume (TPV) [383]. SSA and TPV are

commonly reported parameters used to describe a sample according to BET analysis.

3.7.1 Experimental Methods: BET

GO powder was produced as per the method outlined in Section 3.4. BET surface

analysis was carried out using a (Micrometrics Tristar 3000 (USA)). The mass of pow-

dered GO used for testing was recorded as 10 mg. Degassing of samples was achieved

by transferring the powders into a round-bottomed flask and purging with Nitrogen

in a (Micrometrics FlowPrep (USA)), at 60◦C, for 10 hours in total. The samples in

flasks were then attached to the surface area analyser, and liquid nitrogen at 77K was

decanted into the Dewar flask prior to lowering of the samples.

3.8 Technique: Laser diffraction and dynamic light scat-
tering

LD and DLS are used for characterisation of particle sizes of a material in suspended

state. Both techniques are fundamentally based upon scattering of light by particles

[384, 385]. It is possible, using the techniques, to generate a particle size distribu-

tion (PSD) to describe the array of sizes present within the sample, but not obtain
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information regarding the particle shape.

LD is a particle sizing technique that produces a particle size distribution (PSD) of

particles that are suspended in liquid medium. Laser light is directed at the suspended

particles, which may be assumed to have a varying distribution of sizes: these diffract

the light to different extents. The laser source in LD systems is often a red helium-neon,

or a blue light emitting diode [386]. The scattering of light by particles is, in modern

LD systems, assumed to follow the Mie Theory of scattering, a complete theory and

solution to the scattering of waves by a spherical object based on Maxwell’s equations

[387]. Mie Theory is optimised for particles having geometric dimension greater than

the wavelength of the light source, which is typically >350 nm [388]. Diffraction of

light is assumed to take place around the edges of the spherical particle, resulting in a

diffraction pattern. The diffraction pattern is dependent upon particle size: the smaller

a given particle, the greater the extent to which it scatters light, resulting in a larger

scattering angle [389]. The diffracted light is detected by a series of detectors which

transmit the signal to a computerised system for obtaining the PSD. The intensity of

the light signal is proportional to the volume of particles: hence the obtained PSD is

said to be volume weighted. For comparison of the PSD obtained for different samples,

it is common to utilise statistical values including median diameter (d(50)), and 10th

(d(10)) and 90th (d(90)) percentile values of diameter [390].

DLS also sizes particles by analysing the light scattering properties of particles sus-

pended in media. DLS, in contrast to LD, is used for analysis of particles which have

lateral sizes significantly less than the wavelength of incident monochromatic light [385].

Particles suspended in medium undergo temporal perturbations about their equilibrium

position, due to a phenomenon known as Brownian Motion, in which particles undergo

random motions, subject to continual collisions with molecules of solvent [391]. This

effect results in randomised movement of particles in suspension. The rapidity of Brow-

nian Motion is inversely proportional to particle size: as small particles will undergo
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more rapid perturbations than large particles, owing to the smaller forces required to

displace them [392]. DLS measures the time-dependent fluctuations in scattered signal

intensity due to Brownian Motion of particles in medium: for smaller particles, this

signal intensity is found to vary more rapidly than for large particles. A representation

of the signal intensity fluctuation due to Brownian Motion of small and large particles

is shown by Figure 3.6, demonstrating that the small particles produce a more rapid

fluctuation.

Figure 3.6: Intensity of signals measured by Brownian Motion of small and large par-
ticles by dynamic light scattering (DLS). Adapted from [20].

The signal intensity exhibits variation as a function of time. Particle sizing is re-

lated to the signal intensity by means of the autocorrelation function of the signal, by

decomposing the signal at very small intervals of time and using a correlating device

to calculate the autocorrelation (self-similarity) of the signal [393]. This results in the

calculation of a mathematical function related to the autocorrelation (termed the au-

tocorrelation function): this function decays in time, as the self-similarity of the signal

tends to zero [394]. The rate of decay is proportional to particle size, as small particles

decay to zero rapidly. Calculation of particle sizes in DLS is enabled through use of
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the Cumulant’s Method: this involves fitting an exponential profile to the autocorrela-

tion function in order to obtain the Z-Mean particle size [395]. In DLS, the Z-Mean is

considered a mathematically stable parameter and is very commonly used to represent

the distribution [394, 395].

3.8.1 Experimental Methods: DLS and LD

Particle size analysis of GO was achieved using both LD and DLS. For both techniques,

GO was diluted in distilled water down to 0.01 mg/ml.

DLS was undertaken using a (Malvern Zetasizer Nano ZS (UK)). Dilute GO was

transferred by pipette into a 0.75 ml disposable folding capillary cuvette. Data was

acquired using the accompanying Zetasizer (Malvern (UK)) software. The solvent was

set as water at 25 ◦C, and the refractive index of GO was set as 1.96 [396]. Size

measurements were made using an equilibration time of 90 seconds per sample, with

three size measurements being taken per sample.

LD was performed using a (Malvern Mastersizer 3000 (UK)). Approximately 20

ml of each dilute sample was transferred into the wet sample chamber. The solvent

and material refractive indices were set according to the above. The obscuration limit

(percentage of laser signal attenuation by the sample) was set to 5%. Three PSD’s

were obtained per sample.

3.9 Technique: Zeta potential

Ionisation or dispersion of a species in media results in separation of the charges. In the

immediate vicinity of the suspended charged particle, counterions are attracted to the

surface. Surrounding this layer of counterions resides the Diffuse layer, which is a loose

arrangement of free ions moving under the influence of electrostatic attraction. The

narrow region separating the counterions and the Diffuse layer is the Stern layer [397],
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while the interface between diffuse layer and bulk media is known as the Slipping plane

[398]. Electric potential at the Stern layer is known as the Stern Potential. The zeta

potential is the potential at the interface between the slipping plane and an arbitrary,

distant location away from the particle in bulk dispersant [399]. A representation of the

accumulation of charges, leading to the formation of an electrical double layer in the

vicinity of the charged particle, is shown in Figure 3.7, showing also graphical potentials

at surface, Stern layer and Slipping planes.

Figure 3.7: Accumulation of charges in the vicinity of an electronegative species. The
Stern Layer is adjacent to the charged surface, the diffuse layer surrounds the Stern
layer. Zeta potential is measured at the outer diffuse layer (slipping plane). The
arbitrary potential at each point is represented graphically. Adapted from [21].

Zeta potential is an important parameter in colloid science, used to indicate the

stability of a formulation. Experimental determination of zeta potential is achieved

by electrophoresis, in which the sample is placed in a cuvette between a pair of elec-

trodes [400]. Application of a potential difference forces charged particles to motion

towards the opposite electrical polarity. The electrophoretic mobility parameter (UE)
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is related to the velocity of the moving charges per unit electric field strength [401].

The relationship between UE and zeta potential (ζ) is expressed by the Henry Equation

[402]:

UE =
2 · ϵ · F (κα)

3 · η
· ζ (3.3)

where ϵ is the dielectric constant of dispersant (for water, ϵ is approximately equal

to 80 at 25◦C), κ is the inverse of the Debye Length, and α is the particle radius: the

term F (κα) is the Henry Function. The Smoluchowski approximation [403] enables

simplification of the Henry Function, taking the value of F (κα) to equal 1.50. It is

generally accepted that the Smoluchowski approximation is applicable for particles

suspended in aqueous dispersant [404]. As such, the zeta potential may be extracted

from the measured electrophoretic mobility ranges of the particles suspended in media.

Like charges in suspension will repel one another by electrostatic repulsion: this

behaviour is highly significant for the stability of colloidal suspensions. The higher the

magnitude of the zeta potential correlates to higher stability of particles in dispersant

[405]. The magnitude of the zeta potential has been related to the degree of stability

of particles in media, these have been reported as follows:

Table 3.3: Colloidal stability, as indicated by zeta potential. Adapted from [30].

Zeta Potential (mV) Stability Indication

0 - ±5 Rapid coagulation/flocculation

±10 −±30 Delicate stability

±30 −±40 Moderate stability

±40 −±60 Good stability

>±60 Excellent stability

Colloidal stability is intrinsically linked by a combination of zeta potential and the

DLVO theory of particulate interaction (first introduced in Section 2.2.5). By inspection

of Table 3.3, it is clear that the lower the magnitude of the Zeta Potential, the greater
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the tendency of the charged species therein to aggregate by van der Waals’ interactions,

as predicted by DLVO [406]. Conversely, the higher the magnitude of zeta potential,

the greater the degree of stabilising electrostatic repulsion, leading to stability.

3.9.1 Experimental Methods: Zeta potential

Zeta potential of aqueous GO dispersions was measured using a (Malvern Zetasizer

(UK)). The dispersions were diluted in distilled water to 0.01 and 0.10 mg/ml. pH was

measured for each sample, using a (Hach HQ11D Digital pH meter (USA)), but was

not adjusted. Data was processed using the accompanying Zetasizer software, with

measurement of zeta potential made using the instrument setting for Smoluchowski ap-

proximation. Three separate measurements were made for each sample, in a folded 0.75

ml capillary cell (as per DLS), at room temperature, and the average value reported.

Determination of the colloidal stability of GO materials subject to a variation in

pH, 10 ml samples of 0.01 mg/ml SFGO and LFGO were prepared in distilled water

and divided into separate vials, their pH measured in analogy to above. The pH of

the respective aliquots were then adjusted to 3.5, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0 and 10.0,

under slow and constant agitation, using a magnetic stirrer with speed setting 3 on

the instrument, using dilute sodium hydroxide solution as base (0.10 mol/l). Transfer

of base was carried out in a dropwise manner close to the end of the adjustment.

Measurement of zeta potential was carried out immediately following adjustment of

pH, at room temperature. In analogy to above, three separate measurements were

made per sample, using Smoluchowski approximation.

Measurement of zeta potential was utilised as a means to determine the stability

of GO-salt colloids, with salts sodium chloride, sodium sulphate, ammonium hepta-

molybdate and magnesium sulphate. Samples of 0.01 mg/ml SFGO and LFGO were

prepared in distilled water in 10 ml quantities and divided into separate vials, in anal-

ogy to the above. The pH was likewise measured but not adjusted. Under constant
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stirring at room temperature (as above), the salts were dissolved in the GO disper-

sion, so as to achieve respective salt loadings in the GO dispersion 0, 1, 2, 4, 6, 8 and

10 g/l. Measurement of zeta potential was carried out as above, using Smoluchowski

approximation.

3.10 Technique: Thermogravimetric Analysis

TGA involves the heating of a sample and monitoring the mass as a function of tem-

perature. As the temperature increases, a range of chemical and physical changes may

occur, including dehydration, vaporisation, sublimation and sample degradation [407].

Changes such as these will be accompanied by resulting mass loss of the sample: for

example, vaporisation and subsequent evacuation of volatile gases including carbon

dioxide and methane result in the mass of the sample decaying with an increase in

temperature [408]. The predominant use of TGA is to ascertain the thermal stability

of a sample subject to a controlled temperature program: if for example, the mass is

unchanged in a defined temperature interval then the material can be assumed to be

thermally stable within such a range [409]. In order to ensure that the sample does not

suffer side reactions with species in air, the heating takes place in an inert atmosphere,

using a steady flow of gases such as nitrogen. In general terms, mass loss from a sample

may occur at one major stage only or at a series of smaller stages, corresponding to

different phase transitions [410]. TGA is highly popular for the analysis of materials

including membranes, as it may be important depending on the intended application

to comprehend the thermal stability across a defined temperature range [411, 412].

TGA experimental equipment comprises: a furnace, including temperature controller,

an electric balance, the temperature and connection to computerised data acquisition

system. The mass sample is measured throughout the analysis on the electric balance.
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3.10.1 Experimental Methods: TGA

TGA analysis of membranes was achieved using (Netzsch STA 449 (Germany)) instru-

mentation. GO-coated membranes were prepared as discussed in Section 3.3. Initial

47 mm diameter membrane samples were cut down to round sections having mass 10

mg, using a scalpel. The masses of cut membrane were recorded using a 5 decimal

place balance. TGA thermograms were recorded by heating these 10 mg samples from

30◦C - 900◦C, in a ceramic heating crucible, at heating rate 10◦C/minute. Nitrogen

was used as the purge gas for the analysis, at purging rate 50 ml/minute. The analysis

was carried out using three separately-prepared membranes per respective sample.

3.11 Technique: X-ray diffraction

XRD is used for analysis of predominantly crystalline structures, as a means to charac-

terise features on an atomic or molecular scale. As X-rays are a form of electromagnetic

radiation, they may undergo diffraction around encountered obstacles, provided that

they are of comparable size order to the obstacle [413]. Typically, X-rays have wave-

length of the order nm, making the technique ideal for analysis of nanostructured

materials including GO. In practice, the analysis of materials using XRD is optimised

for fine powdered samples that have particle size less than 10 µm [23].

Assuming that a sample is an ordered, crystalline structure, having consistent inter-

planar spaces between its atoms, then if an an X-ray beam is directed at such a sample,

the waves will be diffracted around the atoms. Atomic electrons are particularly strong

scatterers of X-ray beams [414]. This X-ray scattering effect occurs elastically and

at characteristic scattering angles, the spherical diffraction pattern will be maximised,

due to constructive interference of waves. Bragg’s Law [415] has become ubiquitous

in analysis of materials using XRD, as it enables the interplanar atomic distance, or

layer distance (d) to be calculated using the diffraction pattern. Bragg’s Law is defined
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by Equation 3.4, where nBragg is a material index integer, λX−ray is the wavelength

of X-ray source and Θ is the angle of incidence of incoming waves. The component of

the equation 2dspacing · Sin(Θ) is known as the path length: constructive interference

occurs at wavelengths having value equal to integer multiples of the path length.

nBragg · λX−ray = 2dspacing · Sin(Θ) (3.4)

A pictorial representation of Bragg’s Law is provided in Figure 3.8, showing the

respective inbound and outbound diffracted X-rays, their angle Θ, and the interplanar

spacing d.

Figure 3.8: Diffraction of X-rays, on atomic scale in an arbitrary sample material. The
angle of incidence and diffracted angle are both equal to Θ. Adapted from [22].

In an XRD system, X-rays are generated using an X-ray tube, in which a tungsten

filament block is heated, and a potential difference applied across the filament. This

results in thermionic emission of electrons from the metal. Inside the evacuated tube,

the generated electrons are attracted towards a second metal block, which serves as

the anode [416]. The bombardment of electrons results in elastic emission of X-rays

from the anode. If the anode is copper metal, then the X-rays will have characteristic

energy 8.04 keV and wavelength 0.15406 nm: such an X-ray source of this nature is
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termed a CuKα beam, which is conventionally used in XRD X-ray generation tubes

[417]. The X-ray detector is typically a silicon-based transducer that produces a signal

upon sensing radiation, where the property of high signal-to-noise ratio is paramount

[418].

XRD analysis of a powdered material yields information in the form of a diffraction

pattern, wherein the intensity of X-ray detector signal at certain angles is plotted as

a function of 2Θ. This has become convention, as the X-ray beam source incidence

angle is Θ, while the detector is located at angle 2Θ from the straight line path of the

X-ray beam source. The diffraction pattern of the material is obtained by increasing

the incident angle Θ, while the detector is simultaneously adjusted such that it always

remains 2Θ from the incident beam. This configuration is shown in Figure 3.9.

Figure 3.9: X-ray source and detectors, positioned apart by angle 2Θ. During X-ray
diffraction (XRD) analysis, the angle Θ is gradually increased and the detector position
adjusted so as to maintain the 2Θ spacing. Adapted from [23].

3.11.1 Experimental Methods: XRD

XRD analysis of GO materials

XRD analysis of GO powders was performed using a (Bruker D8 (USA)) diffrac-

tometer. GO powder was produced as per the method outlined in Section 3.4. Powdered

GO samples were analysed in the scan range 5◦ < 2Θ◦ < 50◦, with angular step size
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0.016 degrees/minute, at 0.40 seconds per step, with 0.20 mm wide slits. The X-Ray

beam source was CuKα, generating X-rays with wavelength 0.154 nm, at 40 keV, 30

mA current. A single crystal of each sample was chosen for analysis, and placed inside

a silicon single crystal sample holder, with zero background. The total scan time for

each sample was 30 minutes. For both powders, the dspacing was calculated by Bragg’s

Law (Equation 3.4), taking the value of nBragg to equal unity and λX−ray as 0.154 nm.

XRD analysis of GO membranes

XRD analysis of GO-coated membranes was performed using a (Malvern Empyrean

(UK)) diffractometer. GO-coated membranes were prepared as discussed in Section 3.3.

Membrane samples were analysed in the scan range 5◦ < 2Θ◦ < 40◦, with angular step

size 0.02 degrees/minute. The X-ray beam source was again CuKα, with wavelength

0.154 nm, and beam power 30 keV, 10 mA current. 47 mm membranes were cut using a

scalpel down to round shapes of 20 mm in diameter and mounted onto a copper sample

support. The total scan time for each sample was 30 minutes. For all membranes, the

dspacing was calculated in analogy to the above description of the technique for powders.

3.12 Microscopic analysis of GO

SEM is a powerful imaging technique that scans the surface of a sample in a raster

pattern, with a focused electron beam comprising electrons of low energy. As the beam

is directed at the sample, the electrons collide with atoms in the sample, resulting

in electronic emission via a number of pathways, which, if detected by a solid state

detector, may reveal information about the topography of the sample [419]. SEM

analysis must be conducted with the sample under a high vacuum, so as to avoid

unwanted collisions of the electron beam with particles such as dust within the air [420].

In addition, the sample must be electrically conductive: for non-conductive samples it

is common practice to apply a gold coating of the order 50 nm to the surface, so as to
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increase the conductivity [421].

In SEM, electrons are emitted from a sample as either secondary electrons or

backscattered electrons [420]. Secondary electrons, emitted as ionisation products,

have low kinetic energy and low mean free path and as such, may only be detected

from the top several nm of sample [422]. This has advantages, as it enables very small

features to be analysed: as such, secondary electron detection is the predominant means

of imaging in SEM systems. This is also the reason why SEM is considered a surface

characterisation technique. Backscattered electrons are reflected by the sample and

have much greater kinetic energy and mean free path: as such they may emerge from

much greater depths within the sample. Backscattered electron imaging enables depth

imaging of samples as atoms below the topmost layers are detectable, albeit that the

resolution is lower than secondary electron mode [423]. In addition to electrons, X-rays

may be emitted as a result of high energy electrons undergoing inelastic transitioning

to a lower energy level, to fill a gap vacated by emitted secondary electrons. The energy

of the emitted X-ray is characteristic of the atomic species from which it emerged. As

such, this opens the door to analytical characterisation of the composition of a sample,

in a method known as Energy-dispersive X-ray (EDX) spectroscopy [424]. SEM/EDX

analysis enables the analyst to generate elemental composition maps of a sample sur-

face: it is now commonplace for a false colour representation of each atomic species

such as carbon, oxygen, nitrogen etc. to be overlaid onto the sample, for differenti-

ation of surface elements. Point spectroscopic analysis is also possible, enabling the

composition to be quantified.

A schematic representation of SEM/EDX is shown in Figure 3.10. The electron

beam is directed at the sample and accelerated by an anode. Focusing of the electron

beam is achieved by condenser and objective lenses. Upon contact of beam electrons

with sample, a series of X-rays, secondary and backscattered electrons are emitted from

the sample and these are picked up by a relevant detector. As shown, the backscattered
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electron detector is positioned directly in-line with the sample and inbound electron

beam, such that any emitted backscattered electrons are detected, while the X-ray and

secondary electron detectors are situated closer and oriented around the sample [425].

The signals picked up by the detector are subsequently amplified and passed to a data

processing computer stage, where ultimately the analyst may visualise the obtained

results in real-time [426].

Figure 3.10: Scanning electron microscopy (SEM)/Energy Dispersive X-ray (EDX)
(SEM/EDX) spectroscopy. Adapted from [24].
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Careful imaging of the GO samples can generate images with high resolution and an

excellent level of detail. Modern SEM systems can provide up to 100,000X magnification

factor, compared with light microscopy, which is of the much lower order 2000X [422].

The imaging capability and quality of SEM is unparalleled, enabling even the smallest

features including wrinkles and pores to be identified and characterised. If combined

with EDX, compositional analysis of sample is possible, which may be compared with

other spectroscopic techniques including XPS (discussed in Section 3.6). Given the

unique and powerful combination of imaging and spectroscopy, SEM and SEM/EDX

are foremost methods of GO analysis.

3.12.1 Experimental Methods: SEM

GO was diluted to 0.01 mg/ml concentration in distilled water and sonicated in an

ultrasound bath for 15 minutes. A 1 ml volume of the GO dispersion was transferred

onto an aluminium stub using a pipette, and placed inside an oven at 50◦C for overnight

drying. SEM imaging of the GO morphology was performed in a (Hitachi SU8230-

CFE-SEM (Japan)), with electron beam accelerating voltage 30 keV and magnification

factor 10 - 100,000X. Sample stubs were placed inside the sample chamber, which was

subsequently evacuated to 10−4Pa. Images were recorded by varying the magnification

and beam powers to optimise the image output. It was found by experiment that

imaging at magnification 50,000X, with beam accelerating voltage 2.0 kV and working

distance (distance between objective lens and sample) approximately 3 mm resulted in

images with good detail.

EDX spectral information was collected using point spectra on a randomly chosen

section of the sample. Data was collected at one measurement spot per sample.
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3.13 Microscopic analysis of GO membranes

In the previous section, SEM was introduced as a means of producing 2D images of GO

flakes. It was discussed that SEM images are generated by directing an electron beam

at the surface of a sample. It is possible also to generate a beam of ions and direct

this at a sample for imaging purposes. Ionic species, such as heavy metal cations, are

much larger and heavier than electrons, as such, contacting of the ion beam with a

sample has an inherently destructive impact, as it sputters material from the sample

surface [427]. Owing to the damage caused by the sputtering action of the focused ion

beam (FIB), it is possible to carve a trench in the sample and even ablate sections of

material altogether, provided the power of the ion beam is sufficient to achieve this

[428]. During the process, heavy metal ions themselves inherently become stuck in the

sample, as they are physically larger than electrons and therefore more prone to surface

adherence [429]. Secondary electrons are generated in the process, in analogy to the

mechanism for action using an electron beam, and may be subsequently picked up by

a solid state detector.

Combination of the milling action of the FIB (typically the ion is Ga+) with an

electron beam enables the FIB-etched surface to be imaged, appearing as a 2D cross-

sectional image of the sample surface [430]. This combined FIB-etching with SEM

imaging is ubiquitously termed FIBSEM. It has been found that the optimum angle

for FIBSEM sample imaging (called the tilt angle) is 52◦: that is, the electron beam

should contact the FIB at this angle, relative to the direction of the inbound FIB

[431]. An experimental setup showing the respective ion and electron beams and the

corresponding tilt angle, is shown in Figure 3.11.
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Figure 3.11: Focused ion beam scanning electron microscopy (FIBSEM) sample prepa-
ration chamber. The SEM is positioned at angle 52◦ relative to the direction of the
incoming FIB. Adapted from [25].

Analysis of membrane samples by FIBSEM is capable of generating unparalleled

levels of detail in accurately imaging the cross sections, as control of beam energy and

positioning is simple, with imaging possible at sub-nanometric scale [432]. FIBSEM has

become a very popular method for quantifying the layer thicknesses of material coatings,

as the precise etching action of the beam enables imaging of the sliced membrane

sections [433, 434]. This is a very powerful means to obtain an image of both the

coating and substrate surface.

3.13.1 Experimental Methods: FIBSEM

Cross sectional and morphological FIBSEM imaging of membrane samples was achieved

using a (FEI Helios G4 CX DualBeam (USA)). Membranes were prepared as discussed

in Section 3.3. Samples were prepared for milling by sputter coating with platinum

ions, which coat the material with a thin layer of cations, to protect it from being

burnt by the ion beam. Following coating, the sample was secured on a silicon wafer

using conductive carbon tape, and placed inside the sample chamber. The chamber was

evacuated to 10−9 bar. The ion beam used for milling comprised gallium ions, which

were directed vertically at the secured sample, with power setting 30 kV, 20 nA. The
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beam was steered to mill a trench in the sample of width 150 X 100 µm. Cross-sectional

imaging of the milled trench was achieved by directing the electron beam at the trench,

at angle 52◦ relative to the ion beam direction. The electron beam power was 30 kV,

10 nA. Images were processed using Auto Slice and View software. GO coating layer

thicknesses were estimated using an in-built tool in the software: for each image on

which a thickness estimate was made, ideally three or four measurements were made

at different positions on the image, and a mean value of thickness was calculated. In

some cases, however, this was not possible.

3.14 Technique: Water Contact Angle

When a liquid phase contacts a solid, the intermolecular forces between the phases are

responsible for the spreading of liquid phase across the solid. A schematic representation

of a hemispherical droplet on a solid substrate, surrounded by vapor (in air).

Figure 3.12: Phase equilibrium between solid, liquid and vapour phases, with surface
tension (γ) existing at the solid - vapour (γsv), solid - liquid (γsl) and liquid - vapour
(γlv) interfaces. The angle ΘY oung is the Young’s contact angle. Adapted from [26].

Young’s Equation [435] is used to define the minimum energetic state of a resting

droplet, which forms a hemispherical shape due to the equilibrium established between

the three phases. Young’s Equation is defined as follows:
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cos(Θ) =
γsg − γsl

γlg
(3.5)

The surface tension (γ) between phase interfaces are denoted as follows: solid and

vapor (γsv), liquid and vapor (γlv) and solid and liquid (γsg). The angle ΘY oung is

termed the Young’s contact angle; if the liquid phase is water, then it is simply water

contact angle [436]. By convention, water contact angle is measured from the liquid

side.

Water Contact angle is an indicator of the wettability of a substrate, that is, a

measure of how well water spreads over the surface [437]. In general, values of contact

angle 0◦ < Θ < 90◦ indicate that water spreads well over the surface and the surface

energy is high [438]. Values 90◦ < Θ < 180◦ are indicative of a poorly wetting substrate,

in which the surface free energy is low [438]. Substrates with high wettability are thus

termed hydrophilic while those with low wettability are hydrophobic [439].

The sessile drop technique is a popular method for determination of the contact

angle, in which the substrate is positioned flatly and a singe water droplet is deposited

[440]. Modern sessile drop techniques are computerised such that the droplet can be

imaged with a high resolution camera, the combined system is known as a tensiometer.

It is also possible using software to fit algorithmic profiles to the droplets to math-

ematically define their shape, such as the Young-Laplace profile [441], in which the

optimised shape is attributed to the droplet and a corresponding water contact angle

may be calculated.

3.14.1 Experimental Methods: Water Contact Angle

Water Contact Angle measurements were made using a (Kruss Optronic GmbH (Ger-

many)) contact angle tensiometer. Measurements were made at room temperature, by

depositing distilled water onto each substrate, in a dropwise manner, using a syringe
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to achieve consistently small droplets. Imaging of the droplet on the substrate was

achieved using a digital camera and images were processed using Attension Theta soft-

ware. Measurements of contact angle were made by selecting the Young-Laplace option

for droplet shaping. In total three measurements of water contact angle were made per

substrate, such that the mean value of Water Contact Angle could be reported.
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Chapter 4

Characterisation of GO materials
and membranes

4.1 Introduction

Characterisation of materials in any study is a crucial stage of the research development

process, as the analysis of materials using characterisation techniques enables one to

gather detailed information regarding the chemistry and properties of the material.

In the context of this research, analytical information assists in the understanding

of a number of aspects of GO characterisation, including material chemistry, charge

and flake size, among others. In the previous chapter, a number of such techniques

were introduced. This chapter utilises the techniques introduced in the previous, in

order to obtain analytical information. Here, the characterisation of two commercially

available GO dispersions and GO-coated PES membranes is presented. These materials

were selected for characterisation in this study owing to their similarity in chemistry

and functional group presence, but more crucially, due to the difference in flake size.

Accordingly, the analytical characterisation will be contextualised in later research

chapters in which the properties are correlated to performance in contaminant removal.

The characterisation is subdivided as follows:

• Characterisation of GO materials, is considered in Section 4.3.
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• Characterisation of GO-coated PES membranes, is considered in Section 4.4.

GO materials are characterised using a number of spectroscopic techniques, such

as FTIR, Raman, XPS and UV-Visible spectroscopic analysis. Interlayer spacing is

analysed using XRD analysis of powdered GO’s. Particle sizing of aqueous dispersions

is measured using DLS and LD techniques. Colloidal stability of aqueous GO’s is

investigated subject to variation in pH, by measurement of zeta potential. Detailed

imaging of dried GO on a fine scale is achieved using SEM.

GO-coated PES characteristics are also investigated using a number of techniques.

Spectroscopic analysis was conducted using FTIR. Thermal stability of membranes was

analysed by TGA. Degree of hydrophobicity or -philicity was assessed by measurement

of Water Contact Angle. Interlayer spacing of GO coating was analysed using XRD.

Detailed images of membrane morphology and cross section were recorded by FIBSEM

analysis.

It is true that a vast quantity of research papers have dedicated discussions related

to characterisation of GO materials and membranes [252, 442, 443], though the tech-

niques and analysis presented in each is typically unique for the material in question.

Establishment of a rigorous analytical pathway for characterising the material proper-

ties is of particular significance, given that this research focuses on GO materials with

differing flake size, which is demonstrated to be a cornerstone factor. The results of

this chapter provide important insights into the particular characteristics of the mate-

rials used throughout this research, prominently flake size and chemistry. Additionally,

characterisation of the materials assists in elucidating the behaviour of the GO materi-

als, particularly when seeking an explanation for the ways in which GO materials and

membranes interact with species such as dyes and salts, in the subsequent chapters of

this research.
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4.2 Materials and Methods

Materials required for conducting the experiments were detailed in Section 3.2.

Analysis of GO by the following techniques, including analytical methods, was dis-

cussed in the given sections of Chapter 3:- FTIR (Section 3.4), Raman spectroscopy

(Section 3.5), XPS (Section 3.6), BET (Section 3.7), LD and DLS (Section 3.8), zeta

potential (Section 3.9), microscopy, for imaging of dried GO (Section 3.12).

Furthermore, analysis of GO-coated PES was given in the following sections:- FTIR

(Section 3.4), TGA (Section 3.10), XRD (Section 3.11), microscopy, including FIBSEM

morphological and cross-sectional imaging (Section 3.12) and Water Contact Angle

(Section 3.14).

4.3 Results and Discussion: Characterisation of GO ma-
terials

4.3.1 Particle Size Analysis

PSD’s for 0.01 mg/ml SFGO and LFGO, obtained by DLS, are shown in Figure 4.1;

the horizontal axis of the plot is shown with logarithmic index, base 10.
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Figure 4.1: Particle size distribution (PSD) of 0.01 mg/ml SFGO and LFGO disper-
sions, obtained by Dynamic Light Scattering (DLS) analysis. Horizontal axis is shown
on a logarithmic scale.

In DLS analysis, parameter Z-Mean particle size is commonly reported as a stable

parameter to describe the particle size (as discussed in Section 3.8). Z-Mean sizes, as

calculated by the Zetasizer software, for SFGO and LFGO are reported in Table 4.1.

Table 4.1: Z-Mean values of particle size in GO dispersions, measured by DLS.

GO
Z-Mean

(nm)

SFGO 403

LFGO 1566

Inspection of the size distribution and Z-Mean values reveals that LFGO is indeed

larger than SFGO, as the Z-Mean size is an order of magnitude larger, consistent with

the shifting of the PSD of LFGO to larger values than SFGO. In addition, the modal

peaks for each GO, in terms of Volume percentage, is 342 nm for SFGO and 1480
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nm for LFGO, again confirming that by DLS analysis, LFGO is the overall larger. A

concern regarding DLS analysis is the relatively limited size range of particles that may

be analysed using the technique, as the limits of even a modern DLS system extends no

further than approximately 100 - 101 µm, as DLS is a diffusion-driven technique [444].

It may be seen in particular with the LFGO sample that the Z-Mean size is in excess

of 1 µm, thus limiting the potential suitability of the technique.

The anologous PSD’s for SFGO and LFGO, obtained by LD, are shown in Figure

4.2. Again the particle diameter axis is shown in logarithmic scale.

Figure 4.2: PSD of 0.01 mg/ml SFGO and LFGO dispersions, obtained by Laser
Diffraction (LD).

In LD, PSD’s are described by the percentile particle sizes, d(10), d(50) and d(90)

(as discussed in Section 3.8). Percentiles were calculated for both samples by the

Mastersizer software; these values are tabulated in Table 5.9.

103



Table 4.2: d(10), d(50) and d(90) values of particle size in GO dispersions, measured
by LD technique.

GO
d(10) d(50) d(90)

(µm) (µm) (µm)

SFGO 4.4 9.0 18.8

LFGO 3.5 13.3 29.6

It is again evident from LD analysis that the size distributions of LFGO are larger

relative to SFGO, as the respective median and d(90) size values and the modal peak

size are all larger. The size distribution of LFGO is very broad, with some very small

flakes of size order 100 µm, and some very large clusters of size order 102, that are

very likely to be aggregated sections of flakes. The LD distributions indicate that the

respective particle sizes are of comparable order relative to those reported in the litera-

ture for GO dispersions [445]. Compared to DLS, LD has far greater sizing capabilities

and may be suitable for analysis of particles up to 103 µm in size [446]. Given that the

median particle size of both GO’s was of the order 9 - 13.3 µm, it is considered that

the median set of particles is beyond the limits of DLS, thus implying that LD is the

more suitable technique.

Alternate and commonly used sizing techniques involve the use of microscopes such

as SEM [447, 448], in order to image the dried material and estimate the lateral sizes.

In this study, the use of light scattering techniques LD and DLS was preferred, for two

reasons. Firstly, the adsorption studies (in the next chapter) were carried out using

aqueous dispersions of GO, it was considered a better approximation to obtain PSD’s for

the GO in dispersed state. Secondly, when GO is dried for SEM it tends to aggregate as

a result of evaporation of water from the sample, even at very low mass concentration,

due to the effects of capillary bridging forces, potentially giving misleading information

regarding flake sizes [449]. As such, DLS and LD were selected as the chosen methods

of particle sizing: recent studies have demonstrated the applicability and suitability of
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light-based techniques for GO flake sizing [450].

4.3.2 Brunauer-Emmett-Teller Analysis

BET surface area and pore volume analysis of SFGO and LFGO powders is tabulated

in Table 4.3.

Table 4.3: BET analysis of SFGO and LFGO, including both specific surface area and
total pore volume, measured during gas adsorption.

GO
BET Surface Area Total Pore Volume

(m2/g) (cm3/g)

SFGO 85.7 0.0535

LFGO 22.7 0.0234

BET analysis revealed that the SSA of SFGO relative to LFGO is a factor of four

larger, while the TPV was a factor of two larger. Considering that one application

of these materials is in dye adsorption (in the next chapter), SFGO therefore has a

greater volume of pores and surface area, which may assist in the adsorption process

by offering greater adsorption site contact area, per unit mass, compared to LFGO. In

Section 4.3.1, DLS and LD analysis confirmed that the particle size of SFGO was an

order of magnitude smaller than LFGO. The greater SSA and TPV of the SFGO system

is consistent with expectation given the overall smaller flakes [451]. The obtained SSA

value for the GO’s is consistent with values found in literature [452], thus confirming

the validity of measurement.

BET nitrogen isotherm adsorption - desorption plots, for SFGO and LFGO are

shown in the Appendix (Figure A.1(a) and (b), respectively). The adsorption/desorption

of nitrogen by both GO’s is revealed to follow a Type IV isotherm, which suggests the

materials are mesoporous (having pore sizes 2 - 50 nm [453]). The gaseous desorption

stage demonstrated a hysterisis loop at high values of relative pressure. Examples from

literature have also exhibited this adsorption profile [454]. In this isotherm, the surface
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mesopores fill with adsorbed nitrogen at low and intermediate gaseous pressure, with

multilayer formation onsetting at intermediate pressure, before capillary condensation

occurs at higher pressure [455].

4.3.3 FTIR Spectroscopy

FTIR analysis of SFGO and LFGO powders are shown in Figure 4.3, in wavenumber

range 4000 - 0 cm−1 in signal transmission mode. Salient bonding transmission peaks,

with the associated functional groups, are labelled on the spectra for both materials.

Figure 4.3: Fourier Transform Infrared (FTIR) spectroscopic analysis of commercial
GO materials, SFGO and LFGO. Spectra are shown in wavenumber range 4000 - 0
cm−1.

Inspection reveals that the spectra have strong resemblance to one another, sug-

gesting a gross overall similarity in the overall chemistry and functional group presence

within the materials. SFGO and LFGO both contain a broad and strong absorbance

peak at 3430 cm−1, attributed to an -OH hydroxylic stretch [279]. Bands situated at

1625 cm−1 are indicative of - C = C - stretching [456]. Further peaks present in the
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materials at 1105 cm−1 and 1035 cm−1 are indicative of vibrational stretching, of C - O

and C - C groups, respectively [457]. The spectra achieved for both GO materials, and

corresponding bonding peaks in the samples are similar to a number of similar spectra

from the literature: [458, 459]. This was expected given the likely synthetic pathway

for manufacture of the GO materials.

4.3.4 Raman Spectroscopy

Raman spectrum of GO is characterised by the presence of two high intensity bands,

both of which have Raman Shift values <2000 cm−1, separately referred to as the D

and G bands. For GO, the D band is typically observed at approximate Raman Shift

1350 cm1, while the G peak is observed at approximately 1600 cm1 [157]. The G

peak corresponds to in-plane stretching motion of the E2g phonon in sp2 C - C bonds

[460]. The G peak may be present in all carbon structures [461]. D peak presence is

arisen from secondary, out-of-plane vibrations of bonds within the sample, during the

breathing mode of aromatic rings [462]. This band is permissbile in structures with

inherent defects, as such it is rather typical for GO, as the introduction of oxygen

containing groups gives rise to an abundance of aberrations, including edge artefacts,

folds and vacancies [463, 464]. These defects have an impact upon the Raman scattering

of light properties, resulting in the emergence of the D band.

Raman spectra of SFGO and LFGO are shown in Figure 4.4. The respective D

and G bands are labelled on the plots. The peak positions of the bands are taken as

the value with highest signal intensity. For SFGO, D and G bands are positioned at

1354 cm−1 and 1604 cm−1, respectively, while for LFGO the D and G bands are at

1353 cm−1 and 1605 cm−1. In addition, in both spectra, there appears to be non-

zero intensities, having significantly lower magnitude than either of the D or G peaks,

recorded at higher shift values (c.a. 2700 cm−1). This region is denoted the 2D band,

and is dependent upon the number of graphitic layers in the sample.
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Figure 4.4: Analysis of SFGO and LFGO by Raman Spectroscopy. D and G peak
positions are indicated on the spectra.

Magnitude ratio of the D and G peak intensities, denoted ID : IG ratio, is a common

and popular parameter used to characterise of the level of disorder within a graphitic

material structure [465, 466]. There has, however, been conjecture over the stability of

this parameter, as it has been argued that the D peak may be deconvoluted to a series

of smaller peaks, thus the D peak may not be wholly representative of the defect ratio

of the material [157, 462]. Additionally, the ratio is dependent upon the crystalline

size; in some cases involving very small (<2 nm) crystals, it has been reported that the

ID : IG ratio can be high regardless of defect presence [467]. The calculated ID : IG

ratios for SFGO and LFGO are tabulated in Table 4.4.

Table 4.4: Calculated ID : IG ratios of of SFGO and LFGO, obtained from Raman
Spectroscopy analysis.

GO ID : IG

SFGO 1.08

LFGO 1.10

For GO materials, it is common for the ID : IG ratio to be approximately, or even
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exceeding unity, thus suggesting the material possesses a high degree of disorder. This

feature that results from the breakage of sp2 carbon - carbon bonds and formation of

new sp3 bonds upon the insertion of oxygen and formation of carbon - oxygen bonds

[468]. As such, the values obtained were typical of those in the literature [469, 470].

In the next section (Section 4.3.5, regarding XPS analysis), it is revealed that the

oxygen content of both materials is high (>20%). Accordingly, it extends that the

introduction of a high degree of oxygenation introduces a large number of structural

defects in both GO’s, thus accounting for the high ID : IG ratios. A further highly

important conclusion is drawn from the fact that the defect ratio is shown to be high

regardless of flake size. This feature is particularly relevant given the similarity of

chemistry but difference in flake size.

4.3.5 XPS

Low resolution survey spectra of SFGO and LFGO are shown in Figure 4.5, across a

range of photoelectron binding energies from 600 - 0 eV. The spectra clearly shows the

presence of two high intensity peaks at respective binding energies 286 eV and 532 eV,

corresponding to carbon and oxygen presence, respectively.
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Figure 4.5: Low resolution XPS survey spectra of SFGO and LFGO. Two peaks were
identified; positioned at binding energies 286 eV and 532 eV, corresponding to carbon
and oxygen, respectively.

The percentage quantities of both species were quantitatively interpreted using

CASAXPS ; these quantitative results are tabulated in Figure 4.5.

Table 4.5: Quantitative analysis of XPS survey spectra of SFGO and LFGO, showing
the percentage of elemental carbon and oxygen within the materials.

GO
Elemental C Elemental O

(%) (%)

SFGO 74.4 25.6

LFGO 71.9 28.1

Both materials are therefore shown to contain a high quantity of oxygen, this is

typical for commercial GO materials as manufacturing processes typically introduce

substantial magnitudes of oxygen functionality into the materials [471]. The oxygen

presence in LFGO is demonstrated to be slightly higher compared to SFGO, a character-

istic which is also reflective of the higher ID : IG ratio obtained in Raman Spectroscopy.

[469].

High resolution C1s spectra of SFGO and LFGO is shown in Figure 4.6(a) and (b),
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respectively. These spectra reveal the identity of of all bonded C1s atoms within the

materials. The profiles are observed to be composite two-peak spectra, each of which

was deconvoluted to five peaks. A similar spectral deconvolution, in which GO spectra

was deconvoluted to five peaks, was observed in [472]. The deconvolution revealed the

presence of the following bonding groups, observed to be present in both samples: C =

C (284.4 eV), C - C (284.6 eV), C - O (286.5 eV), C = O (287.5 eV) and COOH (289.3

eV). Functional groups such as these are within expectation for GO materials [19].

Figure 4.6: High resolution XPS C1s spectra of (a) SFGO and (b) LFGO.

High resolution O1s spectra of SFGO and LFGO is shown in Figure 4.7(a) and (b),

respectively. In analogy to the C1s spectra, these reveal the summation of all bonded

O1s atoms. The O1s profiles are observed to be composite one-peak spectra, each of

which was deconvoluted to four peaks. Another similar O1s deconvolution, in which

the spectra was deconvoluted to three peaks, was provided by [473]. The deconvoluted

O1s spectra have the following peaks: C = O (530.5 eV), C - O - C (532.0 eV), C - O

(533.3 eV) and O - H (535.5 eV). Again, peaks such as these are typical for the oxygen

atoms present in a GO material [471].
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Figure 4.7: High resolution XPS O1s spectra of (a) SFGO and (b) LFGO.

Analysis of GO materials by combination of analytical spectroscopic techniques

XPS and FTIR (Section 4.3.3) has therefore demonstrated a very powerful means of

identifying atomic elements and functional groups present on the surface of GO ma-

terials. A number of the functional groups identified by XPS also had demonstrated

their presence in FTIR analysis. The presence of heavily oxygenated groups on the GO

surface is an important characteristic related to the adsorption of dyes by GO [474]

(considered in the next chapter). Survey XPS analysis indicated that the overall oxy-

gen quantities of both materials was quite considerable. High resolution C1s and O1s

spectra revealed the presence of such groups as COOH, which are attractive targets

for cationic dye adsorption, in particular, which may bind to the carboxyl-rich edges of

the GO [474]. It is considered, then, that the substantial quantity of oxygen present in

the GO’s may have a significant impact upon their capacity to adsorb species in later

parts of this work, and that the overall chemistry is independent of GO flake size.
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4.3.6 X-ray Diffraction analysis of GO

XRD diffraction patterns of SFGO and LFGO powders are shown in Figure 4.8(a) and

(b), respectively. Diffraction patters for both materials reveals the dominance of two

peaks, one of very high intensity (labelled 1) and a second, of much lower intensity

(labelled 2).

Figure 4.8: XRD patterns obtained for (a) SFGO and (b) LFGO.

Bragg Equation (Equation 3.4) was utilised to compute the d-spacings of both

materials, at respective positions 1 and 2. The 2Θ peaks and associated d-spacings are

tabulated in Table 4.6. The corresponding full width at half maximum (FWHM) for

peak 1 has also been included in the table.
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Table 4.6: 2Θ peaks and associated d-spacing of SFGO and LFGO, obtained by X-ray
Diffraction analysis.

Peak number
2Θ d-spacing FWHM

(Degrees) (nm)

SFGO

1 11.34 0.780 1.61

2 42.5 0.213

LFGO

1 11.09 0.798 0.95

2 42.4 0.213

These peak positions and d-spacings are consistent with those reported elsewhere

in the literature as characteristic for GO materials (regardless of flake size) [279, 475].

Even higher d-spacings of GO materials have been found, with one GO having d-

spacing 0.963 nm [476]. The interlayer spacings of GO materials measured by XRD are

typically larger than those observed in alternative materials such as graphite, owing to

the insertion of oxygen functionality at the edges of the sheets thus increasing interlayer

electrostatic repulsion and contributing to the separation of layers [477]. The slightly

larger d-spacing of LFGO compared with SFGO may be attributed to the particular

arrangement of the oxygen-containing functional groups present within the material,

and the location of the oxygen atoms that act as spacers [471]. Furthermore, the

presence of peak 2 for both materials is indicative of stacking of unexfoliated GO layers

[478]. The FWHM describes the width of the peak at intensity equal to half of the

peak intensity: it may be seen that SFGO has higher FHWM than LFGO. The flake

size of a species has been demonstrated to be inversely related to FHWM, as such, the

wider peak of SFGO is consistent with its smaller flake size [479].

114



4.3.7 Zeta potential

GO-in-water dispersions

In later filtration experiments, SFGO and LFGO were coated onto PES, with GO

concentration in coating 0.01 mg/ml or 0.10 mg/ml. In this section, zeta potential and

pH of the 0.01 and 0.10 mg/ml samples were measured, as shown in Figure 4.9.

Figure 4.9: Zeta potential of 0.01 and 0.10 mg/ml aliquots of SFGO and LFGO, in
distilled water.

The measured pH of each GO dispersion is reported in Table 4.7.

Table 4.7: pH of SFGO and LFGO, at respective concentrations 0.01 and 0.10 mg/ml.

Concentration
pH pH

(mg/ml) SFGO LFGO

0.01 3.48 3.42

0.10 3.35 3.33

It is apparent that the GO-in-water dispersions possess moderately acidic character

without deliberate modification of the pH, as the deprotionation of hydrogen-containing
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groups increases the hydrogen ion concentration in the water, thus lowering pH [480].

Both materials possess negative surface charge, as indicated by the negative values

of zeta potential. Increasing the GO concentration from 0.01 to 0.10 mg/ml led to

an increase in the magnitude of the zeta potential, for both GO’s. It is considered

that this occurs due to the increased electrostatic repulsion caused by the greater

concentration of charge negativity in the higher concentration dispersions [481]. As

such, coating of PES membranes with GO at respective concentrations 0.01 and 0.10

mg/ml therefore imparts electronegativity onto the surface of the polymer, a feature

observed for both despite differences in flake size. This salient feature is a pivotal and

governing characteristic of the membranes and will be explored in greater detail in later

sections, in which the interaction of GO coating with charged species such as salts and

dyes is explored. In addition, the SFGO dispersions are found to possess significantly

higher zeta potential compared to LFGO: in accordance with Table 3.3, the SFGO

dispersions have moderate - good stability, while LFGO has only incipient stability. It

is proposed that the smaller flakes, owing to their greater surface area as demonstrated

by BET analysis (Section 4.3.2), possess higher electronegative charge densities in the

vicinity of the flakes. This leads to increased levels of electrostatic repulsion between

flakes and thus greater overall zeta potential [482].

Impact of pH upon GO-in-water stability

Zeta potential, measured as a function of GO dispersion pH, of 0.01 mg/ml SFGO and

LFGO, is shown in Figure 4.10.
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Figure 4.10: Zeta potential of 0.01 mg/ml SFGO and LFGO across a range of pH values
from 3.5 - 10.0. pH was adjusted using dilute sodium hydroxide.

Zeta potential response demonstrates that SFGO and LFGO exhibit increasing

colloidal stability (indicated by increasing magnitude of zeta potential), subject to in-

creasing pH in the range 3.5 - 10.0. SFGO exhibits the largest peak potential across the

complete pH range, and has highest potential of -44.7 mV at pH 10.0, compared to that

of LFGO, which had highest potential of -36.6 mV at pH 10.0. As the GO dispersions

indicate negative charge overall, at high pH, hydrogen atoms present within the GO

structure tend to deprotonate, an effect which becomes increasingly prominent as pH

increases [483]. This results in increasing electrostatic repulsion of negatively charged

(oxygen-containing) deprotonated functional groups in the GO, therefore increasing

stability as pH increases. The high magnitudes of both negative zeta potentials across

the complete pH range suggests that the GO’s should be electrokinetically stable in wa-

ter and be capable of resisting aggregation [232]. Zeta potential of SFGO and LFGO

was not explored beyond pH 10, as very high pH has been shown to cause contraction of

the electrical double layers, therefore potentially limiting the accuracy of zeta potential

measurement [484].
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Impact of electrolyte presence upon GO-in-water stability

Measurement of zeta potential was used to characterise the impact of electrolyte pres-

ence upon the stability of GO, for 0.01 mg/ml GO in distilled water. Zeta potential,

measured as a function of electrolyte concentration, across the range of concentrations

0 - 10 g/l, is shown for SFGO and LFGO in Figures 4.11(a) and (b) respectively. The

salts used for this investigation were sodium chloride, sodium sulphate, magnesium

sulphate and ammonium heptamolybdate.

Figure 4.11: Zeta potential of electrolytes dispersed in 0.01 mg/ml (a) SFGO and
(b) LFGO aqueous dispersions. Salts sodium chloride, sodium sulphate, magnesium
sulphate and ammonium heptamolybdate were used. Electrolyte concentrations were
adjusted to 0, 1, 2, 4, 6, 8 or 10 g/l.

The results indicate that there is a general decrease in the magnitude of zeta poten-

tial, as electrolyte concentration is increased from 0 - 10 g/l. Increasing the electrolyte
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concentration has the effect of increasing the number of cations in the dispersion. The

valency of the cations in the respective salts are as follows: sodium sulphate and sodium

chloride possess monovalent Na+ cations and ammonium heptamolybdate possesses

monovalent NH+
4 , meanwhile magnesium sulphate has Mg2+ cations. For both SFGO

and LFGO, addition of magnesium sulphate has significantly greater impact upon the

zeta potential compared to the three monovalent cationic salts. At sufficient ionic con-

centration, addition of divalent magnesium sulphate resulted in charge neutralisation

and ultimately, charge reversal, as evidenced by the zeta potential becoming positive,

in both GO systems. Addition of cations beyond the point of charge neutralisation

results in the overall positive zeta potential. The divalent Mg2+ cation has evidently

greater destabilising impact upon the electrokinetic properties of the GO dispersion,

due to its strong interaction with GO flakes, in particular those of smaller size [232].

The impact of electrolyte presence upon the dye adsorption capabilities of GO is later

explored (Section 6.4); the results obtained regarding zeta potential will be revisited in

these later discussions.

4.3.8 Scanning Electron Microscopy/Energy Dispersive X-Ray spec-
troscopy

Images of SFGO and LFGO, captured during SEM analysis of the materials, is depicted

in Figure 4.12(a) and (b), respectively.
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Figure 4.12: SEM image of (a) SFGO and (b) LFGO. Both images captured at 50,000X
magnification, with scale bar set at 1.00 µm.

The surface morphologies of both GO’s were revealed to be highly disordered, with

randomly aggregated sections of stacked and overlapping flakes. LFGO, in particular,

was observed to possess a number of surface wrinkles and crumpled sections, which may

have resulted from randomly stacked layers of thin nanosheets [476]. Both materials

do however possess nanoscale size features, having dimensions significantly less than 1

µm. As discussed in Section 4.3.1, SEM imaging of dispersions is faced by a number

of challenges, as the liquid component must be dried prior to contacting the sample

with the ultra high vacuum of the SEM, resulting in aggregation of particles within the

dispersion as the liquid is removed. As such, the GO aggregation observed was likely

an artefact of these effects; even at low concentration, the degree of aggregation within

the dispersions appears too high for imaging singular, exfoliated flakes. This feature is

observed regardless of flake size, though the aggregation appears to be of greater extent

in LFGO systems.

A summary of EDX analysis of both materials is presented in Table 4.8, revealing

the contents in terms of atomic percentages of Carbon and Oxygen. The EDX spectra
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of SFGO and LFGO is shown in the Appendix (Figure A.2(a) and (b), respectively).

Table 4.8: EDX spectroscopic analysis of SFGO and LFGO, showing the percentage
makeup of elemental carbon and oxygen within the materials.

GO
Elemental C Elemental O

(%) (%)

SFGO 72.3 27.7

LFGO 68.9 31.1

EDX analysis determined that carbon was the dominant element in both materials,

with a secondary contribution from the oxygen signal. The EDX composition of oxygen

in SFGO and LFGO was demonstrated to be consistent with the results achieved in

XPS survey spectra (Figure 4.5), with LFGO shown to possess higher overall oxygen

content than SFGO.

4.4 Results and Discussion: Characterisation of GO-coated
PES membranes

4.4.1 Membrane stability investigations

Stability of GO-coated membranes subject to contact with water was investigated by

immersing the membranes in 150 ml distilled water in a glass beaker for a period of 24

hours. Following this, the water was poured out and the appearance of the membranes

was visually inspected. Samples of the respective dry and hydrated membranes, with

0.01 mg/ml and 0.10 mg/ml SFGO and LFGO coatings, is shown in Figure 4.13.
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Figure 4.13: Dry (Top row) and hydrated (Bottom row) SFGO- and LFGO-coated
membranes. Hydrated state images were taken following 24 hour immersion of the
membranes in distilled water.

Inspection of the images for 0.01 mg/ml and 0.10 mg/ml SFGO and 0.01 mg/ml

LFGO coatings reveals that these membrane coatings do not appear by eye to show

obvious signs of macroscopic damage or delamination subject to an immersion period

in water, with no visible differences resulting from the immersion.

The LFGO 0.10 mg/ml coating, however, does clearly exhibit physical changes fol-

lowing immersion in water. It appears that the coating suffers macroscopic damage, as

small sections are chipped and cracked, revealing the white coloured polymer substrate

below the coating layer. This effect was observed upon immediate immersion of mem-

brane in water. Figure 4.14 shows the LFGO 0.10/PES membrane after in hydrated

state, with the damaged section expanded.
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Figure 4.14: Hydrated state LFGO/PES 0.10 mg/ml membrane. Surface cracks appear
on the coating following contact with water, these sections are expanded.

Cracking of the coating may certainly not be considered advantageous in terms

of promoting performance of the membranes. In fact, in subsequent chapters, this

membrane was found to be poorer at rejecting salts and dyes compared to the 0.01

mg/ml coating of LFGO, which does not show visible signs of cracking. Efforts were

made to overcome the surface cracking, including rinsing the PES membrane in distilled

water prior to coating the GO onto substrate. This was carried out with the intention

of washing away any resident particles or contaminants on the surface of the PES,

that may have caused damage to the coated surface during wetting. Unfortunately,

this proved unsuccessful, as the cracks still persisted. The immersion experiments were

carried out with 0.10 mg/ml coatings of LFGO in total ten times, with the PES rinsed

in the aforementioned manner each time. All ten coatings were found to crack in a

comparable manner as observed in Figure 4.14.

Water uptake capacity of the uncoated PES and GO-coated membranes was inves-

123



tigated by immersing the membranes in 150 ml distilled water, in analogous fashion

to the above. The dry-state mass of the membranes was measured prior to immersing

in distilled water. The mean masses and standard deviation (σ) of each membrane is

tabulated in Table 4.9.

Table 4.9: Dry state masses of PES, SFGO and LFGO coated membranes. σ represents
the standard deviation of masses, measured across three membrane samples.

Membrane
Dry-State mass σ

(mg)

PES 72.30027 0.73

SFGO/PES 0.01 mg/ml 72.30028 0.64

SFGO/PES 0.10 mg/ml 72.30035 0.69

LFGO/PES 0.01 mg/ml 72.30029 0.98

LFGO/PES 0.10 mg/ml 72.30035 1.02

Water uptake percentage (W(%)) is calculated by considering the relative difference

in dry state mass (WDry) and hydrated state mass (WHydrated) of the membranes,

utilising Equation 4.1 [485]:

W (%) = (
WHydrated −WDry

WDry
) · 100% (4.1)

The calculated values of W(%) for uncoated PES and GO-coated membranes are

depicted in bar chart format, in Figure 4.15.
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Figure 4.15: Calculated W(%) values of the uncoated PES and 0.01 and 0.10 mg/ml
SFGO- and LFGO-coated PES membranes. Error bars represent standard deviation
across three different membrane samples.

The uncoated PES achieved the lowest overall water uptake, as the mean mass

increase was only 9%. For GO-coated membranes, the value of W(%) was found to

increase with GO coating concentration: similar behaviour was observed in [486]. Ow-

ing to the presence of oxygenated groups, GO possesses hydrophilic characteristics

[487, 488]. The parameter W(%) is highly sensitive to the hydrophilicity of the mem-

brane and may be increased by providing a greater overall concentration of hydrophilic

groups within the membrane fabrication, as these groups have strong tendency to in-

tercalate water molecules [489]. Uncoated PES is assumed to be the least hydrophilic,

with a GO content of zero, as such the value of W(%) for the unmodified polymer

was lowest overall. The value of W(%) for the 0.10 mg/ml LFGO coating was 34.7%,

which is lower than the W(%) for the analogous 0.10 mg/ml SFGO coating (47.3%).
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It is considered that this discrepancy is a feature of the cracking of the LFGO coating,

which may result in material (and therefore mass) losses of GO coating and impacting

the membrane mass in hydrated state. An interesting initial observation is that the

SFGO coatings achieved higher values of W(%) overall, despite the demonstration of

greater oxygen content in the LFGO system, by XPS (Table 4.5) and EDX (Table 4.8).

This feature will be furthered as part of a general discussion regarding hydrophilicity

of the membranes in Section 4.4.5, regarding Water Contact Angle of membranes.

4.4.2 FTIR analysis of GO-coated PES

The FTIR spectra obtained for commercial, unmodified PES is shown in Figure 4.16.

Bonding peaks were found to be present for wavenumbers <2000 cm−1, as such, the

spectra is expanded into the wavenumber range 2000 - 400 cm−1. A number of salient

bonding peaks, which give insight into the nature of PES, are labelled on the spectra.

The full spectra for PES, in wavenumber range 4000 - 0 cm−1, is shown in the Appendix

(Figure A.3).
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Figure 4.16: FTIR analysis of commercial polyethersulfone (PES) membrane. Spec-
trum is shown in wavenumber range 2000 - 400 cm−1.

As indicated on the spectrum, the PES peaks are situated at 1578 cm−1, 1484

cm−1, 1240 cm−1 and 1152 cm−1, which have been assigned to the following functional

groups, respectively: C = C, C - H, C - O and S = O [490].

FTIR spectra were obtained for each of the SFGO- and LFGO-coated PES mem-

branes, with GO coating concentrations 0.01 and 0.10 mg/ml. Spectra of GO-coated

PES, and pure (uncoated) PES membrane is presented in Figure 4.17, in the range

2000 - 0 cm−1. The full 4000 - 0 cm−1 spectra is shown in the Appendix (Figure A.4).
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Figure 4.17: FTIR analysis of commercial PES membrane, and SFGO- and LFGO-
coated membranes. Spectra are shown in wavenumber range 2000 - 0 cm−1.

FTIR analysis revealed that the traces given by all four of the GO-coated substrates

were identical to pure PES: as such, the presence of GO surface coating does not

introduce any new bonding peaks. Recorded wavenumber positions for any peaks which

were identified for PES are not shifted by GO coating. Furthermore, the magnitude

of peak intensities which were recorded for PES are neither diminished nor enhanced

by GO coating. In terms of the surface chemistry, the identical nature of the spectra

suggests that the application of GO coating does not chemically alter the PES surface.

Any interaction between GO and PES, therefore, is not chemical in nature, as there is no

modification to the surface chemistry. It may also be concluded that the FTIR spectra

(and in turn the chemistry of PES substrate) is unaffected by the concentration of GO

used in the coating, as the signals for 0.01 and 0.10 mg/ml coatings are identical to one
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another, and to PES. Similar behaviour was noted in [491], in which GO was deemed

to act as a filler material in a GO-PES membrane, showing no chemical interaction

with the membrane. Different behaviour was, however, observed by [492], in which a

new bonding peak at 1480 cm−1, corresponding to incorporation of a benzene ring from

GO, was identified following reaction of GO with PES.

4.4.3 X-ray Diffraction analysis of GO-coated PES

XRD analysis of GO coated membranes was utilised as a means to evaluate the inter-

layer spacing of the GO coating. XRD diffraction patterns of the SFGO- and LFGO-

coated PES membranes, in angular scan range 5◦ < 2Θ < 25◦, is shown in Figure

4.18.

Figure 4.18: XRD analysis of GO-coated PES membranes.

The patterns of all four samples reveal a very broad, hump-like peak centred around
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2Θ = 18◦. This peak is attributed to the underlying PES substrate, indicating the semi-

crystalline nature of the material [15]. Two low intensity peaks are observed at 2Θ =

21.4◦ and 23.0◦, due to the copper sample holder. The diffraction pattern of the sample

holder, recorded in the absence of sample, shown in the Appendix (Figure A.5), reveals

the two peaks in identical positions, thus confirming their identity.

The two samples with higher concentration of GO (Figure 4.18) display broad peaks

around 11◦, as indicated on the separate diffraction patterns; these peaks are ascribed

to the presence of the GO coating. For the LFGO membrane, the peak is positioned at

2Θ = 11.7◦; by Bragg Equation (Equation 3.4), this corresponds to a d-spacing of 0.76

nm. Analogously, for SFGO, the peak is relatively low amplitude, positioned at 2Θ

= 11.6◦, corresponding by Bragg’s Law to a d-spacing of 0.76 nm. The broad nature

of the GO peaks implies that the samples possesses a low degree of crytallinity [493].

Comparison of these d-spacings to the literature reveals that the values for GO/PES

membranes are consistent with other studies [493, 494]. In contrast, the two lower

concentration GO membranes do not appear to show distinguishable XRD intensity in

the identified GO region, as such, an associated diffraction peak is not evident. Similar

behaviour was noted by Peng et al. [495], who studied 2 and 4 mg loadings of GO into

PES membranes and obtained no discernible GO diffraction peak for the lower mass 2

mg sample. It was considered that the lower loading resulted in a structure with overall

lower levels of disorder, thereby making the diffraction peak have negligible intensity. A

second proposal is that the GO layer is simply too thin to provide substantial diffraction

of X-rays in addition to that of the PES [496]. This second proposal is perhaps more

intuitive for our GO systems, given that the GO concentration is greater by a factor of

ten in higher versus lower concentration coatings, therefore providing greater potential

for scattering, regardless of GO flake size.

The phenomenon of GO layer swelling (Section 2.5.2 of the literature review), due

to intercalation of water amongst the layers during filtration testing, presents a major
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practical challenge for the application of GO membranes in desalination. It was dis-

cussed that this effect is particularly prominent for membranes that have no control

over layer swelling, such as those prepared by vacuum filtration (also highlighted in

literature review Section 2.3.1). In order to investigate the swelling of GO membranes

when in hydrated state, the XRD diffraction patterns of membranes that had been dried

following overnight immersion in water were obtained. These are shown in Figure 4.19.

Figure 4.19: XRD analysis of hydrated GO-coated PES membranes, which were dried
following overnight immersion in distilled water.

The higher GO concentration membranes show tendency to swell in water, as the

diffraction peaks are shifted to lower 2Θ angles following immersion in water, cor-

responding to an increase in interlayer spacing. The uptake of water by GO-coated

membranes was earlier demonstrated (Figure 4.15), as such the changes in diffraction

pattern are consistent with this behaviour. For LFGO membranes, the peak shifts to
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2Θ = 10.8◦, such that the d-spacing is increased to 0.82 nm. Meanwhile, for SFGO, the

peak shift was slightly less, to 2Θ = 11.1◦, such that the d-spacing increased to 0.80 nm,

evidencing a slightly greater shift for the larger flake systems. The lower concentration

GO membranes again exhibit no distinguishable GO diffraction peak. At this stage, it

is considered that these changes to the GO microstructure may have an impact upon

the efficacy of the membranes in desalination; this will be revisited in later sections

regarding desalination using GO membranes.

4.4.4 Thermal Analysis

A summary of the TGA thermograms, for PES membrane and GO-coated PES mem-

branes, subject to heating the membranes to 900◦C, is shown in Figure 4.20. The

remaining mass percentage of the membrane sample is plotted as a function of temper-

ature.

Figure 4.20: Thermogravimetric analysis (TGA) profiles of PES membrane and SFGO-
and LFGO-coated PES membranes. Profiles are shown as remaining mass percentage
of sample versus temperature.
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Thermal response of all materials was demonstrated by TGA to follow a single

step degradation profile, in which significant mass loss is observed at one stage only,

ultimately leading to sample degradation. Percentages of mass loss were determined

to be insignificant (<10%) for all membranes up to approximately 520◦C, thus the

membranes may be considered thermally stable in this temperature region, which is

consistent with thermal response behaviour reported in literature for PES [497]. Slight

mass losses in the lower temperature region may however be attributed to residual

solvent loss [498]. Significant depletion of mass occurred in the temperature range

520◦C - 600◦C, due to degradation of the polymer chains that resulted in the release of

gases likely including oxides of carbon [499]. Elevation of temperature beyond 600◦C

resulted in flattening of the degradation profiles and as the temperature reached the

upper limit of 900◦C, a stable carbonaceous ashen material was left [500].

The temperature at which mass loss from the sample is 3% (Td3%) has been used

as a means of characterising the stability of a material and for comparison with others

[501]. Figure 4.21 shows the Td3% and accompanying standard deviation for each

membrane.
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Figure 4.21: The temperature at which mass loss from the sample is 3% (Td3%) of
PES membrane and SFGO- and LFGO-coated PES membranes. Vertical error bars
represent the standard deviation across three samples.

It appears then that the Td3% value is inversely related to GO coating concentra-

tion: increasing GO loading results in an increase in Td3%, thus confirming that the

incorporation of GO in the fabrication improves the thermal stability of the membrane.

Comparable behaviour has been reported in the literature, in which it has been shown

that increasing the GO loading from 0 - 1.0 wt% resulted in greater thermal stability

of GO/PES membranes [502]. The improvement in thermal stability due to incorpo-

ration of GO is owed to the strong adhesive forces at the interface between PES and

coating GO layer, which enhance the ability to remain intact subject to heating [503].

The exception appears to be the LFGO/PES 0.01 mg/ml sample, in which the Td3%

was only marginally higher than the pristine PES sample, thus indicating that for this

membrane there is poorer correlation for Td3% value. It is speculated that this be-
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haviour is a result of poorer interfacial adhesion between GO and PES, though this is

indeterminate.

4.4.5 Water Contact Angle

Images of water droplets on the surfaces of uncoated and GO-coated PES substrates

depicting the droplet shapes, used for measurement of contact angle, is shown in Figure

4.22.

Figure 4.22: Droplet shapes of deposited water droplets, sitting atop (a) PES, (b)
SFGO/PES 0.01 mg/ml, (c) LFGO/PES 0.01 mg/ml, (d) SFGO/PES 0.10 mg/ml and
(e) LFGO/PES 0.10 mg/ml.

The associated mean values of Water Contact Angle and the standard error, for the

five membranes is provided in Table 4.10.
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Table 4.10: Water Contact Angle measurements for uncoated PES, 0.01 and 0.10 mg/ml
SFGO- and LFGO- coated PES. Corresponding images are shown in Figure 4.22.

Membrane
Corresponding Image Water Contact Angle

σ
(Degrees)

PES a 95.2 1.7

SFGO/PES 0.01 mg/ml b 42.2 1.8

SFGO/PES 0.10 mg/ml d 28.5 2.0

LFGO/PES 0.01 mg/ml c 45.7 1.5

LFGO/PES 0.10 mg/ml e 30.3 1.7

Water Contact Angle of uncoated PES indicates that the polymer is hydrophobic in

nature, as the contact angle exceeding 90◦ is a consequence of poor surface wettability

(discussed in Section 3.14). This may be further evidenced by inspection of the droplet

shape on the surface (Figure 4.22(a)), in which it is apparent that the liquid phase is

unable to appreciably wet the surface. The measured Water Contact Angle was even

higher (more hydrophobic) than some literature values for PES, in which angles of the

order 80◦ have been reported [504].

Application of a GO coating onto the polymer has the effect of reducing the Water

Contact Angle of the membrane. A higher concentration of GO in the coating resulted

in overall lower Water Contact Angle, due to the increasing of the interfacial tensions

and surface energies resulting from the presence of GO [505]. The low contact angle

values of the four GO-coated PES substrates indicate that the membranes are all hy-

drophilic, as water tends to wet the surfaces readily. As such, it follows that coating

the polymer with GO has the effect of increasing the hydrophilicity of the membrane

and that increasing GO concentration in the PES surface coating leads to an increase

in the hydrophilicity (therefore, lower Water Contact Angle) [506]. Consistent be-

haviour regarding the impacts of GO content on hydrophilicity and Water Contact

Angle have been reported in literature [507, 508]. Given their lower contact angle val-
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ues at both concentrations, it may also be concluded that SFGO leads to a slightly

more hydrophilic surface compared with LFGO. This appears somewhat inconsistent

with the oxygen content measurement by EDX (Table 4.8) and XPS (Table 4.5), in

which it was demonstrated that LFGO contained a higher oxygen content than SFGO.

It is concluded that overall oxygen content may actually have poor correlation with

hydrophilicity, as in these cases, the slightly higher content in LFGO did not result in

greater hydrophilicity. A study has however shown that increasing flake size correlates

to an increase in contact angle, owing to the more significant increase in surface free

energy [509]. This behaviour is in accordance with the results for our systems.

4.4.6 FIBSEM

Analysis of coated membranes by FIBSEM is subdivided into two distinct parts, namely:

• Morphological imaging of coated membranes from a top down direction, that is
directing the electron beam at the coated surface from above the sample.

• Cross sectional imaging of membrane cross sections, taken from inside the cut
membrane trench.

Morphological imaging

Morphologies of the membranes are revealed in Figure 4.23. Image (a) depicts the PES

substrate, (b) and (c) show SFGO coatings at 0.01 and 0.10 mg/ml, respectively, (d)

and (e) show LFGO coatings at 0.01 and 0.10 mg/ml.
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Figure 4.23: Morphological imaging of (a) PES, (b) SFGO/PES 0.01 mg/ml, (c)
SFGO/PES 0.10 mg/ml, (d) LFGO/PES 0.01 mg/ml and (e) LFGO/PES 0.10 mg/ml
by FIBSEM. Horizontal scale bars represent lateral dimensions 10 µm. Magnification
factor 10,000X.

Morphological imaging of uncoated PES surface (Figure 4.23(a)) revealed the highly

porous, almost sponge-like nature of the substrate. In Section 4.4.5, Water Contact
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Angle measurements of membrane samples revealed that the PES membrane had very

high contact angle, higher even than other PES materials from literature. By Cassie-

Baxter model of super-hydrophobicity, these pores may entrap air, thus leading to

elevated levels of hydrophobicity [510, 511]. PES morphology comprises a multitude of

pores (stated pore size from manufacturer was 0.20 µm), of varying lateral dimension,

which are visible with the image scale bar set at 10 µm. In Sections 5.5.1 and 6.3.1,

the removal of dyes and salts, respectively, using PES membranes will be investigated.

The results in these sections will demonstrate that, unsurprisingly, the PES substrate

offers almost no rejection of the species, which are significantly smaller than 0.20 µm

and are thus able to permeate the pores, regardless of mass transfer resistance of the

PES membrane.

Imaging of the GO-coated membranes (Figure 4.23(b) - (e)) revealed that the ap-

plication of GO coating to PES has a significant impact upon the morphology of the

substrate.

Coating of PES with 0.01 mg/ml SFGO (image (b)) appears to offer near complete

coverage of PES surface pores, as it seems that the SFGO coating covers the majority of

the membrane. There are however, still a number of pores visible, likely corresponding

to areas which have not been covered by the SFGO, rendering the porous substrate

visible beneath the coating.

Images corresponding to 0.10 mg/ml SFGO and 0.01 mg/ml LFGO (images (c) and

(d)), respectively) appear to show that the coverage of substrate by GO is complete,

as there are no visible pores. From a morphological perspective, these coatings appear

to be uniform, with wrinkled GO coating tightly packed across the surface of the

membrane.

Coating with 0.10 mg/ml LFGO (image (e)) also appears to offer complete coverage

of PES surface, as there are again no visible pores. The coating does not appear

uniform, however, as there are regions on the surface which appear distorted and large
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in lateral dimension, visible on a 10 µm scale. It is proposed that these regions result

from aggregated layers of GO, which do not deposit flatly onto the PES substrate

during vacuum deposition process.

Cross-sectional imaging

Cross-sectional images of the four coated membrane samples are shown in Figure 4.24.

Figure 4.24: Cross sectional images of (a) SFGO/PES 0.01 mg/ml, (b) LFGO/PES
0.01 mg/ml, (c) SFGO/PES 0.10 mg/ml and (d) LFGO/PES 0.10 mg/ml. Horizontal
scale bars represent lateral dimensions 500 nm. Magnification factor 100,000X.

Inspection of the images reveals that the GO is layered on top of the PES substrate.

The introduction of porous features into the polymeric film is a feature of the membrane

manufacturing process, as such, the pores are observable from the side-facing direction

in cross-sectional analysis. There appears to be no uniform pathway through which
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contaminant species or water may permeate. Similar observations of polymer mem-

branes from literature reveal the randomly configured polymeric structures [512, 513].

The GO coatings themselves are revealed to be ordered and compacted, spreading thor-

oughly across the PES surface, typically dipping randomly along the path, perhaps as

the coating layer encounters a PES pore. It is not evident from the images that GO is

penetrating into the substrate pores, as below the coating layer, only the PES lamellae

are visible. This is consistent with expectation, given the relatively large size of the

GO flakes in relation to the 0.20 µm pores on the PES substrate. The SFGO/PES 0.10

mg/ml sample (Figure 4.24(c)) does however reveal the presence of an agglomerated

section of matter; it is considered that this is likely a contaminant species present on

the surface of the membrane prior to coating.

The corresponding mean GO layer thicknesses were calculated from the above ob-

tained images; using only the values of thickness recorded on the annotated images in

Figure 4.24. The mean thicknesses and standard deviation are reported as follows:

Table 4.11: Mean GO layer thicknesses of the four GO-coated membrane samples. The
image column corresponds to the ordering of images in Figure 4.24.

Membrane Image Mean GO layer thickness (nm) σ

SFGO/PES 0.01 mg/ml a 26.98 0

SFGO/PES 0.10 mg/ml c 71.95 6.8

LFGO/PES 0.01 mg/ml b 25.69 3.7

LFGO/PES 0.10 mg/ml d 167.77 5.6

The GO coatings therefore appeared to deposit flatly onto the substrate, with local

variation in layer thickness observed to be of the same order of magnitude. As such,

it appears that the GO dispersions are well exfoliated in aqueous suspension prior to

preparation of membrane samples. Furthermore, the layer thickness was observed to

be positively related to GO concentration in coating, a trend which is consistent with

expectation. It is, however, not the case that increasing the concentration by a factor of
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ten (from 0.01 mg/ml to 0.10 mg/ml) results in an increase in coating thickness by the

same factor: for SFGO, the factor of increase was 2.67, while for LFGO it was 6.53. It is

proposed that the increase in GO concentration results in a coating layer that contains

a higher density of GO therein [514]. As such, the utilisation of higher concentration

GO results in microstructural densification of the coating and this is particularly promi-

nent for smaller flake systems, due to the greater tendency to compact together [15]. As

discussed, the pore sizes of the PES substrate are nominally too small in dimension to

permit entrapment of the GO flakes, as such, it is not considered that GO losses due to

entanglement in the pores is impacting the layer thickness. In one study that compared

different flake sizes of GO coating on a nylon substrate, it was found that the smaller

flake GO sample was small enough to transit the membrane pores, resulting in thin-

ner than expected coatings [515]. The higher concentration LFGO coating results in

significantly thicker GO coating layer compared to the higher concentration of SFGO.

XRD analysis of the membranes (Section 4.4.3), however, revealed that the interlayer

spacing of the membranes was almost identical, implying that the spacing between GO

layers is not a significant contributor. It is proposed, then that the smaller flakes are

able to stack more tightly on the substrate, resulting in a thinner but denser coat-

ing layer. In the morphological images of the higher concentration LFGO membrane

(Figure 4.23(e)), it was discovered that the membrane appeared to contain patches of

uneven consistency. This was not, however, revealed to be the case in cross sectional

imaging; with coating layers ranging 174.6 nm - 160.9 nm, which is within range of the

variation noted in the other images.

4.5 Conclusions

This chapter has presented the results regarding characterisation of commercial GO

materials and GO-coated PES membranes. As discussed, the salient feature of these GO
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materials that merited their selection was the difference in flake size. Characterisation

of materials has been a salient stage in the research process, as it revealed the nature

of the GO materials, and characterised the flake size and surface charge. The content

of this chapter will be used to assist the understanding of the behaviours of GO in

subsequent chapters, regarding application of the GO materials.

Analysis of GO materials was completed by a number of techniques. DLS and LD

techniques were used as a novel means to characterise the GO flake sizes. LD was

considered the more appropriate technique, demonstrating that LFGO has d(50) size

13.3 µm, whereas SFGO was 9.0 µm. Analysis of the GO chemistry by spectroscopic

analysis, using FTIR and XPS techniques, revealed the GO materials to be very similar

in terms of their chemistry, with a number of associated functional groups identified

including carbonyl, carboxyl and epoxy groups. These pieces of information were cru-

cial in developing the rest of the research, having ascertained that the materials were of

similar chemical nature but starkly different flake size. Raman spectroscopy revealed

the structural disorder of the materials, with calculated ID : IG ratios for both materials

exceeding unity. This is also demonstrated to be independent of flake size. Zeta poten-

tial was utilised to assess the electrokinetic stability of GO dispersions. Measurement

of zeta potential, as a function of dispersion pH in interval 3.50 - 10.0, revealed that

both materials are negatively charged across the range, becoming increasingly stable

(with lower potential) as pH increases up to pH 10. GO materials were also imaged

using SEM, revealingn that upon drying, the materials are highly disordered and ran-

domly aggregated even at low concentration. This confirmed the lack of suitability of

the technique for flake sizing. Characterisation of GO materials has been essential in

developing understanding of the flake sizing, electrokinetic behaviour and surface area,

each of which will be crucial in the subsequent chapters.

Analysis of GO-coated PES membranes was also completed by a number of differ-

ent techniques. FTIR analysis revealed that the spectra pre- and post-coating were
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identical, therefore implying that coating the PES with GO does not lead to a chemical

reaction between coating and substrate. Thermal analysis revealed that degradation

was via a one-step mechanism and that the impact of coating on thermal properties is

very minor, but suggestive of a slight improvement in thermal properties. XRD anal-

ysis of membranes in dry and wet state showed that the interlayer spacing of the wet

membrane was greater than the dry membrane, suggesting that GO swelled slightly

when wet, due to the intercalation of water among the coating layers. Measurement of

water contact angle showed that increasing GO concentration in surface coating from

zero (pure PES) to 0.10 mg/ml had the effect of reducing the contact angle overall, such

that they became more hydrophilic with increasing GO content. The SFGO system

was proven more hydrophilic than LFGO, a feature consistent with the smaller flake

sizes. Imaging of the GO membrane morphologies by FIBSEM demonstrated that the

surfaces were different in appearance and offered a varying degree of surface coverage.

Cross-sectional FIBSEM analysis enabled estimations of the GO coating layer thickness

to be made, demonstrating that an increase in GO concentration led to denser coat-

ings with increased thickness, in particular for the LFGO systems due to the greater

tendency of the smaller flake system to compact.

The findings of this chapter have demonstrated a novel approach to characteri-

sation of GO flake size based on LD technique. Importantly, these materials were

demonstrated to have similar material chemistry. The impact of this chapter is to pro-

vide a solid foundation from which understanding of each materials interactions with

charged species may be understood. Furthermore, this characterisation is essential for

understanding the role of GO in adsorbent and membrane formulations. This chapter

will contribute knowledge to those seeking a detailed understanding of the power of

GO characterisation pathways, in particular with regards to flake size measurement.
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Chapter 5

Adsorption and filtration of
textile dyes using GO

5.1 Introduction

As highlighted in Section 1.1.5, GO is attracting enormous research attention in removal

of dyes by methods including adsorption and filtration. GO boasts a number of signif-

icant advantages for use in removal of dyes by filtration and adsorption, such as very

high theoretical surface area and favourable surface chemistry [516], which enables the

interaction of GO with dye, by charge-mediated adsorption and π - π interactions [179].

Much of the aforementioned literature regarding treatment of dye-contaminated water

by GO regards synthetic GO, that has been prepared for one-time use in a laboratory,

by methods including Hummers’ Method [126, 128]. Commercially available GO, that

is GO product obtained directly from a supplier, has a number of advantages compared

to synthetic GO, including reproducibility and reliability of formulation, ease and time

effectiveness. In addition, commercial GO is highly relevant to industrial applications

of GO, in adsorption and filtration, in which time and financial implications are often

paramount.

In this chapter, two commercially available GO dispersions are employed within

dye filtration and adsorption, for treatment of water contaminated by anionic MO

145



and cationic MB dyes. Characterisation of the GO materials revealed that the flake

sizes were starkly different; the impact of this salient property will be explored in this

chapter. Selection of the dyes in this chapter is merited by the contrasting molecular

charges alone, with comparable molecular weights, as this renders the study highly

informative in terms of probing the behaviours of GO. Consideration was also given,

however, to the fact that these dyes are a source of considerable environmental burden,

as both are toxic and capable of causing vascular diseases in humans [517, 518]. Thus

their removal from textile effluent prior to discharge is imperative. As highlighted in

the literature review, GO has been employed for removal of MB and MO, by means

including adsorption and filtration; as such, it is considered a timely development that

a study is introduced which considers removal using GO materials of differing flake size.

This is especially relevant, given the expected difference in performance and the impact

that flake size may have upon the adsorption and filtration systems. The results of this

chapter therefore establish a baseline of removal performance achieved by adsorption

and filtration.

Through the results obtained in this chapter, the potency and efficacy of com-

mercial GO materials in dye removal by adsorption and membrane filtration will be

demonstrated. The tendency of GO to aggregate in charged media has been presented

as a potential hindrance to its application as an adsorbent; though, this feature may

actually be beneficial for separation of the GO from dye downstream post-adsorption.

The results of this research chapter are broken down into the the following sections:

• Adsorption of dyes using GO adsorbents: Kinetics of dye adsorption (Section 5.3)
and Equilibria of dye adsorption (Section 5.4). Aggregation of GO in charged dyes
is considered in Section 5.4.3.

• Filtration of dyes using GO-coated membranes, is considered in Section 5.5.

It is expected that the results demonstrated in this chapter will have a significant

research impact, with tangibility to those from academia and industry wishing to de-
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velop the end uses of commercial GO, especially those having the key difference in

terms of flake size.

5.2 Materials and Methods

5.2.1 Dye Adsorption: UV calibration of MB and MO

The position of the UV absorbance peak in MB and MO dyes was established by UV-

Vis. Dye solutions of MB and MO were prepared at 5.0 mg/l in distilled water, by

diluting down the bulk concentration from supplier. Following dilution, the dye so-

lutions were stirred under constant agitation at stirring speed 3, on the instrument

dial, at room temperature for a period of ten minutes, to ensure optimal mixing of

dye in water. The UV-Vis. spectra were recorded using a (Agilent Cary 60 (USA))

spectrophotometer, in wavelength region 350 - 800 nm, as shown in Figure 5.1. Ab-

sorption maxima of MB and MO were found to be at wavelengths 664 nm and 464 nm,

respectively, which is in agreement with literature [519, 520].
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Figure 5.1: UV-Vis spectra of (a) MB and (b) MO dyes, in wavelength range 350 -
800 nm. Solutions of both dyes prepared at 5 mg/l in distilled water. The adsorption
maximum of MB was observed at 664 nm, and MO at 464 nm.

In order to calibrate the absorbance of each dye as function of initial dye concen-

tration (C0), dye solutions of MB and MO were first prepared as above by dilution at

0 (distilled water), 1.25, 2.50, 5.0, 10, 12.5 and 15.0 mg/l.

UV absorbance of MB aliquots were measured at 664 nm, and MO at 464 nm

(maxima of absorbance for the respective dyes as per Figure 5.1), using a (Thermo

Fisher Scientific Biomate 3 (USA)). The UV cuvette used was a 3 ml plastic standard

cuvette. From this point onward, all UV absorbance measurements were made using

this instrument, unless otherwise stated. Calibration plots, detailing the UV absorbance
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as a function of dye concentration, is shown in Figure 5.2(a) and (b), respectively. The

behaviour was observed to be linear in this range, with typical form Absorbance =

Gradient · C0.

Figure 5.2: UV-Visible spectroscopy calibration of (a) MB and (b) MO dyes. Dyes
were calibrated in the range of concentrations 0 - 15 mg/l.

For MB, the calibration was: Absorbance = 0.2120 · C0, with statistical R2 = 0.994.

For MO, the calibration was of the form: Absorbance = 0.0767 · C0, with statistical

R2 = 1.

5.2.2 Dye Adsorption: Kinetics of dye adsorption

Kinetics of adsorption of MB and MO dyes onto GO were studied at respective C0 =

5, 10 and 15 mg/l in distilled water. Dyes were firstly prepared as above and an initial

measurement of UV absorbance was made at the corresponding maxima, to ensure

correctness of dilution as per the calibration.

For adsorption of MB, 0.50 ml (solid GO mass 5 mg) of GO from the original 1.0

wt% dispersion was transferred by pipette into 100 ml of prepared dye solution, at initial

concentration either 5, 10 or 15 mg/l, such that the total volume of GO and dye was

100.5 ml. These concentrations were selected in order to maximise material efficiency
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of GO consumption, and achieve a level of dye adsorption <100%. A higher content

of GO would be capable of adsorbing a greater number of dye molecules, requiring

the use of higher dye concentrations. In order to utilise a minimum but measurable

quantity of GO for each experiment, the dye concentrations were varied from 5 - 15

mg/l to investigate the dye removal percentage at these concentrations (later presented

in Figure 5.6). After inserting the GO into dye solution, the mass:liquid phase ratio of

solid GO:total volume was 0.0497 mg/ml. The GO-MB mixture was constantly agitated

during the adsorption procedure using a magnetic stirrer bar, at speed setting 5 on the

instrument dial. At times of 10, 20, 30, 40 and 50 minutes after insertion of GO, 5

ml aliquots of the GO-MB suspension were withdrawn from suspension and deposited

inside a 50 ml centrifugation tube. The withdrawn aliquot was centrifuged at 4000

revolutions per minute (rpm) using an (Eppendorf Centrifuge 5810 (Germany)) for ten

minutes in order to separate the GO from the MB. The supernatant MB was filtered

through a (Sartorius Minisart Syringe Filter Plus (Germany)) 0.45 µm cellulose acetate

syringe filter. UV absorbance of the MB was recorded at 664 nm. The experiments

were conducted entirely at room temperature, with no applied heating effects. pH was

not adjusted.

For adsorption of MO, the above method was adjusted owing to the more limited

adsorption of MO by the GO’s. The dosage of GO was set at 10 mg for each experiment,

such that the total volume of GO and dye was 101 ml. Thus, the loading ratio of GO

solid:total volume was 0.0990 mg/ml. By experimental observation, the GO was slower

at dropping out of the GO-MO suspension and, as such, the centrifugation time was

increased from 10 minutes to 25 minutes.

In Section 2.2.4, parameters qt and qe,exp, which are relevant to dye adsorption,

were mentioned but not formally defined, as such, they will be given definition here

[521]:
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qt = (
C0 − Ct

m
) · V (5.1)

qe,exp = (
C0 − Ce

m
) · V (5.2)

where Ct and Ce are the concentrations of dye at time t and equilibrium stage,

respectively, as obtained by experiment. The equilibrium value was taken as the final

experimentally measured value, i.e. that corresponding to the UV absorbance at time

= 50 minutes. V is the total volume of solution and m is the mass of adsorbent. The

UV calibration relationships were utilised to allow internal conversion of UV absorbance

and concentration.

The parameter removal percentage, representing the overall amount of dye adsorbed

by the GO adsorbent, was calculated as per Equation 5.3:

Removal(%) = (
C0 − Ce

C0
) · 100% (5.3)

5.2.3 Dye Adsorption: Kinetic models

GO-dye adsorbent systems were modelled by the linear PFO and PSO kinetics models

(introduced in Section 2.2.4). Linear PFO model is provided by Equation 2.3, while

linear PSO is given by 2.5.

In PFO analysis, the experimental values of qt and qe,exp were utilised to calculate

a value of (qe,exp - qt), which was plotted logarithmically as a function of time. Three

values of initial concentration were utilised in these studies for each GO-dye system,

thus three corresponding kinetics profiles were obtained. As such, the PFO model was

fitted to each profile separately, and the values of k1 and qe,cal1 were calculated by the

gradient and vertical intercept, as discussed in the literature review.

In PSO analysis, the experimental qt were used in calculation of t/qt, for each kinetic
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profile, as a function of time. Values of k2 and qe,cal2 were calculated by the respective

gradient and vertical intercept, as discussed in the literature review.

5.2.4 Dye Adsorption: Equilibrium of dye adsorption

Dye solutions of MB and MO were prepared at initial concentrations 50, 75, 100, 125

and 150 mg/l in distilled water, as illustrated above. These concentrations are of the

order 10X higher than the concentrations utilised for the kinetics experiments, as such,

the corresponding UV absorbances were of too high magnitude to be recorded by the

UV-Vis. A 1 ml portion of the dye was transferred into a beaker and diluted in 9

ml distilled water (total volume 10 ml), with transfer of all liquids done by pipette.

UV absorbances of the diluted dyes were measured and converted to concentrations by

use of the corresponding calibration profile (Figure 5.2). These initial measurements

of absorbance were thus recorded with concentration equal to a tenth of the actual

dye concentration. The corresponding actual concentrations of dye were calculated by

multiplying this reduced concentration by ten. This process was iterated throughout

the series of equilibrium studies experiments.

Experiments to determine the equilibria of dye adsorption were carried out using

20 mg GO adsorbent for MB studies and 30 mg GO for MO studies. The adsorbent

was dispersed and agitated in 100 ml of dye at each of the respective concentrations

50 - 150 mg/l. The respective ratios of GO solid:total volume were thus 0.0196 mg/ml

for MB and 0.0291 mg/ml for MO. These ratios were thus higher than the analogous

systems for kinetics experiments, in effort to compensate for the higher concentration

of dye used in equilibrium studies. In analogy to the kinetics experiments, 5 ml of the

GO-dye suspension was extracted at a time 80 minutes after addition of adsorbent,

centrifuged, and the filtered supernatant analysed by UV-Vis, as described earlier.

The temporal variation in dye concentration was not measured in intervals as per the

kinetics experiments: instead the sole measurement was taken at the aforementioned

152



80 minutes. Equilibrium UV absorbance was translated into concentration using the

calibration relationships and subsequently multiplied by the dilution factor to provide

the Ce value for equilibrium. Similarly, values of qe were calculated by Equation 5.2.

5.2.5 Dye Adsorption: Equilibrium isotherms

Equilibrium studies of dye adsorption were analysed according to linear Langmuir and

Freundlich isotherms (introduced in Section 2.2.4). The isotherm equations for Lang-

muir and Freundlich are given by Equations 2.6 and 2.7, respectively.

In Langmuir analysis, values of Ce/qe values were plotted against Ce. As there

were five initial dye concentrations used, this provided an obtained isotherm with five

corresponding points. Values of qmax and KL were calculated from the respective

gradient and vertical intercept of the isotherms, as outlined in the literature review.

In Freundlich analysis, logarithmic values of qe were plotted against logarithmic Ce,

again resulting in an isotherm with five points. Values of qmax and KL were calculated

from gradient and intercept, as outlined in the literature review. n and KF values

were calculated from the respective slope and vertical intercept of the isotherms, again

outlined in the literature.

5.2.6 GO-coated membranes: Filtration testing

This section details the methods used to assess the performance of commercial GO-

coated PES membranes, in removal of contaminants from water by filtration.

The concept of rejection in membranes was first introduced, but not formally de-

fined, in Section 2.4, in which the rejection of certain contaminants was identified as a

key performance parameter. Rejection defines the percentage quantity of contaminant

that the membrane is able to remove from a feedstream, relative to the initial amount

therein.

Rejection % (R% ), is calculated according to Equation 5.4 [275]:
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R% = (1 − Cpermeate

Cfeed
) · 100% (5.4)

where Cfeed and Cpermeate (both mg/l) are the concentrations of contaminant in

feed and permeate, respectively.

The second parameter used to define the performance of a membrane system is

permeate flux, related to the mass transfer of species (including water and unremoved

contaminant) through the membrane. Permeate flux (J, in l ·m−2 · h−1), is defined by

Equation 5.5 [522].

J =
Vpermeate

Amembrane · t
(5.5)

where area Amembrane is the membrane cross-sectional area (m2), Vpermeate is per-

meate volume (l), t is time (hours).

Similarly, the parameter permeability (P , in l ·m−2 · h−1 · bar−1), is defined as the

permeate flux per unit pressure (p, in bar), calculated according to Equation 5.6 [523]:

P =
Vpermeate

Amembrane · t · p
(5.6)

5.2.7 GO-coated membranes: Dead end filtration

Filtration testing was performed using dead end filtration mode (introduced in Section

1.1.3). In this section, the experimental method for preparation and loading of the cell

with membrane and contaminant is discussed, though the specific tests for different

contaminants are discussed in the following sections.

The (Sterlitech HP4750 (USA)) filtration cell was prepared by wetting a porous

support disk with distilled water. The membrane was transferred carefully onto the

support disk using tweezers, with care taken to position such that the entirety of the

membrane covered the disk. For GO-coated membrane samples, the coated side was
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positioned facing upwards. The membrane was then placed in the base of the cell

reservoir and sealed tightly by screwing inside the cell bottom using a 3-inch lower

reservoir clamp. The solution containing contaminant was then decanted into the closed

cell, thus directly contacting the membrane surface. A magnetic stir bar assembly was

lowered into the solution and the cell positioned on a magnetic stirrer, which was then

used to agitate the solution constantly at speed setting 5, on the instrument. An O-

ring spacer was placed on top of the loaded cell and the top clamped using a 2-inch

upper reservoir clamp. At this stage, the cell was connected to a (BOC 9.8 m3, 230

bar (UK)) nitrogen gas cylinder via rubber tubing, for pressurisation of the cell during

operation. The 2500 psig (≈170 bar) pressure bleed value was then opened, permitting

the flow of nitrogen. Gaseous pressure was increased steadily by an external pressure

regulator, with 2000 psig (≈138 bar) output, and set at the desired magnitude for the

given experiment. A mass balance with 3 decimal places was positioned adjacent to

the cell, with the output of the cell positioned such that any permeating solvent may

be deposited into the collecting beaker/vial directly.

A labelled diagram of the filtration apparatus, including mass balance, is shown in

Figure 5.3.
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Figure 5.3: Experimental setup of the (Sterlitech HP4750) dead end filtration cell, used
for filtration testing of membranes throughout the filtration experiments.

5.2.8 GO-coated membranes: Filtration of dyes

MB and MO dyes were prepared at concentration 5 or 10 mg/l, using the procedure

outlined in Section 5.2.1. The UV absorbance was also measured as outlined, for MB

at 664 nm and for MO at 464 nm.

Filtration tests were carried out with an initial volume of 50 ml aqueous dye loaded

into the apparatus. The mass balance was zeroed with a beaker in position. Following

pressurisation of the cell up to the desired pressure, the mass output was measured

as a function of time. Separate series of experiments were conducted at 2 and 4 bars

pressure. It was observed that in practice the system required an initialisation period

before droplets of liquid began to emerge for collection in the beaker. After several

droplets had fallen, the beaker was changed and the mass balance re-zeroed. A timer

was started at this point and the time taken for each gram (ml) of permeate recorded.

For every 4 grams of dye permeate that was collected, a measurement of UV absorbance
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was made at the maximum for the dye being tested. The procedure was iterated in

this fashion until 20 ml had permeated through the cell.

Following this, the apparatus was depressurised by reducing the regulator pressure

to zero and the pressure bleed valve was opened to vent the nitrogen. The remaining 30

ml of dye solution in the feed was discarded and the remainder of the cell taken apart.

All components of the cell that had contacted dye were rinsed with distilled water. To

undergo another round of cleaning, the cell was set up again with no membrane loaded,

and 100 ml distilled water decanted inside. This was then pressurised, with the rapidly

permeating water collected by beaker.

At the completion of a single experiment there were 20 readings of time taken to

permeate each ml, and five readings of UV absorbance (one every 4 grams), in addition

to the initial absorbance of feed. The volume of permeating fluid was translated into

P at each stage by Equation 5.6 and the R% by Equation 5.4, using the measured UV

absorbance of permeate at each permeation stage, and the initial measurement of feed

absorbance.

5.3 Results and Discussion: Kinetics of Dye Adsorption

5.3.1 Effects of contact time and initial dye concentration upon ki-
netics of dye adsorption

The effects of contact time upon the kinetics of dye adsorption were explored by in-

serting GO adsorbent into dye solution for a period of 50 minutes in total, meanwhile

the UV absorbance of the dye was routinely monitored in intervals of 10 minutes. To

determine the effects of contact time, values of qt (calculated by Equation 5.1), were

plotted as a function of time in the aforementioned intervals of 10 minutes, as shown in

Figure 5.4. Calculated values of qt for MB adsorption by SFGO and LFGO are shown

in Figure 5.4(a), and for MO adsorption in Figure 5.4(b). Each of the kinetics profiles

has been fitted with a PSO fitting line.
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Figure 5.4: Effect of Contact Time upon dye adsorption, using SFGO and LFGO
adsorbents. Adsorption of (a) MB and (b) MO, is given as a function of Contact Time,
for a 50 minute adsorption cycle.

For both GO adsorbents, the adsorption of MB appeared to take place rapidly with

values of qt reaching equilibrium by the time of the first measurement of absorbance (i.e.

<10 minutes). The qt were, however, proportionally higher for the larger surface area

and higher zeta potential SFGO, this appears most noticeable at the highest initial dye

concentration, in which there is a sizeable discrepancy between the fit line corresponding
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to SFGO and that of LFGO. It was, however, not possible to take measurements over

finer increments of time to completely confirm the behaviour at small time, as the

lengthy time requirement for withdrawal and centrifugation of the samples restricted

ability to gain measurements over smaller times. It was found that increasing initial

dye concentration from 5 - 15 mg/l had the effect of significantly increasing the values

of qt for both GO-dye systems. This is within expectation for experimental conditions

under maximum adsorption, in which the effect of higher initial dye concentrations is to

overcome the inherent resistance to mass transfer between liquid:solid phase equilibrium

[524, 525]. The difference between the two GO types was also more significant for

the higher dye concentration. Adsorption of MO was found to be considerably less

favourable than MB, with qt values of the order one fifth of those for MB, for both SFGO

and LFGO. Furthermore, equilibration appears to occur after a significantly longer time

span of approximately 30 minutes. Despite its very high capacity to adsorb MB, SFGO

was not observed to have increased levels of MO adsorption, as its performance was

slightly below that of the LFGO.

Images of the GO-MB and GO-MO dispersions were recorded at Contact Times 0

- 50 minutes, as shown in Figure 5.5. Adsorption of MB by SFGO and LFGO is shown

in image (a) and adsorption of MO by SFGO and LFGO is shown in image (b). For

the purposes of taking these images, the initial dye concentrations of MB and MO was

10 mg/l. Contact time t=0 is considered the time before the GO is inserted into dye,

i.e. the image at t=0 is just dye solution. In the case of MB adsorption, it is observed

by inspection that the colour of the dye becomes consistently weaker as the adsorption

proceeds, and the GO is tending to aggregate in the dye, as large, clustered sections of

flake-like matter are clearly visible. For MO adsorption, the orange colouration does

appear to weaken throughout the adsorption process, but the agglomeration of GO is

not as apparently observable by inspection. The aggregation of GO in MB and MO

will be revisited and explored in greater detail in Section 5.4.3.
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Figure 5.5: Adsorption of (a) MB and (b) MO by SFGO (top row) and LFGO (bottom
row). Images captured at contact times t = 0, 10, 20, 30 40, 50 minutes.

The effects of increasing the initial dye concentration in kinetics experiments from

5 - 15 mg/l are revealed by considering the Dye Removal percentage (Equation 5.3).

Removal percentages were calculated for each GO-dye pairing, after a contact time of 50

minutes, for initial dye concentrations 5, 10 and 15 mg/l. Calculated values of Removal

percentage are represented by bars in Figure 5.6, in which the Removal percentages are
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shown as a function of initial dye concentration.

Figure 5.6: Dye Removal percentages of the SFGO and LFGO adsorbents, as a function
of initial dye concentration, in removal of 5, 10 and 15 mg/l MB and MO.

Increasing the initial dye concentration from 5 - 15 mg/l has the overall effect of

reducing the Dye Removal percentage, for each GO-dye combination. SFGO is again

evidenced to offer greater capacity to remove MB compared to LFGO, meanwhile the

capacity for adsorption of MO is lower. In the previous discussion, it was noted that

increasing the initial dye concentration had the effect of increasing the value of qt

(Figure 5.4), though, it is now observed that the overall Removal percentage decreases

at higher concentration. It may be expected that such differences may occur for higher

dye concentrations, as the surface binding sites on the adsorbent reach a state of fuller

occupancy due to the increased number of adsorbate groups, resulting in a decline in

Removal percentage [526]. Comparison of the behaviours between MB and MO systems

reveals that similar reductions in Removal percentage are evident, for both MB and MO

despite the interaction mechanism being different and the overall level of adsorption

being significantly different.
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5.3.2 Kinetic Models of dye adsorption i : Linear PFO model

Linear PFO model of experimental kinetics data is a logarithmic relationship, that

enables values of k1 and qe,cal1 to be calculated from the slope and intercept of the

PFO plot, respectively. The governing equation for the linearised PFO model is given

by Equation 2.3.

PFO model was fitted to the experimental data obtained for each GO-dye combina-

tion, for initial dye concentrations 5, 10 and 15 mg/l. PFO kinetics of 5, 10 and 15 mg/l

MB by SFGO and LFGO is shown in Figure 5.7(a) and (b), respectively, while PFO

model of 5, 10 and 15 mg/l MO by SFGO and LFGO is shown in (c) and (d). Linear

trendlines were fitted to the PFO data and associated linear equations were obtained

for each of the series.

Figure 5.7: PFO kinetics models for adsorption of 5, 10 and 15 mg/l MB by (a) SFGO
and (b) LFGO. Similarly, PFO kinetics model for MO adsorption by (c) SFGO and (d)
LFGO.
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The linear relations obtained from the trendlines of each of these plots are sum-

marised in Table 5.1, for each pairing of GO and dye, with initial dye concentrations

5, 10 and 15 mg/l. Values of qt were taken from the plots in Figure 5.6 and qe,exp. are

taken as the final value of qt, at time = 50 minutes. All relations are expressed in the

familiar linear notation Y = mX + C, where Y represents ln(qe,exp − qt), X represents

contact time, m (slope) represents the negative k1 and C (vertical intercept) represents

ln(qe,cal1). The statistical R2 parameter is also provided in the table for each of the

respective PFO relationships, to indicate the appropriateness of fit.

Table 5.1: PFO Kinetics linear models for adsorption of MB and MO.

GO - DYE
5 mg/l 10 mg/l 15 mg/l

Y = mX + C R2 Y = mX + C R2 Y = mX + C R2

SFGO - MB -0.137·X + 3.923 0.939 -0.132·X + 4.412 0.899 -0.158·X + 4.631 0.908

LFGO - MB -0.140·X + 3.934 0.926 -0.144·X + 4.262 0.907 -0.152·X + 4.414 0.891

SFGO - MO -0.092·X + 3.027 0.951 -0.134·X + 3.816 0.955 -0.138·X + 4.020 0.999

LFGO - MO -0.092·X + 2.959 0.944 -0.109·X + 3.867 0.972 -0.119·X + 3.9227 0.990

From the linear relations expressed in Table 5.1, the calculated parameters k1 and

qe,cal1 were computed. For each pairing of GO and dye at the respective initial con-

centrations, these calculated parameters are given in Table 5.2. Experimental values

of qe,exp are included in Table 5.2, along with the calculated qe,cal for the purposes of

comparison.

Table 5.2: PFO Kinetics parameters k1 and qe,cal. for adsorption of MB and MO.

GO - DYE
5 mg/l 10 mg/l 15 mg/l

qe,exp (mg/g) qe,cal1 (mg/g) k1 qe,exp (mg/g) qe,cal1 (mg/g) k1 qe,exp (mg/g) qe,cal1(mg/g) k1

SFGO - MB 96.0 50.6 0.137 182.4 82.4 0.132 265.2 102.4 0.158

LFGO - MB 89.9 51.1 0.140 171.8 71.0 0.144 230.0 82.6 0.152

SFGO - MO 27.9 20.6 0.092 45.2 45.4 0.134 58.8 55.7 0.138

LFGO - MO 28.9 19.3 0.092 48.2 47.8 0.109 61.9 50.5 0.119

Upon initial inspection of the Tables 5.1 and 5.2, it appears that the PFO model is
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an appropriate model for the behaviour of the system, reflected in the fact the R2 values

are all high, ranging from 0.891 - 0.999. This suggests that the obtained experimental

data are a good statistical fit for the PFO model. Comparison of the qe,exp and qe,cal1

parameters, however, reveals that the differences between experimental and calculated

values are in many cases very significant. In particular, the discrepancies appear largest

for the adsorption of MB (ranging 75.9 - 178.5% difference), when the adsorption of dye

is plentiful, and less so for the adsorption of MO (ranging 0.44 - 22.6 % difference), in

which adsorption is more limited. Furthermore, it appears that the respective increases

in qe,exp and qe,cal1 for all GO-dye pairings increases disproportionately with increasing

dye concentration. Again, this discrepancy between experimental and calculated values

appears to have greatest error for the MB adsorption systems. In addition, values in

PFO model indicate relatively poor correlation to the longer time experimental data.

As such, despite the apparent high statistical correlation, the PFO model should be

treated with caution when modelling the data obtained in this study.

5.3.3 Kinetic Models of dye adsorption ii : PSO model

PSO model of experimental kinetics data enables values of second order rate constant

and a calculated model qe,cal2 to be obtained from the slope and intercept of the PSO

plot, respectively. The governing equation for the PSO model is given by Equation 2.5.

PSO model was fitted to the experimental data obtained for each GO-dye com-

bination, for initial dye concentrations 5, 10 and 15 mg/l, in analogy to the analysis

conducted for PFO model, in the previous section. PSO kinetics of 5, 10 and 15 mg/l

MB by SFGO and LFGO is shown in Figure 5.8(a) and (b), respectively, while PSO

model of 5, 10 and 15 mg/l MO by SFGO and LFGO is shown in (c) and (d). In

analogy to the PFO model, qt were taken from the kinetics plots (Figure 5.6), with

qe,exp the final value of qt, at time = 50 minutes.
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Figure 5.8: PSO kinetics models for adsorption of 5, 10 and 15 mg/l MB by (a) SFGO
and (b) LFGO. Similarly, PSO kinetics model for MO adsorption by (c) SFGO and (d)
LFGO.

The linear relations obtained from the trendlines of each of these plots are sum-

marised in Table 5.3, for each combination of GO and dye, with initial dye concentra-

tions 5, 10 and 15 mg/l. All relations are expressed in the familiar format Y = mX

+ C, where Y representing t/qt, X represents Contact Time, m (slope) represents the

inverse value of qe,cal2 and C (vertical intercept) represents 1/(k2 · qe,cal2 ). Statistical

R2 parameter is also tabulated.
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Table 5.3: PSO Kinetics linear models for adsorption of MB and MO.

GO - DYE
5 mg/l 10 mg/l 15 mg/l

Y = mX + C R2 Y = mX + C R2 Y = mX + C R2

SFGO - MB 0.0102·X + 0.0091 1.000 0.0054·X + 0.0038 1.000 0.0037·X + 0.0013 1.000

LFGO - MB 0.0109·X + 0.0010 1.000 0.0058·X + 0.0030 1.000 0.0043·X + 0.0015 1.000

SFGO - MO 0.0335·X + 0.1226 0.999 0.0207·X + 0.0656 1.000 0.0158·X + 0.0513 0.999

LFGO - MO 0.0328·X + 0.0978 1.000 0.0188·X + 0.096 1.000 0.0152·X + 0.046 1.000

Inspection of Table 5.3 reveals that the R2 values are all very high (>0.999), sug-

gesting immediately that the PSO model is very well suited to the experimental data.

From the linear relations expressed in Table 5.3, the calculated parameters k2 and

qe,cal2 were computed, and are presented in Table 5.4, alongside qe,exp.

Table 5.4: PSO Kinetics parameters k2 and qe,cal for adsorption of MB and MO.

GO - DYE
5 mg/l 10 mg/l 15 mg/l

qe,exp (mg/g) qe,cal2 (mg/g) k2 qe,exp (mg/g) qe,cal2 (mg/g) k2 qe,exp (mg/g) qe,cal2 (mg/g) k2

SFGO - MB 96.0 98.0 0.0114 182.4 185.2 0.0077 265.2 270.27 0.0105

LFGO - MB 89.9 91.7 0.0119 171.8 172.4 0.0112 230.0 232.6 0.0123

SFGO - MO 27.9 29.9 0.0092 45.2 48.31 0.0065 58.8 63.3 0.0049

LFGO - MO 28.9 30.5 0.0109 48.2 53.19 0.0037 61.9 65.8 0.0050

Comparison of the qe,exp and qe,cal2 parameters for the PSO model suggests that

the differences between experimental and calculated values are overall less significant

than for the PFO model. Discrepancies for MB models ranged between 0.35 - 2.08%,

while for MO, the differences were in the range 5.5 - 10.40%. In addition, the increases

of qe,exp and qe,cal2 subject to increasing dye concentration appear more appropriately

proportioned than was the case for the PFO model. The calculated k2 SFGO and

LFGO plots indicated that, in general, the kinetics of adsorption of MB was faster

compared to the adsorption of MO, as evidenced by the larger respective PSO rate

constants. The values of k2 for adsorption of MB with SFGO and LFGO did however

appear to be somewhat inconsistent, as the values calculated for LFGO were in fact
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higher than the SFGO counterparts, albeit that they were the same order of magnitude

and very close. Experimental studies suggest that SFGO adsorbs the dye more rapidly

and therefore, should have higher k2 overall, for MB. In addition, SFGO was demon-

strated by BET analysis to have significantly higher surface area available for binding

of MB molecules (Table 4.3) and greater magnitude zeta potential (Figure 4.10). As

such, the counter-intuitive representation of k2 values obtained suggests that these

features are not actually leading to an enhanced rate kinetic of MB sorption. Further-

more, as discussed, the adsorption of MB occurred within the first time-step, meaning

there is a greater degree of uncertainty on the k2 values and their reflection upon our

systems. Studies in the literature regarding the impact of flake size upon adsorption

efficacy have indicated that smaller flake size adsorbents tend also to have higher rate

constants for adsorption [204, 527]. Similar counter-intuitive behaviour with respect

to dye adsorption was, however observed in the study of Li et al. [199] (highlighted

in the literature review (Section 2.2.4)), in which a GO material had higher k2 than a

competitor activated carbon, despite the latter having higher qe,cal2.

Application of PSO model appears to be highly reflective of the obtained experimen-

tal data, given the high R2 values of statistical fit and low overall differences between

the experimental and calculated qe,exp and qe,cal2 parameters. As such, for future dye

adsorption studies in the following chapter, the PSO model will be used in preference

to the PFO.

Comparing the adsorption performance of the SFGO and LFGO systems with al-

ternative adsorbents is an essential feature for contextualisation of the results. It may

be seen that the PSO parameter qe,cal2 is for the GO systems high in relation to the

analogous values for the activated carbon and zeolite adsorbent systems in Section

2.2.6. This is particularly true for cationic dye adsorption, in which MB was adsorbed

with high efficacy by GO adsorbents. For the sample of activated carbon and zeolite

studies considered in the literature review section, the qe,cal2 values obtained in PSO

167



analysis was typically <200 mg/g, whereas for GO systems values >200 mg/g were

calculated. This suggests that the kinetics if dye adsorption achieved by GO adsor-

bents out-performs the competitor materials including activated carbon and zeolites;

likely a feature of the small flake sizes, high surface charge and surface area of the GO

adsorbents.

5.4 Results and Discussion: Equilibrium of Dye Adsorp-
tion

5.4.1 Equilibrium of dye adsorption i : Freundlich Isotherm

Freundlich isotherm concerns heterogeneous adsorption of adsorbate onto adsorbent

surfaces: the isotherm was discussed in Section 5.2.5. The governing linear Freundlich

isotherm equation is given by Equation 2.7. Application of Freundlich isotherm to

equilibrium data involves the plotting of ln(qe) as a function of ln(Ce): if the resulting

equilibrium line is linear, then the Freundlich model is applicable. The isotherm is used

to calculate parameters n and KF .

Freundlich isotherms of MB adsorption using SFGO and LFGO is shown in Figure

5.9(a), while MO adsorption is shown in (b).

Figure 5.9: Freundlich isotherms for adsorption of 50, 75, 100, 125 and 150 mg/l (a)
MB and (b) MO, by SFGO and LFGO.
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The obtained linear Freundlich relations are expressed in Table 5.5, in the analogous

linear format to kinetics experiments, where vertical axis represents ln(qe), X represents

ln(Ce), slope represents 1/n and vertical intercept represents ln(KF ). Statistical R2

linear parameter is also included.

Table 5.5: Freundlich isotherms for adsorption of MB and MO by SFGO and LFGO.

GO - DYE
Freundlich isotherm

Y = mX + C R2

SFGO - MB 0.4277·X + 4.2376 0.974

LFGO - MB 0.3852·X + 4.0161 0.976

SFGO - MO 0.3097·X + 3.0535 0.881

LFGO - MO 0.3739·X + 2.9653 0.978

The slopes and intercepts of the Freundlich equilibrium lines were used to calculate

the parameters n (equal to the inverse of the slope) and KF (equal to the exponent of

the vertical intercept). These parameters are summarised in Table 5.6:

Table 5.6: Freundlich isotherm parameters for adsorption of MB and MO.

GO - DYE
Isotherm parameters

n KF (mg(1−1/n) ·l1/n ·g−1)

SFGO - MB 2.34 69.24

LFGO - MB 2.60 55.48

SFGO - MO 3.23 21.19

LFGO - MO 2.67 19.40

Parameter n is used to indicate the intensity of adsorption, where a small value of

n is an indicator of greater intensity [528]. It is typical for values of n to exceed unity,

where a greater value of the parameter indicates a greater degree of adsorption hetero-

geneity (and corresponding non-linearity of the isotherm) [529]. It has been suggested,

however, that in practice, a value of n exceeding unity suggests favourability of the dye

adsorption process [521]. Inspection of Table 5.6 reveals the values of n are lower in

each GO system for MB adsorption compared to MO, suggesting that adsorption of
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MB is more intense, particularly in the SFGO - MB system, which recorded the low-

est n overall. This suggests that this was the most intense and favourable adsorption

process and is consistent with the results achieved during kinetics of dye adsorption

studies. Conversely, SFGO - MO systems, with the highest corresponding n, was the

least intense, which is again consistent with expectation given the kinetics results.

Freundlich parameter KF is indicative of the overall extent of adsorption and is

thus related to the adsorption capacity of the adsorbent [530]. It is therefore expected

that a higher numerical value of KF results from a greater extent of adsorption, thus

implying that the adsorption capacity is higher [531]. Values of KF were observed to

decrease according to the order SFGO - MB > LFGO - MB > SFGO - MO > LFGO -

MO, which broadly corresponds to the trend observed in practice, perhaps the anomaly

is that LFGO - MO has slightly higher adsorption than SFGO - MO, so ought to have

higher KF , though the values are close in magnitude.

Freundlich model appears to be a suitable model for the experimental data, given

that values of calculated n and KF are within expectation, and the R2 values of all

four lines are high (in the range 0.881 - 0.978).

5.4.2 Equilibrium of dye adsorption ii : Langmuir Isotherm

Langmuir isotherm, in contrast to Freundlich isotherm, concerns homogeneous adsorp-

tion of adsorbate onto adsorbent surfaces. The governing Langmuir isotherm equation

is given by Equation 2.6. Langmuir isotherm is applied to equilibrium data by plotting

of Ce/qe as a function of Ce. If the relation is linear, the isotherm is used to calcu-

late parameters qmax and KL, as discussed in Section 5.2.5, in which the fundamental

aspects of Langmuir system were also discussed.

Langmuir isotherms of MB adsorption using SFGO and LFGO adsorbents is shown

in Figure 5.10(a), while MO adsorption is shown in (b).
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Figure 5.10: Langmuir isotherms for adsorption of 50, 75, 100, 125 and 150 mg/l (a)
MB and (b) MO, by SFGO and LFGO.

The linear Langmuir isotherm relations are expressed in Table 5.7, in linear format,

where vertical axis represents Ce/qe, slope represents 1/qmax and vertical intercept

represents 1/(qmax ·KL).

Table 5.7: Langmuir isotherms for adsorption of MB and MO.

GO - DYE
Langmuir isotherm

Y = mX + C R2

SFGO - MB 0.0019·X + 0.0398 0.999

LFGO - MB 0.0026·X + 0.0632 0.999

SFGO - MO 0.0088·X + 0.2543 0.961

LFGO - MO 0.0067·X + 0.2521 0.984

From these obtained Langmuir equilibrium relations, parameters qmax (equal to the

inverse of the slope) and KL were calculated and are summarised in Table 5.8:
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Table 5.8: Langmuir isotherm parameters for adsorption of MB and MO.

GO - DYE
Isotherm parameters

qmax (mg/g) KL(l/g)

SFGO - MB 526.3 0.0477

LFGO - MB 384.6 0.0411

SFGO - MO 113.6 0.0346

LFGO - MO 149.3 0.0266

The ordering of qmax values was SFGO - MB > LFGO - MB > LFGO - MO >

SFGO - MO. Accordingly, the values of qmax reflected the expected trends based on

experimental observation. KL reflects the affinity of adsorption between an adsorbent

and adsorbate and is correlated to the surface area and availability of surface pores

available for monolayer adsorption [532, 533]. Numerically larger KL values were found

to result from the adsorption of MB, thus inferring greater affinity for MB adsorption

than MO.

The dimensionless parameter Langmuir separation factor (RL) is commonly as-

cribed to the stability of a Langmuir adsorption system [534]. RL provides information

regarding stability, as the system is considered stable for 0 < RL < 1 [237, 535]. The

parameter is defined by the following equation:

RL =
1

1 + (KL · C0)
(5.7)

The value of RL is thus inversely proportional to initial dye concentration. As

equilibrium adsorption studies were carried out using initial dye concentrations 50, 75,

100, 125 and 150 mg/l, it was possible to calculate a corresponding value of RL at each

concentration, using the associated values of KL for each GO-dye pairing reported in

Table 5.8. RL values are plotted as a function of initial dye concentration, for each GO-

dye pairing, in Figure 5.11. Calculated values of RL for all systems were observed to lie

in the interval 0 - 1, with values of RL diminishing with increasing dye concentration,
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which is suggestive of Langmuir stability, as discussed.

Figure 5.11: RL plotted as a function of initial dye concentration, for the four GO-dye
systems, with initial dye concentrations in the range 50 - 150 mg/l.

Analysis of equilibrium systems by Langmuir and Freundlich isotherms has revealed

that both may be suitable models for GO adsorbents, based on their high statistical R2

coefficients. Langmuir model may be more more appropriate, as respective R2 values

are higher. According to this conclusion, the adsorption of dyes onto GO surfaces

assumes a monolayer coverage, and that interaction is governed by dyes binding to

a single available adsorbent site on the GO [534]. Freundlich isotherm was however

evidenced to be a good fit for the data by the R2 alone, however this model is ideally

suited to experimental systems that have low concentrations of adsorbate, provided also

that the concentration range of dyes tested is limited to a strict range [536]. As such,

it is considered that the Langmuir model is more appropriate for the GO-dye pairings

in these experiments.

Comparison of the calculated Langmuir parameters qmax and KL obtained for MB
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and MO adsorption with the sample of literature values suggests that the adsorbents

achieve a level of dye adsorption that is consistent with that of competitor GO systems

[181, 203]. The performance of the GO systems is however significantly greater than

that of competitor adsorbents, considered in Section 2.2.6. For these, the Langmuir

isotherm was typically used to describe the equilibrium of adsorption. Across the acti-

vated carbon and zeolite systems considered, the calculated qmax values were typically

low (<100 mg/g), in stark contrast to the high performance of GO systems for cationic

dye adsorption in particular. This is suggestive that the GO flakes offer advantages

for homogeneous adsorption of dye molecules onto the binding sites, in which the high

surface area drives this process.

5.4.3 Aggregation of GO in dyes

Aggregation of GO was introduced in the literature review (Section 2.2.1), in which it

was identified as a potential hindrance to the adsorption process. Earlier, in Figure 5.5,

it was noted that flocculates of particulate matter were generated and remained clearly

visible in the GO - MB suspensions in particular; these were seen to sediment to the

base of the container over time. Figure 5.12 shows an enlarged view of the aggregation

of GO in 15 mg/l (a) MB and (b) MO. While in the case of MO, aggregation of GO was

not strictly observable by inspection with the naked eye, the sedimenting GO material

is clearly visible in MB suspensions.
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Figure 5.12: Commercial GO dispersed in 15 mg/l (a)MB and (b)MO. Aggregation of
GO is particularly evident in the case of MB, as groups of large flakes are visible by
the naked eye.

To promote its effectiveness in dye adsorption, GO should ideally exist in exfoliated,

homogeneous state, thus maximising adsorption of dye by maximising the contact area

availability on the adsorbent surface [178, 537]. One positive aspect is however that

such aggregation may lead to easier separation in downstream processes, post adsorp-

tion. The substantial electronegative charge characteristic of the GO’s was revealed

by measurement of zeta potential (Figure 4.10) in pH range 3.50 - 10.0, a feature that

should inhibit the aggregation of the flakes suspended in water. As discussed in the

literature review, contacting the GO with a charged species, such as salt or dye, which

is capable of disrupting the electrokinetic properties of GO in the vicinity of the sur-

face, may result in irreversible aggregation of GO flakes in suspended media [139, 538].

It appears for MB in particular, that neutralisation of the electrostatic charge of GO

resulted in high levels of aggregation, to the extent that the generated flocs are clearly

visible. Physical changes such as these may limit the recyclability and reusability of
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the GO adsorbent to remove these types of dyes in practical application, in which the

charge of the dye is having a discernible impact on the stability of the GO [172].

In order to investigate the aggregation of GO in MB and MO, LD was utilised to

measure changes in PSD, between the water-dispersed GO and the GO-dye suspensions.

Figure 5.13(a) and (b) show the PSD’s obtained for SFGO and LFGO, respectively,

dispersed in 15 mg/l MB and MO, with the water dispersion indicated by the black

lines and the MB and MO suspensions by blue and orange dashed lines, respectively.

Figure 5.13: Sizing of (a) SFGO and (b) LFGO aggregates in 15 mg/l MB and MO,
obtained using LD technique.

Table 5.9: d(10), d(50) and d(90) values, obtained from LD analysis, of SFGO and
LFGO dispersed in distilled water at 0.01 mg/ml, and the analogous dispersions of GO
in 15 mg/l MB and MO.

GO
d(10) d(50) d(90)

(µm) (µm) (µm)

SFGO 4.4 9.0 18.9

SFGO - MB 109.1 160.2 225.5

SFGO - MO 38.9 54.2 73.4

LFGO 3.5 13.6 29.7

LFGO - MB 106.3 225.6 404.2

LFGO - MO 59.7 83.2 117.4

Inspection of the respective PSD’s and above table of percentiles highlights a number
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of prominent features associated with the aggregation. First, it is evident that GO

appeared to be aggregate in both MB and MO, and that the PSD’s, as a result, shifted

towards greater particle sizes on the horizontal axis. Dispersal in MB does, however,

result in greater floc sizes than is the case for MO, as indicated by the more significant

shifting of the PSD. The tendency of both GO materials to aggregate in MO is very

interesting, as this behaviour was less obvious by inspection than was the case for MB.

A second feature is that the relative growths of the LFGO aggregates in dyes appear to

be of much greater magnitude relative to that of SFGO aggregates. This phenomenon

may be explained by the DLVO theory (discussed in Section 2.2.1), that suggests that

the aggregation of larger particulates is greater due to the stronger effects of van der

Waals’ forces [539, 540]. This is also consistent with expectation, given the initially

larger nominal flake sizes of the LFGO system, that flocculate to greater size upon

aggregation.

Measurement of zeta potential was used to confirm the electrokinetic changes to

the GO surface charge, and thus confirm the aggregation of flakes. Figure 5.14(a) and

(b) show the zeta potential of SFGO and LFGO dispersed in 5, 10 and 15 mg/l of MB

and MO solutions, respectively. The corresponding zeta potential of the GO in distilled

water at 0.01 mg/ml (values taken from Figure 4.3.7) is provided in each plot.
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Figure 5.14: Zeta potential of SFGO and LFGO dispersed in 5, 10, 15 mg/l (a) MB and
(b) MO. Vertical error bars represent error after three separate measurements, taken
from the same sample beaker.

The interaction of GO with dye had a marked effect upon the electrokinetic prop-

erties and stability of the GO when dispersed in MB. Dispersal of GO in MB resulted

in neutralisation of the surface charge negativity, across the range of MB concentra-

tions. The impact upon zeta potential was so great that the GO even became positively

charged, with low magnitude GO - MB potentials ranging approximately +1 - 6 mV. By

the earlier discussions regarding zeta potential (Table 3.3), this suggests that the GO

- MB colloid is highly unstable, with tendency to rapidly flocculate due to the electro-

kinetic instability. The magnitude of the impact upon both SFGO and LFGO appears

to be similar, suggesting that the interaction of both types is closely related. Neutrali-

sation of charge due to rapid and plentiful adsorption has therefore been demonstrated

a salient feature relating to the aggregation of GO flakes in cationic dyes.

Dispersal of GO in anionic MO appeared to have a milder impact upon zeta po-

tential, reducing the potential to magnitudes that is suggestive of incipient GO - MO

stability. These changes are likely an effect of double layer contractions from the ef-

fective electrolyte addition in the dye solution [541]. This suppression is, however,

relatively small in magnitude, and unlikely to be the dominant factor in aggregation,

178



which is more likely driven through attractive groups on the adsorbed MO. For exam-

ple, hydrogen bonding or π - π stacking between aromatic groups on adsorbent and

adsorbate molecules can lead to strong association [542].

5.4.4 Mechanism of dye adsorption

Sections 5.3 and 5.4 considered respectively kinetics and equilibrium of dye adsorption.

In these sections, experimental data was analysed using widely regarded PFO and PSO

kinetics models and Langmuir and Freundlich adsorption isotherms. The adsorption

of dyes onto both SFGO and LFGO was determined to be governed by PSO kinetics

model and Langmuir adsorption isotherm.

Electrostatic interaction is considered to be a significant factor in the adsorption

mechanism. Measurement of zeta potential for both SFGO and LFGO (Figure 4.10),

revealed that both materials possessed a significant negative surface charge. The zeta

potential was lower (more negative) for SFGO compared to LFGO. As discussed in the

literature review (Section 2.2.1), this has the bifold effect of enhancing the dispersion of

GO in water, but also promoting the electrostatic attraction between negatively charged

GO and positively charged MB, due to deprotonation of the hydrogenated groups on

the GO [198]. Whereas electrical attraction played a crucial role in attracting MB to

GO, it was observed that both GO’s were significantly poorer adsorbents of anionic MO

compared to cationic MB. Electrostatic repulsion forces, between negatively charged

GO and anionic MO, hinder the interaction of the adsorbent and adsorbate groups,

due to like-charge repulsion. Despite the effects of repulsion, however, the overall

levels of MO sorption were in fact still encouraging, though this is likely due to π -

π interactions and hydrogen bonding [139, 140]. In attempt to mitigate the effects of

electrostatic repulsion in MO adsorption studies, larger doses of GO were utilised to

offer more surface area for binding. Kinetics and equilibrium studies for MO adsorption,

however, demonstrated that the addition of more GO surface (in kinetics, GO initial
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loading increased from 5 to 10 mg, in equilibrium, 20 to 30 mg), did not significantly

promote adsorption to a comparable level to that achieved in MB adsorption, as the

calculated adsorption capacities remained significantly lower.

Particle size and surface area are considered to play a further important role in

the adsorption process for both dyes. It was found using DLS and LD particle sizing

methods (Figures 4.1 and 4.2, respectively) that the LFGO flakes are indeed larger than

SFGO. BET surface area (Table 4.3) of SFGO was also revealed to be a factor of four

times larger than LFGO and total pore volume was approximately double, implying

that the overall surface area available for MB molecule binding is significantly greater.

This is perhaps highly significant given that the Langmuir adsorption isotherm was

determined to be the governing adsorption process, wherein adsorption of dye molecule

to available binding sites is a monolayer coverage of the adsorbent surface.

In addition to charge interactions and GO particle size, surface chemistry interac-

tions also play a significant role. Both GO materials were demonstrated by XPS and

FTIR spectroscopic methods to possess a number of reactive oxygen-containing func-

tional groups, including -COOH, -COC and -COO, having tendency to deprotonate.

By XPS and EDX analysis, LFGO was determined to have slightly higher oxygen con-

tent compared to SFGO: it has been reported that in GO-dye systems, a higher content

of oxygen is positively correlated with greater adsorption of cationic dyes, due to the

increased number of oxygen-containing binding sites [543]. The higher oxygen content

in LFGO, however, does not yield higher MB adsorption, a feature inconsistent with

the aforementioned study. This is further highlighted by consideration that LFGO was

able to adsorb more MO than SFGO. It is considered thus that the impacts of particle

size and surface area are, for our systems, more significant.

In summary, it is proposed that a combination of favourable surface chemistry,

smaller flake size and increased binding site surface area coupled with a higher over-

all negative zeta potential are the dominating factors governing dye adsorption. GO
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favours the adsorption of MB over MO, given the electrostatic attraction of GO with

MB, that facilitates interaction of MB with binding sites. This explains then the par-

ticularly high adsorption capacity associated with SFGO - MB adsorption. For MO

adsorption, the particle size and surface area is considered less important, given that

electrostatic repulsion is considered to be the driving mechanism. This is further em-

phasised given that with its smaller particle size and surface area, SFGO achieved

in fact slightly lower overall MO adsorption in kinetics and equilibrium compared to

LFGO.

5.5 Results and Discussion: Filtration of dyes

In this section, the performance of uncoated and SFGO- and LFGO-coated PES mem-

branes, regarding removal of cationic MB and anionic MO, was assessed by dead end

filtration. Performance was quantified by measurement of permeability and dye rejec-

tion. Removal of dyes by filtration using GO membranes was evaluated in Section 2.4

of the literature review.

5.5.1 Control experiments: filtration of dyes using uncoated PES

Filtration tests were carried out with uncoated PES membranes, in filtering MB and

MO at initial concentrations 5 and 10 mg/l, at pressure 2 bar, in order to serve as a

control experiment against which to gauge the performance of the GO-coated mem-

branes. Dye concentrations were selected such that the measured values of absorbance

were comfortably within range of the UV-Vis. detector. Mean values of permeability

and rejection are reported in Table 5.10.
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Table 5.10: Mean Permeability and Mean Rejection of 5, 10 mg/l MB and MO, from
dead end filtration using uncoated PES 0.20 µm membranes.

Dye (Concentration, in mg/l) Mean Permeability (l ·m−2 · h−1 · bar−1 ) Mean Rejection (%)

MB (5 mg/l) 299.2 0.98

MB (10 mg/l) 292.8 0.48

MO (5 mg/l) 300.9 1.39

MO (10 mg/l) 296.4 0.64

It is apparent that the uncoated PES membrane offers almost no rejection of dyes,

as exhibited by the mean rejections, which in all cases were as low as <2%. Permeabili-

ties were very high, further indicating that the uncoated membrane offers essentially no

resistance to the permeation of dye molecules, which were able to transit through the

membrane practically unhindered. In the literature regarding dye removal using ultra-

filtration membranes, several systems have likewise reported very high permeabilities

[544, 545]. With respect to the molecular sizes of the dyes, which are of lateral size order

<10 nm, it may be considered that the stated membrane pore size of 0.20 µm is very

large. Given the size disparity, it is not considered that physical size sieving is likely to

be an effective mechanism of exclusion, findings which are consistent with similar dye

rejection studies by polymeric filters [546]. Furthermore, uncoated PES membranes are

found lacking in the chemical functionality of the GO-coated membranes. GO coating

imparts oxygen-based functionality into the surface coating, thereby enabling the mem-

brane to interact with dye species, by means of chemical or charge-based interaction

[275, 279]. The lack of these groups therefore is not favourable in terms of promot-

ing dye rejection. Accordingly, very poor levels of rejection are achieved by the PES

membranes, a finding that is within expectation.

5.5.2 Impact of initial dye concentration

The impact of initial dye concentration in the feed was explored by preparing solutions

of MB or MO, at initial concentration 5 or 10 mg/l, and filtering at 2 bar constant pres-
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sure, using SFGO- and LFGO-coated PES membranes. The corresponding literature

review is given in Section 2.4.2.

As discussed in the earlier methods section (Section 5.2.8), permeability was mea-

sured in 1 ml increments meanwhile rejection every 4 ml. To illustrate the behaviour in

removal of 5 and 10 mg/l MB at 2 bar, the 0.01 mg/ml SFGO and LFGO-coated mem-

brane results are provided in Figure 5.15(a) and (b), respectively. The corresponding

0.10 mg/ml coating data for both GO materials is given in the Appendix (Figure A.6).

Figure 5.15: Permeability and MB Rejection of (a) 0.01 mg/ml SFGO-coated and (b)
0.01 mg/ml LFGO-coated PES membranes, as a function of permeated volume, with
initial dye concentration 5 and 10 mg/l. Filtration pressure 2 bar. Vertical error bars
represent standard deviation over three separate runs.
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A feature that is evident by inspection of the figures is that the SFGO systems offer

significantly higher permeability compared to the analogous LFGO, for example, the

permeability of the 0.01 mg/ml coatings are of the order four times higher in SFGO.

Smaller flake systems have been demonstrated in several studies to have a positive im-

pact upon solvent permeation [515, 547, 548]. The relatively high permeabilities of the

SFGO membranes may be attributed to a number of possible factors, including pos-

session of shorter transport pathways that facilitate the channeling of solvent through

the membrane [549].

For all membranes, increasing initial MB concentration in the feed side from 5 to 10

mg/l resulted in a decrease in both overall permeability and dye rejection. The presence

of higher initial dye concentration in feed gives rise to a more substantial concentration

gradient, as the solute (dye) is initially more concentrated on the feed side. This gives

rise to an effect known as concentration polarisation, in which solute concentration

gradients are responsible for the decline in effective mass transport of solvent across the

membrane [13]. Concentration polarisation is caused by the greater osmotic pressure in

the higher concentration system [550]. It is considered that concentration polarisation is

responsible for the decline in overall permeability and MB rejection of the membranes,

as the the higher dye concentration leads to greater amounts of dye being deposited on

the surface of the GO membrane [551]. Additionally, operation of a membrane under

higher initial concentrations of dye increases the tendency of the membrane to become

fouled by the filtration process, thus adversely impacting the efficacy [552]. The SFGO

membranes appear to be more sensitive to increase in MB concentration, as evidenced

by the seemingly greater drops in permeability for SFGO membranes. For example, the

0.01 mg/ml SFGO coating (Figure 5.15(a)) shows permeability decline of around 18.1 -

15.2 l ·m−2 ·h−1 ·bar−1, from maximum to final permeability, meanwhile for 0.01 mg/ml

LFGO the decline is from 3.3 - 3.0 l ·m−2 ·h−1 · bar−1 (Figure 5.15(b)). It is considered

that this behaviour is a result of increased levels of dye adsorption on the membrane
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surfaces [553], as SFGO was demonstrated to be a particularly effective adsorbent of MB

(Section 5.3). MB rejection is found to generally increase with increasing permeated

volume: it is considered that this interesting behaviour is a combination of the accretion

of MB onto the membrane coating and possibly physical blockading of the GO porous

features, resulting in a lowering of the flux while also contributing to the increase

the rejection of MB [5]. The behaviour of the membranes in rejection of MB will be

discussed further in the mechanistic discussion section (Section 5.5.5).

The filtration of 5 and 10 mg/l MO, at filtration pressure 2 bar, is shown in Figure

5.16, in which 0.01 mg/ml SFGO and LFGO coating results are provided in (a) and (b),

respectively. The corresponding 0.10 mg/ml results for MO are given in the Appendix

(Figure A.7).
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Figure 5.16: Permeability and MO Rejection of (a) 0.01 mg/ml SFGO-coated and (b)
0.01 mg/ml LFGO-coated PES membranes, as a function of permeated volume, with
initial dye concentration 5 and 10 mg/l. Vertical error bars represent standard deviation
over three separate runs.

In parallel with the results achieved in filtration of MB, it is again observed that

increasing the MO feed concentration from 5 to 10 mg/l results in a decline in both mean

permeability and MO rejection, for all membranes. In filtration of MO, the anionic dye

adsorbs less strongly onto the negatively charged GO surface, compared to MB. By PSO

analysis of the GO - dye systems (Section 5.3.3), the obtained qe,cal2 values calculated

for adsorption of 5 and 10 mg/l MB were an approximate factor 3.5 greater compared
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with results achieved in adsorption of MO. Accordingly, the more limited adsorption

of MO may suggest that the tendency for this dye to accumulate on the surface due to

adsorption is lower overall, compared with MB, and that this may reduce the surface

fouling during MO filtration. It was observed that during MO filtration at 5 and 10

mg/l, the permeability of all membranes declined as a function of permeated volume,

meanwhile the rejection levels generally increased from the beginning to the end of

the process; behaviour consistent with the previously discussed observations for MB

filtration. It is very interesting that similar observations are made for the behaviours

of both dyes, in terms of their propensity to suffer due to concentration polarisation

effects, despite that at this stage, the dye - GO interaction mechanisms are considered

to be different. The overall proposed mechanism of filtration of the two oppositely

charged dyes will be considered further in Section 5.5.5.

Comparison of the results achieved by commercial GO in these studies with other

sources from the literature reveals that the materials are highly competitive. The vac-

uum deposited commercial GO membrane of Jee et al. [275] was reviewed in literature

review (Section 2.4.1). Levels of rejection achieved in their studies were slightly im-

proved relative to those in this chapter (MB - 92.8%, MO - 85.4, for 10 mg/l dye),

albeit with modest permeability (5.3 l · m−2 · h−1 · bar−1). On the other hand, the

electrosprayed GO-coated membrane of Chen et al. [554] offered significantly greater

rejection of MB(90.1%) and MO (97.4%), with improved permeability (11.1 - 20.3

l ·m−2 · h−1 · bar−1).

In summary, it was observed by experiment that increasing the initial concentra-

tion of dye in the feed solution was demonstrated to reduce mean permeability and

mean dye rejection of GO-coated membranes. The effects of concentration polarisa-

tion, when using the higher concentration dye, were considered to be responsible for

causing increased deposition of dye on the surface of membranes which in turn, reduces

permeability and filtration capabilities of the membranes.
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5.5.3 Impact of GO-coating concentration

In this section, the impact of GO coating concentration upon efficacy of dye filtration

is considered. Coatings of GO were applied to PES substrate at concentrations 0.01

mg/ml or 0.10 mg/ml. Filtration tests were carried out at 2 bar, using 5 mg/l MB

or MO dyes. For clarity, in the previous section regarding the impact of initial dye

concentration, the results of filtering dyes with both GO concentrations 0.01 mg/ml

and 0.10 mg/ml were included. This section, however, elaborates on the role of coating

concentration subject to a single initial dye concentration. As such, a separate series

of experiments was not carried out for the purposes of this section.

The impact of coating concentration on permeability is affected by a number of

factors. GO concentration has an impact upon the hydrophilicity of the membrane,

which may in turn have an effect on the permeation of water [555, 556]. In Section 4.4.5,

regarding Water Contact Angle of the GO membranes, it was revealed that increasing

the concentration of GO in coating led to a decrease in contact angle, corresponding to

an improvement in hydrophilicity with increasing GO content. It has been reported that

increasing hydrophilicity has a positive impact upon solvent permeation in membranes

[557, 558]. In contrast, however, a number of studies (highlighted in literature review

Section 2.4.2) related to GO membranes have suggested that the relationship between

GO concentration and permeability reaches a maximum value, before declining with

further increase of GO content, due to the excessive blockading of substrate pores at

higher loadings [13, 269]. Coating thickness is also an issue of importance, as thicker

layers, by solution-diffusion model (also discussed in the literature review) [559], have

inherently higher resistance to mass transfer; this may adversely impact the permeation

rates of solvent [560]. In Section 4.24, regarding cross sectional FIBSEM analysis, it

was revealed that for SFGO and LFGO systems, the increase in GO concentration was

correlated to an increase in coating layer thickness, and that the layer thickness of

LFGO systems in particular increased substantially.
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The case of dye filtration with uncoated PES (which corresponds to a GO coating

concentration of zero) was discussed in Section 5.5.1. It was revealed that the uncoated

PES offered minimal resistance to the permeation of MB and MO, and mean rejection

values were almost zero (<2%, in all cases). Accordingly, the mean permeabilities were

very high, of the order c.a. 300 l ·m−2 ·h−1 · bar−1. It was demonstrated therefore that

the application of zero GO coating led to very poor dye rejections and high permeabil-

ity. In principal, this behaviour was attributed to the substantial discrepancy in size

between the relatively large membrane pores and the small dyes.

Figure 5.17 shows (a) Mean permeability and (b) Mean rejection of 0.01 and 0.10

mg/ml GO-coated membranes, in filtration of 5 mg/l MB and MO at 2 bar. These

plots were generated using the overall mean permeability across the 20 readings, and

5 readings of dye rejection, for Figures 5.15 and 5.16 (0.01 mg/ml) and A.6 and A.7

(0.10 mg/ml). Mean values of permeability and rejection were calculated using these

plots, represented as bars in the below figure.

Figure 5.17: (a) Mean permeability and (b) Mean Dye Rejection of SFGO- and LFGO-
coated PES membranes, with GO coating concentrations 0.01 and 0.10 mg/ml. Fil-
tration pressure 2 bar. Initial dye concentrations 5 mg/l. Vertical error bars represent
standard deviation across three runs.

With reference to the summary charts, it is apparent that the application of GO
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coating does have a markedly positive impact upon filtration performance of the mem-

branes. The permeabilities are reduced by an order of magnitude relative to the zero

GO case, meanwhile the rejection capabilities of the GO membranes is significantly

improved. The behaviour of the separate SFGO and LFGO systems is, in this com-

parison, very interesting, as the profiles demonstrate conflicting behaviours; in SFGO

systems the higher GO concentration leads to lower overall permeability and higher dye

rejection, but in LFGO systems, the converse relationship between permeability and

rejection is observed. Furthermore, the disparity in permeability, between SFGO and

LFGO coatings is again emphasised, as the bars demonstrated that the SFGO coatings

invariably lead to higher permeation rates than the LFGO.

For SFGO coatings, it was observed that for both dyes, the dye rejection (R) fol-

lows the order: R (0.10mg/ml) > R (0.01mg/ml) > R (Uncoated PES). In turn, the

permeability (P) follows the converse order P (Uncoated PES) > P (0.01mg/ml) > P

(0.10mg/ml). As such, by the above discussion, it appears that in SFGO systems, the

solution-diffusion model of permeation is upheld, as increasing the GO concentration

and associated layer thickness is found to result in a higher resistance to mass transport,

thereby decreasing the flux while increasing the rejection. It was suggested by [296]

that higher concentration may lead to aggregation of the GO, and that the aggregated

sections of material further enhance the resistance. It is not certain, however, that this

phenomenon is analogous to our systems, as the SFGO sample was demonstrated to

be very stable in suspension (Figure 4.9).

For LFGO coatings, there exists a somewhat paradoxical relationship between GO

concentration, permeability and dye rejection, in which increasing concentration led to

a decline in rejection and an increase in permeability. Based on the above discussion,

it is possible that the behaviour is attributed to the increase in hydrophilicity of the

membranes: this case is strengthened by considering that the GO layer thickness in the

LFGO systems was determined by FIBSEM to increase significantly at the higher load-
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ing. A factor of perhaps greater significance, however, was the relatively poor stability

of the higher concentration LFGO coating in water. In Section 4.4.1, it was revealed

that the thicker LFGO sample was unable to remain macroscopically intact following

an immersion period in distilled water, with clear regions of delamination apparent by

eye. The regions where the coating was removed revealed the underlying PES, as such

dye molecules and solvent were able to permeate through these regions with relative

ease, compared to the regions in which the GO remained intact. Accordingly, the re-

sulting permeability of the thicker LFGO coating was thus higher and the rejection of

dyes lower, due to the poorer structural stability of the higher concentration coating.

In summary, for SFGO coatings, GO coating concentration was demonstrated to

have an expected impact upon permeability and dye rejection of coated membranes,

relative to the case for which no GO was applied to the substrate. As coating concen-

tration increases from 0.01 to 0.10 mg/ml, the permeability of both dyes was observed

to decline meanwhile the dye rejection increases. For LFGO coatings, the impacts of

GO coating concentration was demonstrated to follow a converse trend with regards

to the permeability and dye rejection capabilities of the membranes. When coating

concentration increased from 0.01 to 0.10 mg/ml, the permeability of both dyes was

observed to increase meanwhile the dye rejection decreased.

5.5.4 Impact of filtration pressure

In the previous sections, filtration of MB and MO through GO-coated PES membranes

was undertaken at filtration pressure 2 bar, with the pressure being maintained constant

throughout the process. In this section, the role of pressure is explored by carrying out

analogous filtration experiments with both dyes at 5 mg/l, at constantly-maintained

pressure 4 bar.

In Figure 5.18, the results of 5 mg/l MB filtration at 2 and 4 bar are shown for

0.01 mg/ml (a). SFGO and (b). LFGO, meanwhile, filtration of 5 mg/l MO is shown
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in (c). SFGO and (d). LFGO. The 2 bar permeability and rejections shown on each

separate plot were taken from the 2 bar, 5 mg/l case from the figures discussed in the

earlier section (Section 5.5.2) regarding the impact of initial dye concentration. The

analogous plots for 0.10 mg/ml coatings are shown in the Appendix (Figure A.8 for

MB, and Figure A.9 for MO).

Figure 5.18: Permeability and dye rejection of MB using (a) 0.01 mg/ml SFGO-coated
and (b) 0.01 mg/ml LFGO-coated PES membranes, as a function of permeated volume,
with initial dye concentration 5 mg/l, at respective pressures 2 and 4 bar. Similarly,
permeability and dye rejection of MO using (c) 0.01 mg/ml SFGO-coated and (d) 0.01
mg/ml LFGO-coated PES membranes, under identical pressures and dye concentra-
tions. Vertical error bars represent standard deviation over three separate runs.

Doubling the pressure leads to an increase in flux which is disproportionately greater

than a factor of two, and a corresponding step decrease in rejection capabilities. This

deviation from linearity in the relations between permeability and pressure gradient is

likely due to the presence of mechanical defects in the membrane microstructures. The
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presence of defects is particularly prominent in membranes fabricated by vacuum de-

position, as GO layers are disordered and randomly stacked on the membrane surface,

resulting in significant presence of microstructural defects [561]. At higher operation

pressure, the impact of these structural defects is exaggerated, therefore disproportion-

ately increasing the flux and decreasing the dye rejection, of both dye systems [562].

Such behaviour conflicts the study of Li et al. [563], who reported that the dye perme-

ability declined with increasing pressure, due to compaction of the membranes under

higher pressure. A second study [564] also achieved proportionate scaling of flux with

pressure (resulting in a slight decrease in permeability with pressure), while maintaining

a steady rejection of MB dye, suggesting the impact of mechanical defects is mitigated.

The presence of defects in dried GO was investigated by Raman spectroscopic anal-

ysis of the GO materials (discussed in Section 4.3.4), which demonstrated that both

materials contained high levels of structural defects, as exhibited by the high ID : IG

ratios (Table 4.4). It is straightforward to predict then that these inherent properties

are transferred into the membrane coating, particularly given the application of coating

by vacuum deposition. It appears that the higher increases in permeability are typi-

cally resultant from the LFGO coatings. It may be concluded then that the defects in

LFGO coatings lead to more significant deviations from linearity, compared to SFGO.

Comparing the dye removal of these GO membranes with competitor membranes

from the literature suggests that the performance is comparable. In Section 2.4.4,

several alternative modified polymer materials were considered, including chitosan-

based composites, revealing that the dye removal rates of these was typically >90%

for dyes including anionic Congo Red. This removal rate therefore out-performs even

the best GO candidate considered in this study (SFGO 0.10 mg/ml coating). Perhaps

a greater advantage of the GO systems, however, is the high flux of material through

the membranes. This is possible owing to the passage of solvent through the relatively

small GO flakes and membrane pores. In addition, the amphiphilic nature of the GO
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enables a consistently high solvent flux, due to the unique interactions of GO with water

and rapid slip-streaming of water molecules through the system. It is for these reasons,

including flake size, surface area and charge that the performance of GO membranes is

comparable to competitor materials.

In summary, for SFGO and LFGO coatings, filtration pressure was demonstrated

to have an impact upon permeability and dye rejection of GO-coated membranes.

Increasing filtration pressure from 2 to 4 bar was observed in all cases to increase the

permeability of the membranes, while decreasing the dye rejecting capabilities. Inherent

structural defects in the GO material coating were suggested as being the main cause

of this behaviour.

5.5.5 Mechanism of dye filtration

Section 5.5 has considered removal of MB and MO dyes using GO-coated PES mem-

branes. The effects of a number of experimental parameters and features of the mem-

branes were explored, these include: initial dye concentration in feed, concentration of

GO in coating and filtration pressure. In this section, we seek to establish an under-

standing of the filtration mechanism which governs the permeability and dye rejection

performance of the membranes, essential for developing a complete framework for the

behaviour of the system.

The role of dye charge is considered to have a significant impact upon the results

obtained in filtration studies, and the overall mechanism of dye removal. In the previ-

ous discussion section regarding dye adsorption, it was revealed that the electrostatic

attraction for cationic dyes and repulsion of anionic dyes was key to the adsorption

process. The impact of oppositely charged dyes is considered first. Comparison of the

physical sizes of the two dyes suggests that they are of the same order, thus implying

that rejection due to steric effects may be comparable in both membrane - dye systems

[551].
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The removal of cationic dyes by GO membranes (as discussed in the literature re-

view Section 2.4.1) has been proposed to take place in a two-stage mechanism [280].

The first stage consists of cationic dye surface adsorption; the second stage, involves

interacts with the surface to remain bound to vacant sites, including π - π interactions.

Accordingly, the electronegativity of GO surface is a very important aspect for facil-

itating the adsorption of dye. The substantial adsorption of MB onto a GO-coated

membrane post-filtration of the dye is demonstrated in Figure 5.19 below.

With regards to the MB rejection profiles of the GO-coated membranes, it was found

that the level of MB rejection achieved increased overall, with permeated volume, such

that the final rejection value was higher than the initial (Figures 5.15 and 5.18(a)

and (b)). Interestingly, the interaction of MB with GO membranes, involving both

GO types, is analogous to the behaviour during dye adsorption studies, in particular

kinetics studies (refer to Section 5.3). In adsorption kinetics studies, the value of qt

increased as a function of time, until the system reached equilibrium. In analogy, in

filtration studies, the rejection of the membranes for MB continued to increase as the

coated membrane adsorbed MB. In addition, it is considered that the 0.10 mg/ml SFGO

coated membrane offered greatest overall MB rejection, as it had greatest surface area

and pore volume availability to adsorb MB molecules, coupled with a high capacity for

sorption of the dye. It is postulated that beyond the state of maximum dye adsorption,

the rejection of the membranes may begin to decline due to the effects of membrane

fouling [565]; though for the timescales in this series of experiments, this effect was

not routinely observed. Permeabilities were found to be initially high, but reduced

with increasing permeated volume; due to the attraction between GO and MB. The

permeabilities for SFGO membranes was particularly high due to the rapidity of MB

sorption. A secondary interaction is that when MB molecules are adsorbed, they may

enter the membrane channels and shield the electronegativity of the GO, meanwhile the

presence of interlayer molecules blocks the transit of feed MB molecules to permeate
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[5]. This effect may have also contributed to the overall reduction in permeability.

Retention of MO by is governed by electrostatic repulsion mechanism, in which the

negative GO surface provides electrostatic repulsion against the transiting MO from

feed [507]. By dye adsorption studies, the GO’s were shown to be relatively poor ad-

sorbents of MO in comparison to MB, as such the adsorption phase of rejection, as

discussed above, is more minimal compared to cationic MB. Interestingly, however, the

GO membranes did appear by inspection to adsorb MO, as indicated by the orange

colouration on the GO surface coating post-filtration (Figure 5.19). As discussed in

Section 2.2.2, adsorption is likely due to π - π interactions between GO and MO [179].

The filtration results in Figures 5.16 and 5.18(c) and (d) also indicated that the perme-

ability tended to diminish as a function of permeated volume, meanwhile the rejection

was enhanced. It is considered that the growth of rejection occurs due to the blockading

effect of the adsorbed MO molecules. It is thus very interesting that results achieved

using oppositely charged dyes have led to comparable behaviours, albeit that the mem-

branes were able to achieve, overall, higher levels of MO rejection. Measurement of

zeta potential on a GO - MO mixture (Figure 5.14(b)) revealed that the electroneg-

ativity of the GO membrane is not significantly impacted by the MO, such that the

GO retains its overall charge negativity. As such, it is considered that during filtration

the membrane continues to provide a negatively charged active layer which barriers

the permeation of MO. Given the overall higher rejection of MO, this emphasises the

importance of charge and zeta potential in the overall rejection mechanism, illustrating

the comparison between the two dyes.
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Figure 5.19: Surface adsorption of MB and MO dyes onto GO/PES membranes, images
captured following a filtration cycle with each respective dye. Left: GO-coated PES
membrane. Middle: GO/PES membrane, post filtration with 10 mg/l MB. Right:
GO/PES membrane, post filtration with 10 mg/l MO.

The interaction of GO with PES substrate is also an essential component in relation

to the overall rejection mechanism. A number of techniques were used to analyse the

coated surface including FTIR (Section 4.4.2), XRD (Section 4.4.3) and morphological

FIBSEM (Section 4.4.6). The impact of this analysis is considered here.

FTIR analysis of uncoated and GO-coated PES (Figure 4.17) substrates revealed

that GO does not appear to undergo chemical reaction with PES, as no new bonding

peaks were exhibited on the membrane surfaces following vacuum deposition of GO.

Application of GO does, however, impart GO functionality and surface charge onto

the substrate; it has been considered that the dye rejection mechanism is principally

governed by the active coating layer, not the substrate [566]. This implies therefore

that the features of the GO are responsible for the rejection of dyes, not the PES.

XRD analysis of dry (Figure 4.18) and wet (Figure 4.19) GO-coated membranes

revealed that the interlayer spacing of the GO coating did increase as a result of in-

tercalation of water. It is not considered, however, that the increase is sufficient to

have an impact upon the mechanism of dye filtration, given the lateral sizes of the
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dyes are exceeding 1 nm, whereas even with swelling artefact, the interlayer spacing

as calculated by Bragg’s Law was below 1 nm. This is clearly insignificant swelling

compared to the order of sizing for dye molecules, which are typically several nm [567].

It is considered therefore that size exclusion principle is likely significant for removal

of dye molecules. The impact of the GO swelling will however be revisited later, when

considering desalination of saline feeds.

Top down SEM imaging of the membrane topological features (Figure 4.23), re-

vealed that the GO coating appeared complete across the membrane surfaces. It is

implied, therefore, that GO is adhered physically onto the polymer as a result of hy-

drogen bonding [568]. Deposition of GO onto the surface thus has the effect of physically

blockading the substrate porous features. As such, physical coverage of PES pores due

to the presence of coated GO flakes, has the effect of hindering the permeation of dye

and water molecules through the membrane. Accordingly, it is considered that phys-

ical blocking of pores by GO contributes to the characteristics of the membranes in

terms of permeation and rejection. This is further evidenced by comparing the results

of uncoated PES membrane with GO-coated membranes, as it was observed that the

presence of GO coating significantly improves the rejection of the membranes while

reducing the permeability of solvent. Based on the microscopic sections obtained by

FIBSEM analysis, it was not possible to calculate the lateral spacing of GO sheets in

the membrane coatings, due, in most cases to the near complete surface coverage. If

the study were to be extended, the inclusion of a neutrally charged dye could be incor-

porated, with similar size property to MB and MO. This could ascertain the impact of

charge and size effects, and crucially, enable differentiation of one from the other. This

would assist with elucidation of the overall interaction mechanism. An example candi-

date dye is Basic Yellow 51, which is both neutral and of same size order (molecular

mass = 430.5 g/mol) [569].

In summary, it is considered that the governing mechanism of dye filtration is di-
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vided according to the charge of the dye. Cationic dye rejection is based upon the

adsorption of dye by negatively charged GO, while anionic dye is rejected due to re-

pulsion between the like-charged coating and dye. Overall, the best performance was

given by the SFGO/PES 0.10 mg/ml coating, as this membrane was found to have a

high surface area, thus offering a high volume of pores onto which adsorption may oc-

cur, and highly negative zeta potential, in addition to a smoothly-coated morphology.

It is worthy of consideration, however, that membranes with high tendency to adsorb

contaminants may suffer more greatly due to the adverse impacts of fouling, and may

have more limited capacity for operational reusability [570].

5.6 Conclusions

In this chapter, the adsorption and filtration performance of two commercially available

GO materials have been compared, for removal of anionic MO and cationic MB dyes

from water. The intrinsic properties of GO, including most crucially flake size were

essential in the behaviour of GO within these systems.

Kinetics and equilibrium studies of dye adsorption were implemented to analyse the

adsorption efficacy and obtain suitable models of the adsorption processes. Kinetics

studies demonstrated that the PSO model was more appropriate for the GO-dye sys-

tems compared to the PFO model. By PSO model, SFGO was demonstrated to adsorb

MB with high efficacy (270 mg/g), compared to LFGO (234 mg/g). This was attributed

to the effects of the small flake size coupled with greater negativity in electrical po-

tential. Equilibrium studies showed that Langmuir equilibrium isotherm was more

appropriate than the Freundlich isotherm, thus demonstrating that the mechanism of

dye adsorption is based upon homogeneous binding. By Langmuir model, adsorption

of MB by SFGO was again shown to be more complete (526 mg/g) compared to LFGO

systems (384 mg/g). The influence of flake size and charge is thus highly important
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in adsorption of cationic dyes, where effects due to the opposite charges dominate.

Contrastingly, adsorption of MO was shown to be significantly more limited, an effect

attributed to electrostatic repulsion between negatively charged GO and anionic dye

acting as a hinderance to the adsorption process. The smaller flake systems were poorer

adsorbents of MO due to their greater negativity. Additionally, the tendency of GO

to aggregate in both dyes was investigated, by LD particle sizing, and measurement of

zeta potential. This demonstrated that the electrokinetic properties of the GO were

significantly impacted by the cationic dye, and this was especially prominent for the

LFGO systems.

Removal of MB and MO dyes by filtration using GO-coated membranes was also

considered in this chapter. SFGO-coated membranes were observed to offer increased

levels of dye rejection as GO coating concentration increased from 0.01 mg/ml to 0.10

mg/ml, such that the 0.10 mg/ml coating was most effective in removal of MB (mean

removal 82%) and MO (mean removal 86%). Interestingly, it was found that increasing

LFGO concentration led to a degradation in performance, due to the poor stability of

the higher LFGO concentration dye, leading to macrostructural cracking of the coated

LFGO surface. For filtration of MB, the adsorption mechanism is considered to be

dominated by adsorption and subsequent rejection, aided by the blockading of porous

features on the membrane surface. For MO, rejection is dominated by electrostatic

repulsion of like-charged coating and dye molecules. In the context of commercial

application of the GO materials, it is considered highly relevant that LFGO is capable

of reasonable levels of dye rejection at lower GO coating concentration. In terms of

process economics, each membrane requires a lower quantity of GO to be deposited, as

such this may be beneficial in terms of economic favourability and material efficiency.

The results of this chapter contribute novelty to the mechanistic understanding of

the interactions of GO with dyes in adsorption and filtration systems. The effects of

flake size and surface charge are clearly important factors for determining the behaviour.
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This chapter may assist those seeking to enhance their understanding of GO - dye

systems. In addition, the research into aggregation of GO flakes in charged media

will be invaluable for those seeking to regenerate GO post-adsorption in downstream

industrial processes.
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Chapter 6

Applications of GO to
desalination of saline water and
fractionation of dye - salt
mixtures

6.1 Introduction

In this chapter, the impact of ionic species upon GO adsorption and filtration systems,

having the crucial property of differing flake sizes, is herein considered. With regards

to dye adsorption, ions are dispersed in dye solution, and the dye adsorption capacities

are characterised in analogy to earlier studies. In filtration studies, the research is sub-

divided to consider i. desalination of aqueous salt solutions, and ii. selective filtration

of salts and dyes, in a dye-salt system.

Desalination of saline feeds including seawater by GO membranes is a major am-

bition of the field [147, 148]. With industrial desalination becoming an increasingly

important means to extract ionic species from water and provide drinkable water, ef-

forts are being made to reduce the energetic impact of RO membranes, which are

currently operating close to their thermodynamic limit [96]. The emergence of GO

and its properties such as frictionless flow of water have seen it become a promising

candidate for removal of salts [38, 317]. Sodium chloride is the predominant salt in
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seawater, making up approximately 3.5% of the total mass [571]. As such, removal of

salts such as these is an issue of paramount importance in desalination.

The textile industry utilises salts heavily for a number of processes. It was discussed

in Section 2.2.5 that this leads to the output of textile effluents with considerable

salinity. As highlighted in Section 1.1.2 and Table 2.1, sodium salts, including sodium

chloride and sulphate are among the most commonly used salts in the textile industry:

their purpose is to aid the fixation process of dye onto fabric during the dyeing stage

[572]. Sodium salt usage is particularly heavy in textile dyeing, as much as 0.8 kg

is needed per kilogram of fiber [573]. Furthermore, magnesium salts may be used as

a dye enhancer during the dyeing process. Ammonium heptamolybdate is also an

industrial salt, with usage in the textile industry in preparation of pigments [574]. The

importance of considering a non-ideal system for adsorption or filtration of salt-dye

systems is realised in this chapter. In addition, the role of GO flake charge and surface

charge are contextualised in these systems, which will contribute knowledge to the

importance of these characteristics in conditions resembling simulated effluent.

In the first part of this chapter, we apply commercial GO-coated PES membranes

for removal of salts from water by filtration. Given their relevance within seawater

desalination and textile or industrial applications, the salts selected for this study were

sodium chloride, sodium sulphate, magnesium sulphate and ammonium heptamolyb-

date. The second aspect of this chapter addresses the performance of commercial GO

within multi-component systems, by adsorption of dyes within a dye-salt system and

simultaneous removal of salts and dyes from feed. In order to exploit the full potential

of the GO adsorption or filtration systems, multi-component systems were investigated

using MB dye. As demonstrated in Chapter 5, the electrostatic attraction of GO and

MB resulted in high levels of adsorption of this dye onto GO. This was especially

prominent for smaller flake systems, with greater capacity for interaction with cationic

species. The salts used in these dye-salt studies were sodium sulphate and magnesium
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sulphate: these were selected given the different valencies of the cations (divalent Mg2+

ion and monovalent Na+). It is expected that the differences in respective valencies

will yield interesting behaviour, given the aforementioned differences in flake size and

the role this is expected to play in charged media.

The results of this research chapter are divided into the the following sections:

• Desalination of saline feeds using GO-coated membranes, is considered in Section
6.3.

• Impact of salt addition upon dye adsorption, is discussed in Section 6.4.

• Fractionation of dye - salt mixtures, is considered in Section 6.5.

It is anticipated that the results of this chapter will have a significant research

impact. This will extend to those from academia, and perhaps more significantly, to

industrial practitioners who are seeking to understand the importance of flake size and

charge-based interactions of GO in multicomponent systems. This is considered an

extension of the previous chapter, with greater emphasis placed on the behaviour of

GO systems in non-ideal environments.

6.2 Materials and Methods

6.2.1 Dye adsorption: The impact of salt addition upon dye adsorp-
tion

The Impact of salt addition upon dye adsorption was investigated by studies of kinetics

and equilibria. Owing to its evidently greater adsorption onto GO, MB was selected as

the probe dye for this series of studies. Probe salts selected were sodium sulphate and

magnesium sulphate.

For experiments concerning the kinetics of adsorption, MB was prepared at initial

concentration 15 mg/l, using the procedure outlined in Section 5.2.2. Sodium sulphate

and magnesium sulphate were dispersed separately into 100 ml MB solution, and mixed
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by magnetic stirring at speed setting 3 on the instrument for ten minutes to aid dis-

solution of salt. Salt loadings were selected as 50, 100, 150 or 200 mg, such that the

corresponding initial concentrations of salt in the 100 ml MB were 0.50, 1.00, 1.50, 2.00

g/l. These salt concentrations were selected to be consistent with the typical quantity of

sodium present within textile effluents, which are of the order 2.0 g/l (Table 2.1). 5 mg

GO was loaded into the dye-salt mixture, consistent with above kinetics experiments,

such that the loading ratio of GO solid:total volume was maintained at 0.0497 mg/ml.

Again, 5 ml aliquots of the suspension were withdrawn at ten minute intervals until 50

minutes had elapsed, centrifuged and syringe filtered. The kinetics of dye adsorption

of the experimental data were analysed by PSO model alone, in analogy to the method

discussed.

For equilibrium experiments, 100 ml MB was prepared at initial concentration 50,

75, 100, 125 and 150 mg/l, in analogy to the previously outlined equilibrium experi-

ments. 8000 mg sodium or magnesium sulphates were separately loaded into the MB,

using the above mixing method, such that the initial salt concentration in MB was 8.0

g/l. GO loading was 20 mg, with GO solid:total volume ratio consistently maintained

at 0.0196 mg/ml. Equilibrium of dye adsorption subject to salt addition was modelled

by Langmuir isotherms (discussed in Section 5.2.5).

6.2.2 GO-coated membranes: Desalination of saline feeds

Salt solutions of sodium chloride, sodium sulphate, magnesium sulphate and ammonium

heptamolybdate were prepared at initial concentration in aqueous solution at 0.50 g/l.

Though this ionic concentration is low relative to the typical salt content in seawater

(approximately 25 g/l [575]), it is consistent with the overall quantity of ions present

within effluent (Table 2.1). The salt solutions were prepared by depositing the solid

salt into distilled water at room temperature, using stirrer speed setting 3 to disperse

the salt for ten minutes.
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In analogy to dye systems in which UV absorbance is used to measure dye rejection,

in salt systems, the rejection is calculated by measurement of the electrical conductiv-

ity. As such, the initial electrical conductivity of the prepared salt solution was mea-

sured using a (Hach HQ1130 portable conductivity meter (UK)). As the analysis was

conducted in this manner, the measured conductivity of the salt solutions comprised

contributions from both the anions and cations, as such the reported conductivity is

the total summation of the two components.

Desalination experiments were conducted in analogy to the method for filtration

of dyes, i.e. using 50 ml solution, at 2 or 4 bars pressure, with the experiments con-

cluding when 20 ml permeated. Measurements of conductivity were likewise taken for

permeation of every 4 ml. Permeability and salt rejection were calculated in analogy

to the above system for dye filtration, using Equations 5.6 and 5.4, respectively.

6.2.3 GO-coated membranes: Fractionation of dye-salts

Combined dye-salts were prepared as per the method discussed in Section 6.2.1. MB

was selected as the probe dye, at 5 mg/l, and the salts were separately sodium sulphate

and magnesium sulphate, at 0.50 g/l. An initial measurement of UV absorbance was

made at 664 nm, and likewise an initial reading of electrical conductivity.

The procedure was undertaken in analogy to systems for dye filtration (Section

5.2.8), with 50 ml loading of dye-salt. Filtration experiments were conducted at 2 bar

only. For every 4 ml permeated, measurements of conductivity and UV absorbance

of the permeate at 664 nm were made. Time measurements were also made in 1 ml

increments of permeation.

At the conclusion of the experiment, there had been 20 recordings of permeate

collection times and five separate measurements of absorbance and conductivity. Per-

meability was also calculated as above (Equation 5.6), and also salt and dye rejections,

respectively (5.4). Again, the rejection of salt ions is considered in terms of total
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rejection of cationic and anionic species.

6.3 Results and Discussion: Desalination of saline feeds

Dead end filtration was used to characterise the performance of uncoated PES and

GO-coated PES membranes, in separation of salt from water. The salts selected for

use in these studies were sodium chloride, sodium chloride, magnesium chloride and

ammonium heptamolybdate. Salt solutions were filtered through the membranes and

the performance characteristics realised by calculation of permeability and salt rejec-

tion. In particular, performance of GO-coated membranes is characterised subject to

varying parameters GO coating concentration and filtration pressure, each of which

are considered in this section. Desalination involving the use of GO membranes was

discussed in Section 2.5 of the literature review.

6.3.1 Control experiments: desalination of saline feeds using uncoated
PES

In analogy to earlier experiments regarding filtration of dye solutions, uncoated PES

membranes were used in desalination, in order to establish a baseline of performance

against which the filtration of saline feeds using GO-coated PES may be evaluated.

Mean values of permeability and salt rejection are reported in Table 6.1.

Table 6.1: Mean Permeability and Mean Rejection of 0.50 g/l salt solutions, from dead
end filtration using uncoated PES 0.20 µm membranes. Filtration pressure 2 bar.

Salt Mean Permeability (l ·m−2 · h−1 · bar−1 ) Mean Rejection (%)

Sodium chloride 356.7 0.62

Sodium sulphate 343.8 0.83

Magnesium sulphate 351 0.52

Ammonium heptamolybdate 342.1 0.74

As is consistent with the trends observed in dye removal (Section 5.5.1), the polymer

exhibits practically no resistance to the permeation of salts across the membrane. Mean
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salt rejection values are unsurprisingly very low (<1%, in all cases) and permeabilities

are very high, as ions from the salts are able to permeate the membrane with practically

no resistance. Again, it is considered that the 0.20 µm pores are simply too large to

barrier the permeation of small ionic species. The pore sizes indicate that the PES

substrate used in these studies is belonging to the microfiltration class of membranes

(Section 1.1.3); the usage of this class is restricted to pretreatment of saline feeds, thus

is not intended for effective desalination [576, 577].

6.3.2 Impact of filtration pressure

In this section, the impact of pressure upon desalination efficacy is explored by com-

parison of permeability and salt rejection achieved in desalination of salts at 0.50 g/l,

at respective pressures 2 and 4 bar.

Permeabilities and salt rejections of the 0.01 mg/ml SFGO-coated membranes, at

2 and 4 bar pressures, is shown as a function of permeated volume, in Figure 6.1. On

each of the plots the salt is denoted by its chemical nomenclature (sodium chloride

- NaCl, sodium sulphate - Na2SO4, magnesium sulphate - MgSO4 and ammonium

heptamolybdate - NH+
4 ), to facilitate reading of the plots. The analogous 0.10 mg/ml

SFGO results are provided in the Appendix (Figure A.10).
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Figure 6.1: Permeability and salt rejection, as a function of permeated volume, in
desalination of (a) sodium chloride, (b) sodium sulphate, (c) magnesium sulphate and
(d) ammonium heptamolybdate, using 0.01 mg/ml SFGO coating. Salt concentration
0.50 g/l. Filtration pressure 2 and 4 bar. Vertical error bars represents standard
deviation across 3 filtration runs.

It is observed that the differences between initial and final permeabilities for SFGO

systems exhibit only a mild decrease, in all cases suggesting that the effects of concen-

tration polarisation may be minimal. Although in this series of experiments the impact

of varying the initial concentration of salt was not considered, it is proposed that a

more significant declension of permeability may have been observed due to concentra-

tion polarisation effects at higher salt concentration [317, 337]. A prominent feature

of the rejection profile as a function of permeated volume is that the rejection of all

salts declined with volume permeated, this characteristic will be considered in the dis-

cussion section later (Section 6.3.4). In terms of the impact of pressure, inspection of

the plots reveals that for SFGO membranes, an increase in filtration pressure results
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in an increase in permeability and associated decline in rejection. With respect to the

individual profiles of each salt, the trends in permeability and rejection are internally

consistent at 4 bar as at 2 bar, thus implying that the rejection mechanism is upheld

at the higher pressure. Furthermore, the utility of 0.10 mg/ml SFGO coating (Figure

A.10) results in lower overall permeabilities and higher salt rejections; trends which are

consistent with the behaviour of the SFGO systems at 2 bar.

The analogous corresponding permeabilities and salt rejections of the 0.01 mg/ml

LFGO-coated membranes, at 2 and 4 bar pressures, is shown as a function of permeated

volume, in Figure 6.2. The 0.10 mg/ml LFGO results are provided in the Appendix

(Figure A.11).

Figure 6.2: Permeability and salt rejection, as a function of permeated volume, in
desalination of (a) sodium chloride, (b) sodium sulphate, (c) magnesium sulphate and
(d) ammonium heptamolybdate, using 0.01 mg/ml LFGO coating. Salt concentration
0.50 g/l. Filtration pressure 2 and 4 bar. Vertical error bars represents standard
deviation across 3 filtration runs.
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Inspection of the LFGO membrane profiles reveals consistent behaviour with SFGO

systems, in which a step increase in filtration pressure resulted in an increase in per-

meability and associated decline in salt rejection. In addition, the salt rejection in all

cases was found to decrease with permeated volume, while the permeability exhibited

a slight decline. The trends in permeability and rejection at 4 bar are also consistent

with the results obtained at 2 bar, in terms of GO coating concentration and with

respect to the individual salts.

As discussed, the plots of permeability and salt rejection demonstrate that the step

increase in filtration pressure results in an increase in permeability and associated de-

cline in rejection, for both GO’s. In the earlier section regarding the impact of pressure

upon dye removal (Section 5.5.4), it was discussed that the presence of mechanical-type

defects in the GO coating results in a similar decline in performance at higher pres-

sure. It is considered that these defects are likely the cause of the behaviour in terms

of desalination, with the decline in rejection and increase in permeability a feature of

exaggerating the defects at higher operating pressure. As discussed in the literature re-

view (Section 2.5.3), filtration at higher pressure provides the ionic species in feed with

increased energy, thereby facilitating their overcoming of inherent resistance to mass

transfer from the membrane itself [334]. It appears that this behaviour is consistent

with the behaviour of the GO-coated membranes.

Polymer membranes show a tendency to compact when subject to high transmem-

brane pressure (also discussed in the literature review (Section 2.5.3)). If the mem-

brane is coated with GO, this inevitably leads to the collapse of nanochannels within

the structure [15]. The result is that the permeability of membranes may decline at

higher pressure, meanwhile the overall rejection capabilities may increase due to this

phenomenon [336]. In the case of SFGO and LFGO, however, it was not the case that

higher pressure led to lower permeability, in fact, the opposite effect was observed. It

may be the case then that the coating compaction artefact is demonstrated to greater
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effect at higher filtration pressure, due to the greater compressive forces associated with

the higher pressure. The highest pressure used in these experiments was 4 bar, mean-

while the study of Chong et al. [15], involving a GO membrane fabricated by vacuum

deposition, demonstrated the compaction artefact for filtration pressures as high as 10

bar. A further trend to support this behaviour was evident in the consistent decline

in permeabilities and rejection capabilities of all membranes as a function of volume

permeated, at pressure 4 bar. As such, this is consistent with expectation that the in-

ternal cavities do not collapse under higher pressure, leading to lower overall rejection

and higher permeability [578].

It should also be clarified that the results obtained in this section demonstrate the

desalination capabilities of the membranes at modest pressure, relative to that of an

industrial reverse osmosis (RO) unit. As such, it is speculated that the utility of GO

membranes may offer advantages over a competitor RO system, given the encouraging

performance at lower operating pressure, which may reduce energetic and financial

expenditure on generation of the high pressures.

6.3.3 Impact of GO-coating concentration

In this section, the impact of GO coating concentration, at 0.01 and 0.10 mg/ml, upon

desalination performance is evaluated. In order to highlight the impact of GO coating

concentration, the results of desalination at 2 bar, using 0.50 g/l salts are summarised.

The data corresponds to that taken from Figure 6.1 (0.01 mg/ml SFGO), Figure 6.2

(0.01 mg/ml LFGO), Figure A.10 (0.10 mg/ml SFGO) and Figure A.11 (0.10 mg/ml

LFGO). For each of the respective plots, the mean permeabilities and salt rejections

were calculated, and are here expressed in bar chart form.

Figure 6.3 shows (a) Mean permeability and (b) Mean salt rejection of 0.01 and

0.10 mg/ml GO-coated membranes. In analogy to the previous section, the salts are

denoted on these plots by their respective chemical notation.
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Figure 6.3: Impact of GO coating concentration upon performance. (a) Mean perme-
ability and (b) Mean salt rejection, of SFGO and LFGO coated membranes measured
during dead end filtration of 0.50 g/l salt solutions, with GO coating concentrations
0.01 and 0.10 mg/ml. Filtration pressure 2 bar. Vertical error bars represent standard
deviation across three runs.

As demonstrated by the permeability and rejection profiles, for SFGO coatings,

increasing the GO coating concentration from 0.01 mg/ml to 0.10 mg/ml had the

overall effect of reducing the permeability, meanwhile the levels of salt rejection were

improved. The overall decrease in permeability is consistent with the work of Liang et

al. [344] (highlighted in literature review, Section 2.5), who likewise reported a decrease
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in permeability, subject to increasing the GO content in a vacuum filtration-prepared

membrane. It was considered that the increase in mass transfer resistance gained by

using a higher concentration was responsible for the behaviour. Such an explanation is

consistent with the trends in these experimental systems.

For LFGO coatings, the relationship between coating concentration and desalina-

tion efficacy is contrary to that of SFGO coatings; it was found that increasing the

GO coating concentration slightly increases the overall mean permeability, meanwhile

decreasing the mean rejection. As such, the trends observed for LFGO coatings mirror

those obtained in dye removal experiments. A feature of the mean permeability and

rejection trends for both GO’s is that the ordering of permeabilities (P (NaCl) > P

(Na2SO4) > P (NH+
4 ) > P (MgSO4)) and rejections (R (NH+

4 ) > R (Na2SO4) > R

(NaCl) > R (MgSO4)) is identical to that for the SFGO coatings. In addition, con-

sidering the plots discussed in the previous section, the permeability and salt rejection

profiles as a function of permeated volume follow an analogous trend to SFGO mem-

branes, in which both parameters decline with an increase in permeated volume. These

are very interesting observations, given that the behaviour subject to changing the coat-

ing concentration is otherwise starkly different. Again, this points to the prominence of

electrostatic charge-based interactions in desalination with GO-coated membranes and

will be addressed in the later discussion section (Section 6.3.4). In both GO systems,

the permeability towards the divalent magnesium sulphate was particularly low: this

feature will also be considered in the later discussion section.

It was demonstrated by measurement of Water Contact Angle (Section 4.4.5) that

the incorporation of a GO coating with higher concentration improves the hydrophilicity

of the membrane, which positively correlates to an overall increase in the permeability

of membranes [481, 579]. As such, this may be a feature of the LFGO coatings in

desalination, though the same trend was not observed in SFGO coatings. As demon-

strated by cross-sectional FIBSEM (Section 4.4.6), the higher concentration of LFGO
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led to a significantly thicker coating layer; as such, the increase in permeability subject

to increasing GO content is inconsistent with the typical behaviour of a thicker coating

layer in membrane systems [580]. It has however been suggested that coatings with low

overall microstructural density lead to higher permeabilities, due to the ease of transit

through the low density coating [496]. It appears for LFGO coatings, however, that

increasing the surface area of GO availability does not correlate to increased levels of

membrane performance (unlike the trend observed for SFGO); as such, at this stage, it

may be speculated that the adsorption of contaminants onto the coated surface is not

a prominent feature of the interaction with ions or dyes.

The literature has revealed that there is significant variation in desalination capac-

ity of GO membranes, based on the fabrication and experimental methodology. The

vacuum-prepared commercial GO/PES membrane of Hu et al. [327] (highlighted in

literature review Section 2.5.3) delivered levels of rejection comparable to our systems,

with experiments involving sodium sulphate (≈55%), and sodium chloride (≈40%).

Chandio et al. [581] achieved comparable levels of sodium chloride rejection (≈45%),

but with much higher permeability (≈20 l ·m−2 ·h−1 · bar−1). The performance of GO

membranes must also be contextualised against alternative competitor material mem-

branes. In Section 2.5.4, several material classes including metal oxide frameworks,

carbon nanotubes and polyamide thin film composites were presented. Many of these

materials appear to significantly out-perform GO-polymer composites prepared by vac-

uum deposition for removal of ions from water. In particular, the removal performance

of several polyamide membranes was particularly high, with removal rates >95%. As

such there is a gulf between the existing GO-polymer systems from literature and in

this study, relative to the current industrial benchmark. It is considered that this may

be due to the unpredictability of the pore size distribution brought by the uncontrolled

GO layering in vacuum deposition technique.
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6.3.4 Mechanism: Desalination

Results achieved in desalination of saline feeds using GO-coated PES membranes were

presented in Section 6.3. The effects of a number of factors upon desalination capability

have been considered, including concentration of GO in membrane coating and filtration

pressure. Understanding the mechanism of desalination, which governs the performance

characteristics of the membranes, is the focus of this section. This is an essential stage

of developing a complete understanding of the membranes application.

The Donnan Effect, that accounts for electrochemical interactions of GO with ions,

was introduced in the literature review (Section 2.5.1). As discussed, a greater number

of cations per anion leads to lower rejection of a membrane towards a given salt [582].

With relevance to the studies in this chapter, valencies of the anions and cations present

within the four salts are presented in Table 6.2. The impact of valency upon salt rejec-

tion is evaluated by introducing the ratio of valencies parameter of the cation:anion,

denoted Z+/Z− ratio, where Z+ and Z− denote respective valencies of cation and anion

[583]. In accordance with the above discussion on the Donnan Effect, a low value of

Z+/Z− ratio predicts higher overall salt rejection.

Table 6.2: Z+/Z− ratio for the salts sodium chloride, sodium sulphate, magnesium
sulphate and ammonium heptamolybdate.

Salt Cation Valency Anion Valency Z+/Z− Ratio

Sodium Chloride 1 1 1

Sodium Sulphate 1 2 0.50

Magnesium Sulphate 2 2 1

Ammonium Heptamolybdate 1 6 1/6

Figure 6.4 shows the mean salt rejection, achieved for each salt by each GO-coated

membrane, as a function of Z+/Z− ratio.
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Figure 6.4: Mean salt rejection of the four salts by GO-coated membranes as a function
of Z+/Z− ratio.

With respect to all GO-coated membranes, it appears that the trend expected by

Donnan Effect is upheld, as the experimentally observed ordering of salt rejections (R

(NH+
4 ) > R (Na2SO4) > R (NaCl) ≈ R (MgSO4)) is correlated to the Z+/Z− ratio.

It is clear from the chart that salts comprising monovalent cations and multi-valent

anions led to higher overall rejection. This is exemplified by considering that the overall

highest mean rejection achieved was in removal of ammonium heptamolybdate, which

is consistent with the expectation that low Z+/Z− ratio correlates to high rejection.

The impact of the Donnan Effect is illustrated by comparison of the results for

sodium sulphate and magnesium sulphate; as the divalent anions are the same, the

significant difference in rejection is attributed to the different valencies of the cations.
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Clearly, the divalent Mg2+ cation diminishes rejection to a greater extent than Na+,

owing to the previously discussed impacts of adsorption, charge neutralisation and ionic

valencies that contribute to a weakening of the Donnan Effect [327]. In addition, this

is further supported by consideration that two cations are associated with the sodium

sulphate, in comparison to the one with magnesium sulphate.

A second interesting comparison is made between the rejection profiles of magne-

sium sulphate and sodium chloride, both of which have Z+/Z− ratio equal to one.

In our systems, the rejection levels of these salts is very close; in several cases, it is

marginally higher for sodium chloride. The cations are again Mg2+ and Na+. In terms

of the anions, the divalent SO2−
4 anion (-1.147 C·mm−3) has significantly greater neg-

ative charge density in comparison to the monovalent Cl− (-0.457 C·mm−3) [584]. As

such, GO membranes with their initially negative coating repel the sulphate group more

strongly than the chloride ion, and are as such better at rejecting the divalent anion.

For this comparison of two salts with identical Z+/Z−, there is seemingly an interesting

competition established between the balance of attractive and repulsive forces between

GO and counter/co-ionic species, that has a very potent impact upon the performance

of the systems. Overall, the effects appear to reach a state of parity, resulting in very

similar levels of rejection for the two salts.

Another aspect which was mentioned but not discussed in Section 6.3 was that the

permeability of the magnesium sulphate systems were in all cases very low; this is also a

feature related to the valency of the cation. Divalent cations have higher hydration free

energies than monovalent cations, as such, the energetic barrier associated with their

motion is greater, resulting in restrictions as they transit through a narrow nanochannel

[585]. The electrostatic attraction to the negatively charged functional groups is also

stronger [586]. A combination of the restrictions and charge results in overall lower

permeability of cations with higher valency.

Membranes also separate components based on physical size effects, an effect known
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as steric hindrance. In section 2.5.2 of the literature review, the hydrated diameters of

Na+ (0.72 nm) and Mg+ (0.86 nm) were given; in addition, the hydrated diameter of

NH+
4 is 0.66 nm [324]. By measurement of d-spacing using XRD (Section 4.4.3), it was

demonstrated that the interlayer spacing of the higher concentration coatings for both

GO systems in dry state was 0.76 nm. It was further found that the membranes swelled

due to intercalation of water molecules; for SFGO to 0.80 nm while for LFGO, to 0.82

nm. Based on argument of steric effects alone, it is thus considered that the membranes

would be unable to retain the Na+ and NH+
4 cations, as they are smaller than the

interlayer spacings, whereas in practice, the rejection of the NH+
4 salt was highest

overall. Similarly, it is hypothesised that the Cl− (0.66 nm) and SO2−
4 ions (0.76 nm)

would also be capable of transiting the membrane with minimal or no resistance. By

comparison of the results achieved in rejection of sodium chloride and sulphate, it was

observed that the rejection of the sulphate salt is significantly higher than the chloride:

this feature may be attributed to steric effects and exclusion of the relatively larger

SO2−
4 anion, in addition to charge-based effects [342]. Based on the above argument in

terms of interlayer spacings relative to the sizes of the ions, however, it is considered

that size exclusion is not likely to be the dominant mechanism of rejection. Steric

effects may however contribute to the decline in salt rejection with permeated volume,

a feature that was highlighted in Section 6.3.2: as demonstrated in this section, the GO

membranes suffer a continual decline in salt rejection with volume permeated. When

the membrane becomes wet, the transport of ions through the swollen structure is

facilitated due to the increase in interlayer spacing, thus enabling the permeation of a

greater number of ions [327], therefore accounting for the decline in performance.
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6.4 Results and Discussion: Impact of salt addition upon
Dye Adsorption

6.4.1 Impact of salt addition upon Kinetics of dye adsorption

Exploration of the effects of Contact Time upon adsorption were evaluated by mon-

itoring qt as a function of time for 50 minutes, in analogy to the analysis which was

conducted in GO-dye system (Section 5.3.1). Time-variant values of qt, subject to

sodium sulphate and magnesium sulphate loadings in the range 0 - 200 mg (0 - 2.00

g/l), is shown as a function of contact time for SFGO in Figure 6.5(a) and for LFGO in

(b), with PSO curvilinear profiles fitted to the qt. Note that the values corresponding

to salt loading of zero (indicated on the figures as No Salt) is simply extracted from the

idealised GO-dye system. For brevity in all subsequent figures in this section, sodium

sulphate and magnesium sulphate are represented by their cations (Na+ and Mg2+,

respectively).
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Figure 6.5: Effect of Contact Time upon MB adsorption, subject to magnesium and
sodium sulphate loading, for (a) SFGO and (b) LFGO, in which salt concentration
varied 0 - 2.00 g/l.

It is observed that the addition of salt ions causes the values of qt to decline with

respect to the case for which no salt is added. Additionally, it is seen that as the

the salt concentration in MB is increased from 0.50 - 2.00 g/l, this resulted in a more

significant declension in values of qt. The effect of adding divalent magnesium sulphate

to MB appears to be significantly greater than monovalent sodium sulphate, however,

as values of qt were observed for both GO’s to decline more significantly with increased

loadings of divalent magnesium salt.

The linear PSO model was fitted to the data; for completeness, the PSO plots are

provided in the Appendix (Figure A.12), likewise the corresponding linear equations
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are given in the Appendix (Table A.1). The PSO model was likewise demonstrated

to be appropriate for dye-salt systems, as the R2 values indicated perfect statistical

correlation. In analogous fashion to the case in which no salt was added (Section

5.3.3), the values of qe,cal2 were extracted from the linearised systems, for addition of

magnesium and sodium sulphate salts, at respective concentrations in the range 0.50 -

2.00 g/l: these are presented in Figure 6.6. The values of qe,cal2 obtained for the case

in which salt concentration was zero correspond to those discussed in Section 5.3.3.

An assumed linear trendline was fitted to the profiles, with the corresponding values

of R2 displayed: the regression coefficients were all >0.85, as such it seems reasonable

to assume that the overall response corresponds to a linear decline with increasing salt

loading. Again, inspection of Figure 6.6 reveals that addition of divalent magnesium

sulphate (dashed lines) caused a more significant declension in qe,cal2, as electrolyte

concentration increased from 0 – 2.0 g/l.

Figure 6.6: PSO qe,cal2 values for adsorption of MB, subject to salt loading with sodium
sulphate and magnesium sulphate salts. Loadings of salt were 0, 50, 100, 150 and 200
mg, such that salt concentrations in MB were 0.50, 1.00, 1.50 or 2.00 g/l.
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As indicated on the plot, for SFGO, qe,cal2 declines from 270.27 mg/g when no salt

is added, to 256.41 mg/g in the case of sodium sulphate addition and 204.08 mg/g

in the case of magnesium sulphate addition, corresponding to a 5.13% and 32.43%

reduction, respectively, when salt concentration in MB is 2.00 g/l. For adsorption of

MB with LFGO, the effect on qe,cal. values follows a similar trend, declining from 232.56

mg/g when no salt is added to 217.39 mg/g in the case of 2.00 g/l sodium sulphate

addition and 192.31 mg/g in the case of magnesium sulphate addition, corresponding

to 6.98% and 17.31% reductions, respectively. Importantly, the effective reduction with

magnesium sulphate addition with LFGO was approximately half that of the SFGO

reduction.

6.4.2 Impact of salt addition upon Equilibria of dye adsorption

The impact of salt addition upon equilibria of dye adsorption was evaluated by Lang-

muir isotherm. Langmuir plots are included for reference in the Appendix (Figure

A.13(a) and (b), respectively). The Langmuir isotherm equations, in the analogous

linear format (discussed in Section 5.4.2), are tabulated in the Appendix (Table A.2).

Isotherm parameters qmax and KL were calculated from the isotherm plots, in analo-

gous manner to which they were extracted for the case of no salt (Section 5.4.2): these

are shown in Table 6.3.

Table 6.3: Langmuir isotherm parameters qmax. and KL, for adsorption of MB using
SFGO and LFGO, subject to loading MB with magnesium sulphate or sodium sulphate.
Salt concentration in MB was 8.00 g/l.

GO
No Salt 8.00 g/l Na+ 8.00 g/l Mg2+

qmax (mg/g) KL(l/g) qmax (mg/g) KL(l/g) qmax (mg/g) KL(l/g)

SFGO 526.3 0.0477 500.0 0.0406 333.3 0.0935

LFGO 384.6 0.0411 357.1 0.0290 243.9 0.0065

Consistent with the behaviour observed in kinetics experiments, calculated values

of qmax are observed to decline with the addition of 8.00 g/l salt. The decline was
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more drastic for the addition of magnesium sulphate, again showing consistency with

kinetics experiments. The calculated KL values were found to decline with addition

of salt, with greater significance for addition of magnesium sulphate. This suggests

that addition of salt reduces the affinity of GO for MB adsorption and that this is

particularly pronounced for divalent magnesium sulphate.

One salient consideration, then, was to understand why the impact of magnesium

sulphate was more significant overall than sodium sulphate, and why did the influence

of magnesium ions seem greater upon SFGO systems compared to LFGO. This, along

with other features of the mechanism, will now be considered in greater detail, in the

following section.

6.4.3 Mechanism: impact of salt addition upon dye adsorption

In the adsorption systems in Chapter 5 involving binary GO-dye systems, the ad-

sorption of MB by GO was not impeded by the presence of other charged species.

Dissolution of electrolytes into MB resulted in the cations competing with MB for oc-

cupation of adsorbent binding sites. The impact of electrolyte presence was exhibited

clearly by the reduction in qe,cal2 values, subject to increased loadings of magnesium

sulphate and sodium sulphate (Figure 6.6). A similar trend was observed regarding

the equilibria of adsorption (Section 6.4.2). Addition of Mg2+ ions had a more severe

impact upon the decline in adsorption; as discussed in Section 6.5, the divalent cations

are capable of physical adsorption onto GO surface, whereas Na+ cations are not. The

effect is thus to reduce the electrostatic attraction between the GO and MB, due to

charge screening, which is especially prominent for Mg2+ addition. Accordingly, with

the attraction between adsorbent and adsorbate diminished, the adsorption of MB is

lower, due to the presence of cations.

As highlighted in Section 6.4, it is also important to understand why SFGO was

more significantly impacted by salt addition than LFGO, as reflected by its greater
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depletion in qe,cal2 values (Figure 6.6). This was investigated by measurement of zeta

potential for salt-in-GO colloids (Section 4.3.7). For SFGO adsorbents charge neutral-

isation occurs at lower loading of magnesium sulphate; it is considered that the small

flakes with high surface area are capable of adsorbing more cations per unit area than

LFGO, in addition to having greater initial electrostatic attraction to the dye. As

such, the increased tendency to adsorb cations in preference to MB thus accounts for

the more significant decline in MB adsorption capacity.

6.5 Results and Discussion: Fractionation of dye and salt
mixtures

In this section, the research on membrane filtration is extended to consider fractionation

of dye-salt mixed systems. To be consistent with the previous section regarding dye

adsorption in a binary dye-salt mixture, sodium and magnesium sulphate salts were

dispersed into 5 mg/l MB, and the dye and salt rejections were monitored at periodic

intervals. In order to streamline the experimental matrix, only the two most successful

membrane candidates were selected for this series of tests: these were the SFGO/PES

0.10 mg/ml coating (higher SFGO concentration) and LFGO/PES 0.01 mg/ml (lower

LFGO concentration). For brevity, in this section alone, the SFGO/PES 0.10 mg/ml

coating will be referred to as SFGO, meanwhile LFGO/PES 0.01 mg/ml will be LFGO.

The mean permeability and combined mean MB and salt rejections of the SFGO-

and LFGO-coatings, in filtration of MB-sodium sulphate and MB-magnesium sulphate

are shown, respectively, in Figure 6.7(a) and (b). The filtration results for removal of

MB by the SFGO and LFGO membranes is taken from the earlier dye removal studies

(Section 5.5).
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Figure 6.7: (a) Mean permeability and (b) Mean MB and salt rejections of SFGO- and
LFGO-coated membranes in fractionation of MB - Na2SO4 and MB - MgSO4 dye-salt
mixtures.

The presence of electrolytes is demonstrated to have an overall adverse impact

upon the permeability for both membrane systems. Introduction of electrolytes into

MB increases the ionic concentration in the feed, as such the osmotic pressure increases

and permeability is decreased due to the effects of concentration polarisation [587].

The SFGO membranes are significantly more impacted than LFGO; high adsorption

capacity and surface area of the SFGO coating for cations is affected more significantly,

thus accounting for the greater depletion in permeabilities. Deposition of dyes onto the

membrane surfaces due to adsorption causes a reduction in permeation of solvent in

dye-salt systems, due to physical pore coverage or blocking [588]. The permeability of

226



both membrane systems towards MB - MgSO4 was lowest overall, perhaps due to the

increased adsorption of the divalent cation onto the membrane surface relative to the

monovalent Na+, which may penetrate the pores and cause shrinkage, thus reducing

the permeability [589].

Comparison of the overall mean MB rejections with and without electrolytes reveals

that the MB rejection is decreased subject to ionic presence. Adsorption of cations

onto the initially electronegative membrane surface disrupts the electrokinetic stability

of the surface; the cations are capable of shielding the negative surface potential [590,

591]. The impact of cation adsorption on GO adsorbent surfaces was demonstrated by

measurement of zeta potential (Figure 4.11). It was revealed that divalent Mg2+ had

the greatest impact upon colloidal stability; a feature of the greater charge density of the

Mg2+ (1.66 C·mm−3), compared with the Na+ (0.24 C·mm−3) [592]. Consistent with

the discussion in the literature review (Section 2.2.1), this results in adsorption of Mg2+

onto GO membrane surfaces, meanwhile the Na+ cations accumulate in and compress

the electrical double layer of the GO [593, 594]. The overall effect of multi-valent

cationic salt addition is thus to cause charge reversal of GO. Such behaviour is consistent

with the trends in rejection observed here; as it was found that the incorporation

of magnesium sulphate had greater impact than sodium sulphate upon reducing the

rejection of MB.

It has also been reported that the presence of low concentrations of salt can assist

the dispersion of dyes in solution due to repulsion between dye molecules and cations,

an effect that facilitates their transit through the membrane [595]. An interesting ob-

servation is that the achieved levels of salt rejection actually very slightly increase when

the salts dispersed in MB, compared to the values obtained in desalination experiments

(Section 6.3). This observation is due to the increase of thickness that occurs due to

the deposition of MB onto the electronegative membrane surface; this has the effect of

hindering the passage of ions, thus slightly increasing the resistance to transport across
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the membrane [596].

The concept of selectivity is a defining parameter in multi-component feeds. Selec-

tivity is an important parameter for assessment of separation quality; achievement of

high solvent permeability and high selectivity is a very desirable feature in membrane

operations [597]. The selectivity parameter (α), defined in terms of the rejection levels

of one species relative to those of another, thus providing assessment of the ability of a

membrane to fractionate different species [598]. Given the mixtures in our studies are

salts and dyes, the selectivity of salt separation relative to dye (αSalt/Dye) is defined by

the following relationship [599]:

αSalt/Dye =
1 −R(Salt)

1 −R(Dye)
(6.1)

where the values of R(Salt) and R(Dye) are the mean values of the respective salt

and dye rejections.

Selectivities of the LFGO/PES 0.01 mg/ml and SFGO/PES 0.10 mg/ml mem-

branes, in fractionation of dye - salt mixtures are reported as follows: for MB - Na2SO4,

αSalt/Dye = 2.70 ± 0.040 for SFGO and 1.10 ± 0.007 for LFGO, while for MB - MgSO4,

αSalt/Dye = 2.29 ± 0.015 for SFGO and 1.18 ± 0.012 for LFGO. The error term in the

stated values of αSalt/Dye refers to the standard deviation across three experimental

runs.

It is apparent that the SFGO coating offers improved levels of selectivity compared

to LFGO, for both MB - Na2SO4 and MB - MgSO4 systems. This is considered a

feature of the SFGO-coatings retaining high overall levels of MB rejection: as such,

the term (1 - R(Dye) ) in the denominator of Equation 6.1 tends to diminish, meaning

that the selectivity parameter is mathematically maximised. It is worth considering,

however, that the calculated values of αSalt/Dye are all rather low, relative to a selection

of values reported in literature. For example, Kang et al. [599] reported a highly selec-
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tive magnetite-doped GO membrane that achieved a selectivity of 63.2, when filtering a

Congo Red/sodium chloride system. Similarly, Li et al. [600] reported a highly selective

trimethylamine-doped membrane that achieved a selectivity of 18.3, when separating

Congo Red/sodium sulphate system. It is thus considered that the selectivity of mem-

brane systems may be improved by functionalisation of the GO to tailor its properties

towards rejection of a certain component.

6.6 Conclusions

This chapter has evaluated the performance of GO materials in ionic environments.

The key properties of differing flake sizes was again explored.

GO-coated membranes were demonstrated to have reasonable capacity to desali-

nate salt solutions, with salt rejection decreasing according to the order: R (NH+
4 ) > R

(Na2SO4) > R (NaCl) ≈ R (MgSO4). The rejection of salts by GO-coated membranes

was attributed to the Donnan Effect, meaning that electrostatic interactions of GO

coating with electrolytes is responsible for the separation performance. A secondary

contribution was considered to have been made by the effects of steric hindrance. The

highest overall rejections were achieved by the salts having lowest cationic valency and

highest anionic valency (ammonium heptamolybdate and sodium sulphate), suggesting

that the Donnan Effect is the dominating mechanism. The effects of GO concentration

and filtration pressure upon filtration performance were also considered. For SFGO sys-

tems, increasing the GO concentration led to an increase in salt rejection but decreased

permeability, due to the greater surface area of the coating. For LFGO systems, the

increase in GO concentration led to a decrease in sieving performance but an increase

in flux; it was considered that this was due to the increase in membrane hydrophilicity.

Filtration at higher pressure (4 bar) resulted in an increase in permeability and decline

in salt rejection, for all membranes and all salts, due to the inherent microstructural

229



defects present within the GO coatings.

The impact of salt addition upon dye adsorption capacity of the GO materials

for MB dye was assessed by dispersing magnesium sulphate and sodium sulphate into

the dye. It was demonstrated, by PSO kinetics and Langmuir isotherm analysis, that

the presence of electrolytes had a significant adverse impact upon the dye adsorption

performance of the GO adsorbents; this was more pronounced for magnesium sulphate

addition compared to sodium sulphate. In addition, the impact of salt presence upon

smaller flake systems was particularly prominent, due to the stronger affinity of the

ions for the small and highly electronegative flakes. The governing reason for this

behaviour is related to the adsorption of high charge density Mg2+ counter-ions onto

the GO surface, meanwhile Na+ ions are not capable of surface adsorption. As such,

the Mg2+ ions cause charge reversal, eliminating the electronegativity and decreasing

the affinity of GO for MB. Accordingly, the SFGO systems suffered a 32.4% reduction

in adsorption capacity, meanwhile for LFGO systems the decline was lesser at 17.3%.

GO membranes were also utilised in separation of multi-component feeds comprising

MB and sodium sulphate or magnesium sulphate. Fractionation of MB-salt feeds was

shown to be moderately successful. It was revealed that the average MB rejection

levels decreased compared to that achieved in dye solution, due to the increased ionic

concentration in feed causing concentration polarisation. The salt rejection levels were

shown to increase due to the deposition of dye molecules onto the surface, resulting in a

slight increase in the layer thickness. Both SFGO and LFGO membranes demonstrated

a degree of multi-component selectivity; the achieved selectivity was however shown

to be low in comparison to selected publications, that typically presented the utility

functionalised GO.

The results of this chapter contribute novelty to the mechanistic understanding

of the interactions of GO with ionic species, and simulated effluent dye-salt systems.

The effects of flake size and surface charge are important factors in governing this
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behaviour, in conditions with increased relevant to industrial application. This chapter

may assist those seeking to enhance their understanding of the complexities of GO

within industrial effluent systems.
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Chapter 7

Conclusions and
Recommendations for future
research

7.1 Conclusions

This research has investigated the importance of flake size, surface area and charge in

removal of contaminant species from water. Commercial GO materials were employed

for removal of anionic MO and cationic MB dyes and salts from water, by means of

adsorption and membrane filtration. The inspiration of this thesis was to conduct

a piece of comparative research investigating GO flake size, in order to establish a

benchmark for removal of dye and salt contaminated waters by adsorption and filtration

studies.

GO’s and GO-coated PES membranes were characterised using a number of tech-

niques, in order to establish an understanding of the chemistry and properties of the

materials. LD and DLS particle sizing techniques were utilised to gain size distribu-

tions of the two GO systems; one of the GO materials was demonstrated as having

larger size than the other. In addition, BET analysis confirmed that the surface area

and pore volume of the smaller flake GO system were respectively a factor of four

and two greater than the larger flake system. Measurement of zeta potential across
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pH range 3.50 - 10.0 confirmed that both systems were negatively charged and that

the potential for SFGO was more negative than LFGO. These findings from the novel

characterisation approach were utilised as the basis for subsequent investigations in the

thesis, involving the utility of the GO’s in contaminant removal. Investigations into the

chemistry of the GO’s by FTIR and XPS revealed that the chemical identities of the

materials were markedly similar; in terms of functional group presence, both possessed

carbonyl, carboxyl and epoxy groups. One difference highlighted by XPS was that

the oxygen content of the LFGO sample was slightly higher than SFGO. This feature

was supported by EDX analysis, conducted during SEM imaging of the dried flakes.

Chemical analysis of the GO-coated PES revealed that the FTIR spectra of pure PES

and GO-coated PES were indistinguishable, suggesting that the GO does not modulate

the chemistry. XRD analysis of the interlayer spacing of the coating revealed that the

d-spacing increased when the membrane was in wet state, due to intercalation of wa-

ter molecules. Cross-sectional FIBSEM analysis showed that higher GO concentration

coatings resulted in membranes with increased thickness, an effect that was particularly

marked for the larger flake systems.

Studies of adsorption kinetics and equilibria of dye adsorption exploring the crucial

flake size property were implemented to determine the rate and capacities of adsorp-

tion, respectively. In respective adsorption studies, PSO and Langmuir isotherms were

ascribed to the kinetics and equilibria, respectively. MB adsorption was proven both

rapid and plentiful, with both GO systems, though, the rate of adsorption involving

small flake GO was particularly effective, due to the interactions of small flakes with

high surface area and the cationic dye molecules. Adsorption of MO was comparatively

less effective and slower in terms of kinetics than MB, though was still appreciable. In-

terestingly, the smaller flake system was less effective in adsorption, due to the high

negative surface charge. GO’s were demonstrated to aggregate in both dyes, in partic-

ular MB, due to the strong charge neutralising atmosphere of the opposite charged dye
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and GO. It was considered that this feature may offer advantages in terms of down-

stream separation, despite presenting challenges in practical reusability of the GO.

Based on the results obtained in dye adsorption studies, it is concluded that SFGO is

a more effective adsorbent of MB than LFGO, meanwhile LFGO is the better adsorbent

of MO. To this end, flake sizes and surface charge were the salient attributes that drove

this characteristic behaviour. In order to determine the applicability of the adsorbents

over multiple adsorption cycles, the reusability of the materials must be ascertained

(refer to next section); in particular given the tendency of GO to aggregate in charged

solution. This is considered a salient stage in developing the application of the materials

and further develop the understanding of the importance of flake size.

In filtration studies, flake size was also demonstrated to be a crucial feature, as

SFGO was shown to have greater capacity for MB and MO rejection when the con-

centration of GO increased, a feature that is attributed to the greater surface area

availability of the smaller flake system. LFGO, on the other hand, showed reduced

capacity for filtration at higher GO concentration, due to the instability of the higher

LFGO membrane in water. Both GO’s exhibited a declension in rejection and increase

in permeability subject to pressure increase, due to the presence of mechanical defects

in the membrane structures.

GO-coated membranes were used in desalination of saline waters. Of the four salts

used for these studies, desalination efficacy of both GO systems declined according to

the order: R (NH+
4 ) > R (Na2SO4) > R (NaCl) ≈ R (MgSO4). It was considered that

the Donnan Effect was the dominant mechanism, given the preferential retention of

salts with high valency anions and low valency cations. The Z+/Z− ratio was used to

associate the rejection performance with valencies; a low value of Z+/Z− resulted in

a higher overall rejection. The dye adsorption studies were extended to consider the

impact of salt addition upon adsorption efficacy, in MB-salt systems, with magnesium

sulphate and sodium sulphate. Secondly, the effects of ionic presence upon dye adsorp-
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tion were explored, where differences in flake size and surface area were anticipated to

be significant. It was revealed by PSO kinetics and Langmuir isothermal studies that

magnesium sulphate had a greater impact upon adsorption, resulting in significant de-

clines in adsorption efficacy subject to increased loadings of salt. In particular, the

impact upon the smaller flake systems was greatest. This behaviour was attributed to

charge-based interactions between GO and Mg2+ cations; in which physical adsorption

of cations onto GO neutralised the charge of the GO, thus reducing the electrostatic

attraction between MB and GO. The greater charge and surface area of smaller flake

GO offered greater capacity for adsorption of cations in solution. Research into dye-salt

systems was also extended by considering multi-component fractionation of MB-sodium

sulphate and MB-magnesium sulphate systems. Magnesium sulphate had the greater

adverse impact upon MB rejection, due to the ability of the divalent cation to eliminate

the negative charge of the membrane and thus weaken the Donnan Effect. The impact

upon the smaller flake system was more significant, due to the strong interactions of

the small GO flakes with the contaminants.

In membrane treatment of dye- and salt-contaminated waters, it was found that

the best overall candidate was the higher GO concentration SFGO membrane. The

increase in GO mass or surface area is correlated to the strong interaction of small GO

flakes with cationic dyes; considered a function of their ability to adsorb the dye. This

adsorption may, however, hinder the reusability of the small flake GO membranes, or

limit the applicability of the coating to low concentration feeds, so as not to hinder

the performance due to excessive surface adsorption. Of the LFGO coatings, it was

found that better performance resulted from a lower concentration GO; despite the

performance being overall lower than the higher concentration SFGO competitor. It is

considered that the better performance at low LFGO concentration could offer signifi-

cant advantages in terms of the process economics, due to the fact that lower quantities

of GO are required for deposition on each membrane, and more membranes may be
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coated per unit volume GO. By extension, this offers potential for cost effectiveness of

operation.

Several potential obstacles were identified in relation to the applicability of both

GO’s in filtration. Firstly, mechanical defects in the GO coatings was identified by

increasing pressure from 2 to 4 bar, in desalination and dye filtration experiments. The

rejection dropped and permeability increased, suggesting a reduction in performance

subject to higher pressure. This behaviour was observed regardless of GO flake size.

On one hand, this may be considered a positive outcome, as the membranes are able

to desalinate saline feeds at lower pressure; the ultimate ambition of the industry. On

the other hand, however, the reduction in performance is a hindrance on industrially-

relevant scales, as the operating pressure must be sufficiently high to overcome the

osmotic pressure of the feed, in particular for seawater cleanup applications. Coatings

resulting from vacuum deposition may increase the tendency of flakes to stack with

microstructural defects, due to the uncontrolled layering. This presents a potential

means of performance limitation, based on the current GO systems. In addition, the

desalting performance of the two GO’s declined as a function of permeated volume,

attributed to the weakening of the Donnan Effect, a feature particularly related to GO

surface charge. This is considered highly disadvantageous for application, given that

another cornerstone of industrial application is fabrication of membranes with longevity

and stability of performance over extended operation times. This second characteristic

flaw in the membranes must essentially be overcome in order for the membranes to be

an industrial option.

GO materials have demonstrated highly promising capabilities in terms of contam-

inated water treatment, by means of adsorption and filtration. The crucial properties

including flake size, surface area and charge were explored and investigations launched

into the importance of these in application. The studies have provided a full analytic

characterisation of flake size GO materials and membranes, and the applications in
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dye and salt removal investigated. It is considered that the materials have the poten-

tial to provide a scalable solution to meet the needs of the water crisis and achieve

their ultimate potential in demonstrating in situ applicability, despite, as indicated,

the necessity to overcome a number of challenges. It is anticipated that this thesis

will contribute to the understanding of flake sizes in GO systems, such that further

explorations in contaminant removal may be initiated. From this, GO materials may

achieve their full potential of industrial application.

7.2 Recommendations for future research

• Functionalisation of commercial GO materials having different flake size. Perhaps

the most significant recommendation is the investment in synthesis of function-

alised materials from a commercial GO backbone. The results of this study have

provided a substantial knowledge platform, regarding the application of these ma-

terials, from which a performance benchmark of GO-functionalised materials may

be gained. Functionalisation of GO materials is a promising means of tuning the

properties, perhaps leading to favourable interactions with certain components.

A serious development of the field as suggested by this research, therefore, is

the development of materials that are capable of out-performing the unmodified

materials used in these studies. It is anticipated that this development may en-

hance the already significant utility, enabling them to interact with and therefore

remove species from a multitude of industrially relevant environments.

• Restriction of experimental studies to a 2X2 matrix. The studies were constrained

to a system comprising two GO materials of different flake size and two dyes hav-

ing opposing molecular charges. Given time constraints of the project, it was

decided to limit the studies as such. In practice, there are a multitude of dyes

and GO materials which could have provided interesting comparative results for
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use in the studies. A useful development is therefore to increase the array of dyes

and GO materials tested. This will establish a broader baseline of performance,

from which an understanding of the removal properties of GO may be subdivided

according to dye class and properties. In addition, it would also be useful and

relevant to seek the optimum GO concentration, that correlates with the peak

performance of the materials. This may provide a deeper understanding of the

mechanism and behaviour of the systems.

• Dead end cell testing. Filtration testing of GO-coated membranes was carried

out using uniaxial flow testing equipment as the lone testing apparatus. Other

modes of testing, such as cross-flow filtration, were not utilised in the scope of

this research. This was primarily a constraint due to research budget limitations,

as the cross flow device has greater associated cost compared to dead end cell.

There were also access restrictions, as to the best of our knowledge, there was

no availability to carry out this testing in the university. Results of cross-flow

filtration would have provided useful results for comparison with those achieved in

dead end cell testing. Cross-flow provides high shear flux of contaminants across

the membrane surface and is therefore a more realistic means of filtration. It is

considered that researchers seeking to expand the utility of GO materials should

include cross-flow testing, as this may in turn lead to developments in coating

fabrication, so as to withstand the harsher treatment in cross-flow.

• Variation in experimental parameters for adsorption studies. Intentional variation

of parameters including solution temperature and pH were not incorporated into

adsorption or filtration studies. Deliberate modification of these parameters may

have impacted adsorption capacity of the GO materials, as such, exploration of

these factors would have been relevant to the studies and should be addressed in

future work. In our work, we considered multi-component adsorption and filtra-
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tion involving dye-salt systems; these were considered non-ideal systems, as the

interactions of GO and dye interaction was impeded by salts. As such, variation

in other parameters including temperature and pH would provide interesting re-

sults regarding the behaviour of GO materials in a non-idealised setting, such is

relevant for their application in industry.

• Long duration filtration stability studies. In order to investigate the stability of

the membrane performance over longer periods of operation, it is suggested that

stability studies be carried out over extended duration, i.e. lasting over several

hours to a full day. This would enable the performance (permeability and re-

jection) of the filter to be monitored over the timescales necessary for industrial

operation. Such studies were not possible for the scope of this research, given the

restrictions in terms of laboratory access times.

• Reusability of GO materials and membranes. An important stage in the develop-

ment of GO materials as adsorbents, or for application within membrane filtra-

tion, is to consider the resusability of the materials. Recycling of spent adsorbents

is a means to improve the process economics, by ensuring that the materials are

not a single-use only product. As highlighted in earlier sections, GO tends to

aggregate when contacted with charged species, a feature especially relevant for

highly charged SFGO systems. It is therefore imperative to assess the poten-

tial for separation and re-use of the material. Additionally, within operation of

membrane materials, it is important to assess the potential for flux and rejection

regeneration properties across multiple filtration cycles, perhaps with an intermit-

tent cleaning cycle. This would enable assessment of the membrane recyclability.

Such studies were not incorporated into our research given time constraints.
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Appendix A

A.1 Chapter 4

Figure A.1: Nitrogen adsorption isotherms, collected during BET analysis of GO pow-
ders at 77K, for (a) SFGO and (b) LFGO.
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Figure A.2: EDX spectra of (a) SFGO and (b) LFGO, taken from a single spot size on
the dried GO materials.
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Figure A.3: FTIR spectrum of Sterlitech PES 0.20 µm filter.

Figure A.4: FTIR analysis of commercial PES membrane, and SFGO- and LFGO-
coated membranes. Spectra are shown in wavenumber range 4000 - 0 cm−1.
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Figure A.5: XRD diffraction pattern of copper sample holder, used during analysis of
GO-coated PES membranes.
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A.2 Chapter 5

Figure A.6: Permeability and Rejection of 5, 10 mg/l MB using 0.10 mg/ml coatings
of (a) SFGO and (b) LFGO. Filtration pressure 2 bar. Vertical error bars represent
standard deviation across three separate filtration runs.
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Figure A.7: Permeability and Rejection of 5, 10 mg/l MO using 0.10 mg/ml coatings
of (a) SFGO and (b) LFGO. Filtration pressure 2 bar. Vertical error bars represent
standard deviation across three separate filtration runs.
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Figure A.8: Permeability and Rejection of 5 mg/l MB using 0.10 mg/ml coatings of
(a) SFGO and (b) LFGO. Filtration pressure 2 and 4 bar. Vertical error bars represent
standard deviation across three separate filtration runs.
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Figure A.9: Permeability and Rejection of 5 mg/l MO using 0.10 mg/ml coatings of
(a) SFGO and (b) LFGO. Filtration pressure 2 and 4 bar. Vertical error bars represent
standard deviation across three separate filtration runs.
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A.3 Chapter 6

Figure A.10: Permeability and salt rejection, as a function of permeated volume, in
desalination of (a) sodium chloride, (b) sodium sulphate, (c) magnesium sulphate and
(d) ammonium heptamolybdate, using 0.10 mg/ml SFGO coating. Salt concentration
0.50 mg/ml. Filtration pressure 2 and 4 bar. Vertical error bars represents standard
deviation across 3 filtration runs.
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Figure A.11: Permeability and salt rejection, as a function of permeated volume, in
desalination of (a) sodium chloride, (b) sodium sulphate, (c) magnesium sulphate and
(d) ammonium heptamolybdate, using 0.10 mg/ml LFGO coating. Salt concentration
0.50 mg/ml. Filtration pressure 2 and 4 bar. Vertical error bars represents standard
deviation across 3 filtration runs.
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Table A.1: PSO kinetics equations for adsorption of MB by SFGO and LFGO, subject
to the presence of 0.50 - 2.00 g/l sodium sulphate and magnesium sulphate.

GO - Salt Y = mX + C R2

SFGO - 0.50 g/l Na+ 0.0038·X + 0.0014 1.000

SFGO - 1.0 g/l Na+ 0.0038·X + 0.0014 1.000

SFGO - 1.50 g/l Na+ 0.0039·X + 0.0016 1.000

SFGO - 2.0 g/l Na+ 0.0039·X + 0.0016 1.000

SFGO - 0.50 g/l Mg2+ 0.0038·X + 0.0053 1.000

SFGO - 1.0 g/l Mg2+ 0.0042·X + 0.0062 1.000

SFGO - 1.50 g/l Mg2+ 0.0045·X + 0.0035 1.000

SFGO - 2.0 g/l Mg2+ 0.0049·X + 0.0058 1.000

LFGO - 0.50 g/l Na+ 0.0044·X + 0.0015 1.000

LFGO - 1.0 g/l Na+ 0.0044·X + 0.0016 1.000

LFGO - 1.50 g/l Na+ 0.0045·X + 0.0013 1.000

LFGO - 2.0 g/l Na+ 0.0046·X + 0.0012 1.000

LFGO - 0.50 g/l Mg2+ 0.0046·X + 0.0041 1.000

LFGO - 1.0 g/l Mg2+ 0.0051·X + 0.0043 1.000

LFGO - 1.50 g/l Mg2+ 0.0051·X + 0.0057 1.000

LFGO - 2.0 g/l Mg2+ 0.0052·X + 0.0040 1.000
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Figure A.12: PSO Kinetics of adsorption for SFGO with (a)MB/sodium sulphate
and (b)MB/magnesium sulphate, and LFGO with (c)MB/sodium sulphate and
(d)MB/magnesium sulphate

Table A.2: Langmuir isotherms for adsorption of MB, subject to loading the MB with
8.00 g/l sodium sulphate or magnesium sulphate.

GO - Salt
Langmuir isotherm

Y = mX + C R2

SFGO - Na+ 0.0020·X + 0.0493 0.9876

LFGO - Na+ 0.0028·X + 0.0964 0.9956

SFGO - Mg2+ 0.0030·X + 0.0321 0.9871

LFGO - Mg2+ 0.0041·X + 0.0609 0.9833
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Figure A.13: Langmuir isotherms for adsorption of 50, 75, 100, 125 and 150 mg/l MB
using SFGO and LFGO, subject to 8.00 g/l salt loading, for (a) sodium sulphate and
(b) magnesium sulphate.
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Preparation of graphene oxide and characterisation using electron spectroscopy.

Journal of Electron Spectroscopy and Related Phenomena, 193:92–99, 2014. 17

[157] Alice AK King, Benjamin R Davies, Nikan Noorbehesht, Peter Newman,

Tamara L Church, Andrew T Harris, Joselito M Razal, and Andrew I Minett. A

new raman metric for the characterisation of graphene oxide and its derivatives.

Scientific reports, 6(1):19491, 2016. 17, 107, 108

[158] Peter W Albers, Valeri Leich, Anibal J Ramirez-Cuesta, Yongqiang Cheng, Jonas

Hönig, and Stewart F Parker. The characterisation of commercial 2d carbons:

graphene, graphene oxide and reduced graphene oxide. Materials Advances,

3(6):2810–2826, 2022. 17, 18

[159] MTH Aunkor, IM Mahbubul, R Saidur, and HSC Metselaar. The green reduction

of graphene oxide. Rsc Advances, 6(33):27807–27828, 2016. 18

[160] Artur Filipe Rodrigues, Leon Newman, Neus Lozano, Sourav P Mukherjee, Bengt

Fadeel, Cyrill Bussy, and Kostas Kostarelos. A blueprint for the synthesis and

characterisation of thin graphene oxide with controlled lateral dimensions for

biomedicine. 2D Materials, 5(3):035020, 2018. 18

[161] Rabia Ikram, Badrul Mohamed Jan, and Waqas Ahmad. An overview of indus-

trial scalable production of graphene oxide and analytical approaches for synthesis

and characterization. Journal of Materials Research and Technology, 9(5):11587–

11610, 2020. 18

[162] Kanika Gupta and Om P Khatri. Reduced graphene oxide as an effective adsor-

272



bent for removal of malachite green dye: plausible adsorption pathways. Journal

of colloid and interface science, 501:11–21, 2017. 23

[163] Huan Wang, Xin Lai, Wei Zhao, Youning Chen, Xiaoling Yang, Xiaohua Meng,

and Yuhong Li. Efficient removal of crystal violet dye using edta/graphene oxide

functionalized corncob: a novel low cost adsorbent. RSC advances, 9(38):21996–

22003, 2019. 23, 35

[164] Lavita J Martis, N Parushuram, and Y Sangappa. Preparation, characterization,

and methylene blue dye adsorption study of silk fibroin–graphene oxide nanocom-

posites. Environmental Science: Advances, 2022. 23

[165] Mahdi Zarrabi, Mohammad Haghighi, Reza Alizadeh, and Salar Mahboob. Solar-

light-driven photodegradation of organic dyes on sono-dispersed zno nanoparti-

cles over graphene oxide: Sono vs. conventional catalyst design. Separation and

Purification Technology, 211:738–752, 2019. 23

[166] Man Luo, Nicholas A Wauer, Kyle J Angle, Abigail C Dommer, Meishi Song,

Christopher M Nowak, Rommie E Amaro, and Vicki H Grassian. Insights into

the behavior of nonanoic acid and its conjugate base at the air/water interface

through a combined experimental and theoretical approach. Chemical science,

11(39):10647–10656, 2020. 24

[167] V Sabna, Santosh G Thampi, and S Chandrakaran. Adsorptive removal of

cationic and anionic dyes using graphene oxide. Water Science and Technology,

78(4):732–742, 2018. 24, 30

[168] Lianqin Zhao, Sheng-Tao Yang, Shicheng Feng, Qiang Ma, Xiaoling Peng, and

Deyi Wu. Preparation and application of carboxylated graphene oxide sponge in

dye removal. International journal of environmental research and public health,

14(11):1301, 2017. 24

273



[169] GK Ramesha, A Vijaya Kumara, HB Muralidhara, and S Sampath. Graphene

and graphene oxide as effective adsorbents toward anionic and cationic dyes.

Journal of colloid and interface science, 361(1):270–277, 2011. 24, 26

[170] Mingfei Zhao and Peng Liu. Adsorption of methylene blue from aqueous solutions

by modified expanded graphite powder. Desalination, 249(1):331–336, 2009. 24

[171] Sheng-Tao Yang, Sheng Chen, Yanli Chang, Aoneng Cao, Yuanfang Liu, and

Haifang Wang. Removal of methylene blue from aqueous solution by graphene

oxide. Journal of colloid and interface science, 359(1):24–29, 2011. 24

[172] Yajun Yue, Zhanfang Cao, Fan Yang, Jing Wang, and Isaac Abrahams. Prepa-

ration of an anti-aggregation silica/zinc/graphene oxide nanocomposite with

enhanced adsorption capacity. Chemistry–A European Journal, 25(71):16340–

16349, 2019. 24, 25, 176

[173] B Derjaguin. On the repulsive forces between charged colloid particles and on

the theory of slow coagulation and stability of lyophobe sols. Transactions of the

Faraday Society, 35:203–215, 1940. 25

[174] Dan Li, Marc B Müller, Scott Gilje, Richard B Kaner, and Gordon G Wallace.

Processable aqueous dispersions of graphene nanosheets. Nature nanotechnology,

3(2):101–105, 2008. 25, 26, 41, 56

[175] Tamas Szabo, Plinio Maroni, and Istvan Szilagyi. Size-dependent aggregation of

graphene oxide. Carbon, 160:145–155, 2020. 25

[176] Hongmei Sun, Linyuan Cao, and Lehui Lu. Magnetite/reduced graphene oxide

nanocomposites: one step solvothermal synthesis and use as a novel platform for

removal of dye pollutants. Nano Research, 4(6):550–562, 2011. 25

274



[177] Chen Junyong, Hao Yongmei, Liu Yan, and Gou Jiajia. Magnetic graphene oxides

as highly effective adsorbents for rapid removal of a cationic dye rhodamine b from

aqueous solutions. RSC advances, 3(20):7254–7258, 2013. 25

[178] Swetha Jayanthi, Neerugatti KrishnaRao Eswar, Satyapaul A Singh, Kaushik

Chatterjee, Giridhar Madras, and AK Sood. Macroporous three-dimensional

graphene oxide foams for dye adsorption and antibacterial applications. RSC

advances, 6(2):1231–1242, 2016. 25, 175

[179] CR Minitha, M Lalitha, YL Jeyachandran, L Senthilkumar, and Rajendra Kumar

RT. Adsorption behaviour of reduced graphene oxide towards cationic and anionic

dyes: Co-action of electrostatic and π–π interactions. Materials chemistry and

physics, 194:243–252, 2017. 26, 30, 47, 145, 196

[180] Mohammad Ilyas Khan, Mohammed Khaloufa Almesfer, Abubakr Elkhaleefa,

Ihab Shigidi, Mohammed Zubair Shamim, Ismat H Ali, and Mohammad Rehan.

Conductive polymers and their nanocomposites as adsorbents in environmental

applications. Polymers, 13(21):3810, 2021. 26

[181] D Robati, B Mirza, M Rajabi, O Moradi, I Tyagi, S Agarwal, and VK Gupta.

Removal of hazardous dyes-br 12 and methyl orange using graphene oxide as

an adsorbent from aqueous phase. Chemical Engineering Journal, 284:687–697,

2016. 26, 174

[182] Nirbhai Singh, Sk Riyajuddin, Kaushik Ghosh, Surinder K Mehta, and Abhijit

Dan. Chitosan-graphene oxide hydrogels with embedded magnetic iron oxide

nanoparticles for dye removal. ACS Applied Nano Materials, 2(11):7379–7392,

2019. 27

[183] Delong Kong, Lijuan He, Hansheng Li, Zenghong Song, et al. Preparation and

characterization of graphene oxide/chitosan composite aerogel with high adsorp-

275



tion performance for cr (vi) by a new crosslinking route. Colloids and Surfaces

A: Physicochemical and Engineering Aspects, 625:126832, 2021. 27

[184] Yawei Shi, Guobin Song, Anqi Li, Jun Wang, Haonan Wang, Ya Sun, and

Guanghui Ding. Graphene oxide-chitosan composite aerogel for adsorption of

methyl orange and methylene blue: Effect of ph in single and binary systems.

Colloids and Surfaces A: Physicochemical and Engineering Aspects, 641:128595,

2022. 27

[185] Xiaorong Zhang, Chengbing Qin, Yani Gong, Yunrui Song, Guofeng Zhang,

Ruiyun Chen, Yan Gao, Liantuan Xiao, and Suotang Jia. Co-adsorption of an

anionic dye in the presence of a cationic dye and a heavy metal ion by graphene

oxide and photoreduced graphene oxide. RSC advances, 9(10):5313–5324, 2019.

27

[186] G William Kajjumba, Serkan Emik, Atakan Öngen, H Kurtulus Özcan, and Ser-
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The role of adsorption on nanofiltration of azo dyes. Journal of Membrane Sci-

ence, 255(1-2):157–165, 2005. 50

[292] Jian Huang and Kaisong Zhang. The high flux poly (m-phenylene isophthala-

290



mide) nanofiltration membrane for dye purification and desalination. Desalina-

tion, 282:19–26, 2011. 50

[293] Xiuzhen Wei, Songxue Wang, Yingying Shi, Hai Xiang, and Jinyuan Chen. Ap-

plication of positively charged composite hollow-fiber nanofiltration membranes

for dye purification. Industrial & Engineering Chemistry Research, 53(36):14036–

14045, 2014. 50

[294] Meng Li, Xi Wang, Cassandra J Porter, Wei Cheng, Xuan Zhang, Lianjun

Wang, and Menachem Elimelech. Concentration and recovery of dyes from tex-

tile wastewater using a self-standing, support-free forward osmosis membrane.

Environmental science & technology, 53(6):3078–3086, 2019. 50

[295] Lu Shao, Xi Quan Cheng, Yang Liu, Shuai Quan, Jun Ma, Shu Zhen Zhao, and

Kai Yu Wang. Newly developed nanofiltration (nf) composite membranes by

interfacial polymerization for safranin o and aniline blue removal. Journal of

Membrane Science, 430:96–105, 2013. 50
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