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ABSTRACT 

 

Increasing activities in industry have resulted in wastewater generation that contains contaminants. 

Therefore, several methodologies have been developed to manage wastewater pollutants in which 

adsorption technology using graphene-based materials may offer an approach for efficient 

wastewater remediation. This Ph.D. thesis describes the synthesis and characterization of graphene 

oxide (GO)-based composites for adsorption-based applications. In the present study, chitosan 

(CTS) and aluminum ions (Al3+) as cross-linkers were utilized to enhance physical properties, 

mechanical performance and adsorption properties of GO by use of a solution-based method. The 

adsorption properties of samples were studied in solution and in the gas phase. Also, structural, 

morphological, physical, ion permeability, and mechanical properties of the GO and GO-based 

composites were studied using Fourier transform infrared spectroscopy (FTIR), Raman 

spectroscopy, X-ray diffraction (XRD), scanning electron microscopy (SEM), thermogravimetric 

analysis (TGA), ion permeability determination and dynamic mechanical analysis (DMA), 

respectively. Mechanical properties of GO upon addition of cross-linkers were analyzed 

statistically by means of analysis of variance (ANOVA). Interaction of CTS and Al3+ ions with 

functional groups of GO sheets were supported by changes in surface charge of the GO sheets and 

spectroscopy techniques. SEM results showed that cross-linking of GO changes its porosity and 

layered morphology. The TGA results revealed that the GO-based composites exhibited a gradual 

weight loss which started at higher temperatures as compared with GO due to cross-linking effects. 

In addition, it was found that the swelling degree of GO reduced and was demonstrated to be more 

stable in water upon cross-linking. The sorption properties of GO in solution and the gas phase 

were found to remarkably improve upon formation of a GO-based composite. The results of Ion 

permeability tests indicated that GO composites had variable ion transport characteristics 

according to the changes in inter-layer spacing of GO sheets upon cross-linking. Additionally, the 

use of cross-linkers led to an increase in the mechanical properties of GO-based composites as 

compared with pure GO. ANOVA revealed that GO-based composites have a statistically 

significant enhancement in mechanical properties over pure GO. Therefore, GO-based composites 

prepared via cross-linking GO sheets have great potential for use as an alternative adsorbent and/or 

membrane for adsorption-based applications.   
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         CHAPTER 1: INTRODUCTION 

 

1.1 Overview of chapter 1 

In this chapter, the motivations for this research and the importance of improving the adsorption 

properties and mechanical performance of graphene oxide (GO)-based composite materials are 

discussed. The main goal of this Ph.D. study and specific objectives are also presented in this 

chapter.  

1.2 Research motivations  

The growth in generating toxic pollutants and various contaminants in bodies of water originating 

from industrial and agricultural activities have motivated researchers to adopt more efficient 

materials and technologies for water treatment in order to remove dissolved contaminants from 

freshwater.   

Efforts from scientists to control water dissolved contaminants has led to the development of 

various technologies including filtration, electrolysis, chemical precipitation, adsorption and 

membrane filtration technologies [1]. Among the available techniques mentioned, adsorption and 

membrane filtration methods are known to be more efficient compared to other methods due to 

their simplicity in design, operation and wide applicability. However, the efficiency of these 

methods depends on the nature of the adsorbent and membrane material employed. Among the 

conventional types of available adsorbents and membranes for water treatment, graphene and its 

derivative materials have attracted much attention.  

More recently, diverse applications of graphene have motivated scientists to develop other related 

graphene-based materials such as GO. Both graphene and GO, in the form of adsorbents and 

membranes have emerged as the next generation materials for treatment of water dissolved 

contaminants [2]. GO is an oxidized form of graphene produced by a chemical oxidation method 

and is an important precursor to obtain bulk scale graphene [3]. GO is functionalized with oxygen-

containing groups and has been found to have a large surface area (SA) and high solubility in many 

solvents and matrices. These properties make GO a potential candidate for applications in water 
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treatment as an adsorbent and a membrane material [4,5]. Several studies have shown the 

feasibility of using GO to remove different compounds from contaminated water, such as heavy 

metal ions and charged species (anionic and cationic dyes) [4,6].  

Although GO has been has widely studied and successfully tested for a number of applications, it 

was found that existence of functional groups on the surface and edges of GO sheets result in 

electrostatic separation when submerged in water [7]. This results in the loss of structural stability 

and mechanical performance which limits their applications in water-based media. 

In 2008, the novel work done by Park et al. [8] indicated that modification of GO sheets with a 

metal ion as a cross-linking agent led to significant enhancement of the mechanical properties (e.g., 

tensile strength) of GO sheets. In 2015, Yeh et al. [7] similarly discovered  aluminum ions (Al3+) 

found in a nanopore disk used for vacuum filtration of GO solutions, were able to stabilize GO 

sheets in water. This allowed the resulting material to be tested in solution-based applications. 

Besides metal ions, chitosan (CTS) was found to cross-link effectively with the functional groups 

of GO to improve its mechanical properties and stability in aqueous media [9,10]. In a recent study 

conducted in 2017, Turgut et al. [11] found  the SA of GO sheets was remarkably enhanced through 

cross-linking with aluminum ions (Al3+) for flame retardant applications. However, no further 

investigation on adsorption properties of modified GO with Al3+ cations have been reported to 

date.  

Oxygen-containing functional groups present on GO sheets allow them to bind with other species 

and to provide the opportunity of modification of GO to enhance its properties for specific 

applications. Preliminary results for GO-based composite materials confirmed cross-linking GO 

is a promising approach to improve its properties such as adsorption, mechanical performance, 

antimicrobial properties, etc. compared to pristine GO [8,12,13]. Although several studies have 

been carried out on the modification of GO, a cost-effective, facile and scalable technique is still 

required for large scale production of GO-based composite materials. This technique could 

overcome scalability and stability limitations of these materials and enhance their properties for 

use in practical applications. 
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1.3 Research objectives 

The main aim of this Ph.D. study is to develop a facile technique for scalable production of GO-

based composites suitable for sorption-based applications in solution and gas media. The 

hypothesis is to use CTS and/or multivalent metal ions (Al3+) as cross-linking agents to yield GO-

based composites (GO-CTS and GO-AL, respectively). Both composites were shown to possess 

greater SA and structural stability in solution with improved mechanical performance. 

Specifically, novel GO-AL composites were prepared and investigated for their adsorption 

properties in aqueous media and with gas phase systems. 

The cross-linking approach enables GO to potentially be feasible for future commercial 

applications. Therefore, the specific objectives of this Ph.D. study are defined as follows: 

• To synthesize GO-based composite materials by individually cross-linking GO with CTS 

and GO with Al3+ ions for evaluation of adsorption properties.  

• To determine the effect of cross-linking GO by obtaining the physiochemical properties of 

GO-based composite materials.  

• To evaluate adsorption properties of fabricated materials in aqueous solution and with gas 

phase species. 

• To evaluate mechanical properties and ion permeability performance of GO and GO-based 

composite membranes. 

1.4  Thesis overview  

In this thesis, preparation and characterization of GO-based cross-linked composites for 

adsorption-based applications in solution and gas media are discussed. The thesis consists of five 

chapters as listed below. 

In chapter 1 a brief introduction of the research project is provided along with research motivation, 

objectives, and organization of the thesis. 

Chapter 2 presents a comprehensive literature review on the principles of sorption and graphene-

based materials, followed by their properties and applications in environmental protection 

applications. Improvements in the properties of GO-based composite materials using the cross-



 

4 
 

linking method is reviewed.  Afterwards, the focus is on the relevant research associated with two 

main types of cross-linkers (e.g., CTS and metal ions).  

In chapter 3 the materials and experimental process to synthesize the GO-based composites are 

introduced. Also, the characterization techniques applied in this research are explained including 

spectroscopy techniques, thermal gravimetric analysis, swelling tests, adsorption tests in solution 

and gas media, ion permeability tests and mechanical tests.  

In chapter 4 the obtained results from tests conducted in the previous chapter are presented and 

discussed in detail. 

Finally, conclusions drawn from the analysis of the tests results, suggestions for future work and 

major contributions are summarized in chapter 5. 
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   CHAPTER 2: LITERATURE REVIEW 

 

2.1 Overview of chapter 2  

In this chapter, the principle of sorption in solution and gas phase is firstly introduced. Secondly, 

the structure, properties and applications of graphene oxide (GO) as a potential adsorbent in liquid 

and gas phase media is presented. An overview of previous research related to novel GO-based 

composite materials with enhanced physiochemical, adsorption and mechanical properties for a 

variety of applications is presented. Additionally, important knowledge gaps are presented from 

the literature that provide support for the thesis research objectives are highlighted in this chapter. 

2.2 Sorption (adsorption and absorption)  

The term sorption is generally defined as the processes in which a substance (sorbate) is adsorbed 

to and/or absorbed within a substrate [14], as illustrated in Figure 2.1. This term is a combination 

of two combined phenomena, absorption and adsorption. In the adsorption process, the adsorbate 

species are bound onto the surface of the adsorbent, while absorption occurs within the inner phase 

of the sorbent [15]. In other words, adsorption is considered a surface-driven phenomenon while 

absorption is a volume-driven phenomenon. Generally, increasing the adsorption capacity involves 

increasing exposed SA of adsorbent to the adsorbate species [15].  

 

Figure 2.1. (a) Volume-driven absorption vs. (b) surface-driven adsorption processes. 
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Adsorption is considered as one of the most attractive and facile techniques for various 

applications including liquids purification, pollution control and gas separation [14]. This is mainly 

due to the simplicity of the equipment  required for this method and its low energy consumption 

requirements [16]. Commercial adsorbents mostly have large SA and are either highly porous or 

comprise fine pores of materials such as activated carbons, zeolites, aluminophosphates silica gel 

desiccants, catalysts, clays, ceramics and membranes [16]. Nowadays, a great interest is being 

shown in the development of novel materials with well-defined pore structures, sizes and shapes. 

2.3 Adsorption in solution and gas media 

The liquid-phase adsorption process involves occupancy of the adsorbent sorption sites by either 

solvent or solute species [16]. The adsorption process is accompanied by a decrease of the 

adsorbate concentration in the bulk solution in accordance with localization at the adsorbent 

interface when it comes into contact with the adsorbate. The adsorption process can be monitored 

by measuring the concentration of species in the bulk or at the adsorbent interface. On the other 

hand, in solid-gas adsorption, the gas species are adsorbed to vacant sorption sites on the adsorbent 

surface through non-covalent bonding in the case of physisorption and chemical bonding in the 

case of chemisorption. Therefore, the adsorbent sorption capacity can be evaluated as the amount 

of adsorbate species bonded to the adsorbent surface [17].  

2.4 Types of adsorption isotherms 

The adsorption results can be studied by measurement of adsorption isotherms. An adsorption 

isotherm provides information on the amount of sorbate a material that can be adsorbed for a given 

set of pressure variables. Moreover, the adsorption isotherm shape can provide an estimation of 

pore size (PS) on the adsorbent’s surface. The adsorption isotherms are well-stablished according 

to International Union of Pure and Applied Chemistry (IUPAC) classification system [18]. Based 

on this classification, the adsorption isotherms are categorized into six types as shown in Figure 

2.2. The PS is defined as the internal pore width for slit-like pores and pore diameter in the case 

of cylindrical and spherical pores as follows: 

1. Micropore possess PS below 2 nm.  

2. Mesopores possess PS between 2 to 50 nm.  
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3. Macropores possess PS larger than 50 nm [19].   

The following discussion summarizes the adsorption isotherm categories in more detail. 

Type I: This type of isotherm represents a gradual increase in adsorption followed by reaching a 

maximum in the sorption capacity as indicated by the plateau region for the amount adsorbed with 

increasing pressure. Adsorbents in this type are typically microporous with small cross-sectional 

areas. 

Type II: This type of isotherm shows unlimited monolayer-multilayer adsorption where point B 

indicates completion of the monolayer coverage for the amount adsorbed and the start of multilayer 

adsorption with increasing pressure. This isotherm type is given by a macroporous adsorbent. 

Type III: This isotherm type is governed by strong adsorbate-adsorbate interactions compared with 

adsorbate-adsorbent interactions. The isotherm in this type of adsorption is convex to the relative 

pressure axis.  

Type IV: This type of isotherm suggests multilayer adsorption and shows a hysteresis loop as a 

result of occurrence of capillary condensation taking place in mesopores. In this isotherm, the low 

pressure region has similar adsorption mechanisms to the type II isotherm as mentioned above.   

Type V: This isotherm type is similar to type III; however, the adsorbate-adsorbate interactions 

are weaker in this type. The hysteresis loop suggests desorption of the agglomerated particles as a 

collective group. 

Type VI: This type of isotherm signifies a step-wise multilayer adsorption in which one sorption 

site is initially occupied and another sorption site will be filled afterward. This isotherm type 

suggests the required energy to adsorb at different sorption sites varies for favored occupation of 

sites to occur.  
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                          Figure 2.2. Sorption isotherm types based on IUPAC classification [19].  

2.5    Equilibrium adsorption isotherms 

Well-known isotherm models such as monolayer or multilayer isotherms that account for variable 

surface heterogeneity are generally used to correlate adsorption data in equilibrium and kinetic 

adsorption processes for characterization of sorbent materials. A brief overview of basic isotherm 

adsorption models is discussed below.  

2.5.1 Langmuir isotherm  

The Langmuir isotherm was initially established to explain the adsorption behavior of a specific 

gas (e.g., hydrogen) on a solid surface [20]. The use of this model involves three assumptions. 

Firstly, it is assumed that the adsorbent has a homogeneous surface. In other words, sorption sites 

available on the surface of the sorbent are equivalent (e.g., same adsorption energy). Secondly, 
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monolayer coverage is assumed for adsorption onto the adsorbent surface. Lastly, the adsorbate 

gas is assumed to be an ideal gas such that lateral interactions between the gas molecules within 

the monolayer can be neglected. Considering these assumptions, the model can be described in 

equation 2.1: 

                                                           Qe= Qm
KLCe

1+KLCe
                                                      (2.1) 

In this equation, Qe (mmol/g or mg/g), is the amount of adsorbate species adsorbed per unit mass 

of the adsorbent at equilibrium, Qm (mmol/g or mg/g) is the maximum adsorption capacity of the 

material at saturation, Ce (mmol/L) represents the equilibrium concentration of adsorbate and KL 

(L/mmol) is defined as the Langmuir affinity constant for the adsorption process. The values of 

this constant, are related to the affinity of the adsorbate species to the adsorbent sites, where higher 

KL values suggests a larger affinity of the adsorbate species to the adsorbent. 

2.5.2 Freundlich isotherm  

The Freundlich isotherm model is an alternative isotherm model to describe adsorption data. This 

model assumes that an infinite amount of adsorbate can be adsorbed by the adsorbent. This model 

can be described in equation 2.2:  

                                                            Qe= KF Ce
1/n

                                                                   (2.2) 

In this equation, Qe (mmol/g or mg/g), is the amount of adsorbate adsorbed per unit mass of the 

adsorbent at equilibrium, and Ce (mmol/L) represents the equilibrium concentration of adsorbate. 

KF (L/g) represents the Freundlich constant attributed to the adsorption affinity, and 1/n is defined 

as an isotherm constant which is a measure of adsorption intensity. Generally, 0.1 < 1/n < 1.0 

designates a favorable adsorption, while; 1/n > 1 specifies unfavorable adsorption. Figure 2.3 

shows the first two models. 
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                            (a)                       (b) 

Figure 2.3. Langmuir (a) and Freundlich (b) isotherms [21]. 

2.5.3 Sips isotherm  

The Sips model shares features of both the Langmuir and Freundlich models. The Sips model can 

be described by equation 2.3. 

                                                                  Qe=Qm 
KsCe

ns

1+KsCe
ns                                                                            (2.3) 

In equation (2.3), Qe (mmol/g or mg/g), is the amount of adsorbate adsorbed per unit mass of the 

adsorbent at equilibrium, Qm (mmol/g or mg/g) is the maximum adsorption capacity of the material 

at concentration conditions of saturation, Ce (mmol/L) represents the equilibrium concentration of 

adsorbate. Ks (L/g) represents the Sips isotherm constant attributed to the affinity between the 

adsorbent and the adsorbate. A large Ks value specifies accessible sites and favored adsorption. 

Also, ns is the heterogeneity parameter of the sorbent surface. When the value of ns is close to 

unity, the Sips model provides a convergent description of that by the Langmuir adsorption 

isotherm. On the other hand, as this value diverges from unity, the equation converges to the 

Freundlich isotherm model. Since Sips model has the ability of describing both Langmuir and 

Freundlich isotherm behavior, this model is valuable for the study of solution phase adsorption. 

2.6   Kinetic isotherm adsorption models 

Similar to the equilibrium models, the kinetic adsorption profiles can be well described using two 

general types of kinetic models; namely, the pseudo-first-order (PFO) and pseudo-second-order 

(PSO) discussed as follows.  
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2.6.1 Pseudo-first order (PFO) model  

This model was introduced by Lagergren [22] as a first example describing the adsorption rate 

according to the adsorption capacity as given by equation 2.4.  

                                                                   Qt= Qe [1- exp (-k1t)]                                             (2.4) 

In this equation, Qt (mg/g) and Qe (mg/g), represent the adsorption capacities at time t (min) and 

at equilibrium, respectively, while k1 (1/min) is defined as the rate constant of the PFO model. 

This equation has been extensively used to investigate the kinetics of adsorption that describes 

various contaminants from aqueous solutions within the last decade [23]. 

2.6.2 Pseudo-second order (PSO) model 

Another model to describe kinetic adsorption parameters is the PSO model which was initially 

developed to represent adsorption of divalent metals onto a solid sorbent [24]. The PSO model is 

described by equation 2.5. 

                                                                  Qt= 
Qe 

2  k2 t

1+Qe 
2  k2 t

                                                            (2.5) 

In this equation, Qt (mg/g) and Qe (mg/g) represent the adsorption capacities at time t (min) and at 

equilibrium, respectively, where k2 represents the rate constant according to the PSO adsorption 

model. 

2.7    SA and porosity analysis model 

2.7.1 Brunauer-Emmett-Teller (BET) isotherm model 

BET theory was developed to describe gas molecules adsorption onto a surface. The concept of 

this model is an extension of the Langmuir model. While the Langmuir model describes monolayer 

adsorption, the BET model accounts for multilayer adsorption coverage. Multilayer adsorption 

occurs when several layers are stacked on top of each other due to adsorbate-adsorbate interactions 

[17]. Specifically, this model enables the adsorption process to be correlated to physical properties 

of a material including the SA, distribution of PS, and porosity. The use of the BET model requires 

three main assumptions, as follows: firstly, physical adsorption of gas molecules on the solid 
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surface. Secondly, no interaction between layers that are adsorbed on the surface, and thirdly, the 

utility of applying the Langmuir theory to monolayer systems.  Therefore, using these assumptions, 

the BET equation can be described by equation 2.6.  

                                                 
na

nm
 = 

C  (
p

p0
⁄ )

(1−
p

p0
⁄ )(1+(C−1)((

p
p0

⁄ ))
                                               (2.6) 

In this equation, na is the adsorbed gas quantity, nm is the monolayer capacity, P and P0 represent 

the equilibrium pressure and the saturation pressure of adsorbates, respectively and C is the BET 

constant associated with the affinity of the solid sorbent with the adsorbate (gas molecules). 

Moreover, use of the BET model affords determination of the SA (SBET, Total) can be determined 

by the amount of gas that is adsorbed at a specific pressure according to equation 2.7.  

                                                       SBET,Total = 
nmNs A

V
                                                             (2.7) 

Where nm is the monolayer adsorption capacity, Ns is Avogadro's number, A represents adsorbate 

cross-sectional area, and V is the molecular volume of the adsorbate. 

2.8  Graphene-based adsorbents 

An effective adsorbent must have favourable properties such as high SA with accessible adsorption 

sites, porosity (e.g. PS distribution and pore volume (PV)), chemical and thermal stability, affinity 

to the targeted adsorbate (e.g. anionic or cationic),  presence of suitable chemical functional groups 

on the surface of the adsorbent, and capability of regeneration in multiple adsorption cycles     

[1,25–27]. Graphene materials and its modified forms have  potential as adsorbents in wastewater 

treatment applications for a wide range of contaminants in water, such as organic, inorganic, and 

heavy metal species [27–31]. Graphene is a two-dimensional form of carbon consisting of a single 

layer of carbon atoms arranged in a honeycomb crystalline structure. Graphene possesses high 

thermal conductivity, high SA, unique physiochemical, and mechanical properties [32].  

2.9  Graphene oxide (GO) 

Graphene is a single layer of graphite. A layer of sp2-hybridized carbon atoms that are covalently 

bonded in a honeycomb lattice. Graphene is known as the thinnest, yet the strongest material with 

https://en.wikipedia.org/wiki/Avogadro%27s_number
https://www.sciencedirect.com/topics/materials-science/pore-size-distribution
https://www.sciencedirect.com/topics/materials-science/pore-volume
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numerous potential applications including structural composites, battery electrodes, 

supercapacitors, transport barriers and biomedical technologies [2]. The oxide derivative form of 

graphite is commonly known as graphite oxide which has a multi-layered structure and its product 

is brown in color. Exfoliation of graphite oxide in a solvent using sonication converts it into highly 

stabilized individual layers referred to as graphene oxide (GO) which appears as a dark yellow 

color [33]. GO is functionalized with a variety of reactive oxygen-containing functional groups 

that would not be stacked together due to repulsive forces between their sheets. This group confers 

various ways for chemical functionalization of GO. Oxidation of graphite results in increasing the 

interlayer spacing between GO sheets due to the introduction of the oxygen functional groups 

[4,29]. As well, this results in dispersibility of GO in various solvents. The remarkable adsorption 

properties reported for GO indicate its effective use as an adsorbent in numerous applications 

including the treatment of wastewater [34,35]. 

2.9.1 Synthetic approaches for preparation of GO 

GO has been conventionally prepared through the Brodie, Staudenmaier, or Hummer’s methods, 

or variations upon these methods [36–39]. Brodie was the first to investigate the structure of 

graphite and the preparation of GO in 1859 [36]. He proved that GO could be made through 

oxidizing a graphite structure when treated using oxidizing agents such as potassium perchlorate 

and concentrated mixtures of nitric acid. In 1898, Staudenmaier made a slight change in the 

oxidation process of GO by increasing the activity of the graphite mixture through heating. This 

modification resulted in an increase in the degree of GO oxidation [37]. In 1958, Hummers 

presented an alternative method to generate GO which has been used as the most convenient route 

for preparation of GO in a powdered form until the present [38]. A summary of the synthesis 

methods for the preparation of GO using graphite and oxidizing agents is presented in Figure 2.4. 

The preparation of GO involves chemical oxidation of graphite by strong oxidants such as 

concentrated sulfuric acid (H2SO4), sodium nitrate (NaNO3) and potassium permanganate 

(KMnO4) [40]. These oxidizing agents react with aromatic carbon of graphite to introduce oxygen 

functional groups to the basal planes and the edges of graphene sheets [41]. This consequently 

extends the inter-layer distance of graphite sheets from 0.34 nm to 0.80 nm [42,43]. Fabrication of 

GO via chemical oxidation is not only a technique for large-scale preparation of graphene, but also 

a significant feature for application of GO in many fields including composites, coatings, paints, 
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and energy storage [33]. This is due to the reactive functional groups  responsible for binding with 

other species to form robust layered-structures [44]. These functional groups also make a 

significant contribution to remarkable adsorption properties of GO toward various adsorbates such 

as organic dyes and dissolved metals [45]. 

 

Figure 2.4. Synthesis methods for preparation of GO using graphite and oxidation agents.  

2.9.2  Structure of GO 

The structure of GO is proposed as graphene sheets including sp2-hybridized-carbon atoms that 

are bonded with numerous oxygen atoms in the form of epoxy, hydroxyl, carboxyl (as shown in 

Figure 2.5) [46]. Furthermore, the distribution of oxygen functional groups was investigated and 

shown that epoxy and hydroxyl groups are present in the basal planes, while carboxyl groups are 

mainly at the edges [47]. The reactive functional groups presented on GO are responsible for its 

negative charge density [4,48]. Therefore, GO sheets can be dispersed homogeneously and are 

able to resist aggregation in solvents as a result of their strong electrostatic repulsion between 

sheets [49]. Furthermore, the  negative surface charge of GO has a significant contribution to 

adsorption of metal ions, anion and cation species [4,6,50]. Parameters such as the type of graphite 

used to prepare GO, synthesis method and obtained degree of oxidation, as well as purification 

process can cause variations in the GO structures which influence the properties of GO [51]. A 

homogeneous suspension of GO can be prepared through exfoliating of GO powder in a suitable 

solvent with  mechanical stirring or sonicating methods [52]. Although the thickness of a single 
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layer graphene sheet is about 0.3 nm, the thickness of GO sheets obtained by sonication or stirring 

is approximately 0.7–1.2 nm [53,54] as a result of the presence of functional groups on the GO 

sheet [41,42]. The functional groups present on GO can be precisely verified by techniques such 

as Fourier-transform infrared spectroscopy (FTIR) [55]. 

 

Figure 2.5. Proposed molecular structure for a fragment of GO [46]. 

2.9.3 Diffusion (permeation) characteristics of GO sheets 

Compared to graphene, GO sheets possess vacant spaces (due to defects arising from the oxidation 

process) and large inter-layer distances between sheets due to existence of functional groups. This 

leads to the formation of nano-capillary networks between the GO sheets which enables 

permeation of different chemical species, depending on their relative size, through the GO sheets 

as shown in Figure 2.6 [56]. The permeability, selectivity and molecular sieving properties of GO 

sheets using various species in solvent media and gas  media (CO2, CH4, H2, and N2) have been 

examined by several researchers through experimental and simulation methods [57–61]. GO sheets 

reveal  fast permeation of water molecules and  CO2 species,  while they can be impermeable to 

other species including helium [62–65]. For example, permeability of water molecules through 

GO laminates for separation and filtration techniques were investigated by Nair et al. [60], where 

they prepared GO suspensions according to the Hummer’s method. The GO laminates were 

fabricated with a variable thickness in the range of 0.1-10 µm using a spin coating method. The 

permeation properties of prepared GO laminates were tested toward different species by filling a 

sealed-container with different gases under a small pressure (below 100 mbar). The changes in 

pressure of gases and the weight of sample was detected and recorded over a time period as an 

indication of permeation of gas molecules. The prepared GO laminates showed unrestricted water 

vapor permeation with high permeation rates compared to the other gases (e.g., He, H2, N2, and 
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Ar). The results also showed permeation of water species was significantly altered upon changes 

in the structure and inter-layer spacing of GO laminates. Modifying the inter-layer distance of GO 

sheets led to a fast transport of molecules through GO layers ascribed by low friction water vapor 

molecules through inter-layer spaces of GO sheets. Other studies have shown  GO to be an efficient 

material in the field of pervaporation, air dehumidification, desiccant applications and in water 

transport devices [66–68]. In a related study, Stampfer et al. [69] fabricated nanostructured-

graphene from  graphite using a mechanical exfoliation technique. The surface charge of the 

prepared material was investigated, where it was observed that negatively charged functionalized 

nanopores facilitated passage of cations, while positively charged nanopores enabled anions to 

permeate through the graphene sheets. 

 

Figure 2.6. Schematic image of possible permeation through GO sheets where L denotes the 

size of a GO sheet, and d represents spacing between GO layers [57]. 

It can be concluded the selective permeation properties of GO sheets depend on the formation of 

nano-capillaries within the GO structure, porosity properties (PS, PV) and surface charge of the 

GO sheets. Several approaches have been used to tune the permeation properties of GO 

membranes, including reduction of GO, oxidative etching, and cross-linking [70–72]. 

2.9.4 Properties and applications of GO 

GO offers remarkable properties including high SA, chemical and mechanical stability, tunable 

surface chemistry and optical properties. Therefore, GO and GO-based materials have become one 

of the promising materials for versatile applications as shown in Figure 2.7. For example, they 

have been used in environmental protection applications (including removal of air pollutants, 

https://www.sciencedirect.com/topics/materials-science/mechanical-stability
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greenhouse gases capture, wastewater treatment and purification), energy conversion, hydrogen 

storage, batteries, sensors, catalysis and devices for biomedical applications [3,73–75]. 

 

 

Figure 2.7. Various potential applications of GO and GO-based materials [73]. 

Although GO materials show promising properties, there are numerous methods to improve the 

properties of GO. As a flexible yet robust material with several types of functional groups on its 

surface, there are unlimited possibilities for functionalization or modification of GO’s structure to 

fabricate GO-based materials at low cost and large scale [76–78]. GO powder yields a 

homogeneous dispersion in various solvents and matrices owing to the existence of its oxygen 

functional groups. This advantage makes GO a great candidate for coordinating with other 

matrices or reagents for the preparation of GO-based composites [79,80]. 

2.9.5 Mechanical properties of GO  

The mechanical properties (e.g. tensile strength, Young’s modulus, elongation at break and 

fracture strength) of GO and GO-based composite materials in the form of monolayer sheets, 

paper, membranes, fibers, and thin films prepared from Hummer’s method have been studied  

experimentally and computationally (e.g., molecular dynamics simulations) [8,81–87].The 

https://www.sciencedirect.com/topics/materials-science/hydrogen-storage-material
https://www.sciencedirect.com/topics/materials-science/lithium-battery


 

18 
 

reported mechanical properties of GO have shown to be dependent on the degree of oxidation and 

coverage of functional groups on the GO surface arising from synthetic processes, thickness of 

samples and test conditions (e.g., strain rate) [84,88,89]. The tensile strength and Young’s modulus 

of GO sheets (with thickness of 1.1-1.2 nm) have been reported in the range of 76-293 MPa and 

6-42 GPa, respectively. The values are dependent  on the final shape of the GO (sheet, membrane, 

film) and synthesis process [73,90]. For example, early in 2007, Dikin et al. [82] prepared GO 

according to Hummer’s method and evaluated the mechanical properties of GO paper (with 

thickness in the range of 1-30 μm). The GO paper was prepared through a directed-flow assembly 

(filtration) method and was tested using a dynamic mechanical analyzer with a force ramp rate of 

0.02 N/min. The tensile strength and Young’s modulus were reported as 74.5 MPa and 32.1 GPa, 

respectively. These relatively high values were attributed to the strong interactions of GO sheets 

that enabled the sheets to distribute the load across the entire sample effectively. In 2010, another 

study by Suk et al. [81], produced an ultrathin GO paper (contained one to three layers of GO) by 

depositing a GO suspension (prepared by Hummer’s method) on a carbon film substrate. The 

mechanical properties of GO papers (with thicknesses in the range of 0.7-2.1 nm) were measured 

using an atomic force microscope (AFM). It was found that a GO paper containing one layer of 

GO with a thickness of 0.7 nm had a Young’s modulus of 207.6 GPa. However, in a different 

study, the mechanical properties of GO films were studied using an MTS nano-indentation 

instrument with a diamond probe having radius of 100 nm [91]. Free-standing GO films with 50-

60 nm thicknesses, were produced by an electrophoretic deposition (EPD) technique. Nano-

indentation measurements were conducted at a load of 85 μN and held for 10 s. The tensile strength 

and Young’s modulus of the GO films were reported in the range of 8-11 N/m and 695-697 GPa, 

respectively. Recently, GO films (with average thickness of ~23 µm) were fabricated through a 

dispersion-evaporation technique, where 7.4 mg/ml of GO solution were cast-dried on a 

polystyrene petri dish and dried at 25 °C for 3 days [92]. The mechanical properties were measured 

using an Instron 3342 universal testing machine with strain rate of 5 x 10-4 s-1. The tensile strength 

and Young’s modulus of  the GO films were found to be 206 MPa and 10.6 GPa, respectively [92]. 

The literature suggests that the Young’s modulus of GO sheets increases dramatically when the 

thickness of the GO sheet is reduced. Therefore, a monolayer of GO shows a larger Young’s 

modulus value compared to a GO sheet with a larger thickness.  

2.9.6 Mechanical properties of GO-based composites 
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The mechanical performance of GO sheets can be enhanced by different methods such as 

reduction, introduce bonding between individual GO sheets by chemically cross-linking 

[8,88,93,94]. However, only a few studies have used metal ions and polyallylamine as cross-

linkers [8,80]. Also, the mechanical properties of GO sheets can be improved by combining GO 

with another material to produce GO-based composites. The composite will be described as 

matrix-reinforcement where the matrix (GO) is the higher weight percentage. Among different 

GO-based composites, much progress has been made toward the preparation of GO-CTS 

composites. CTS is a product of deacetylation of chitin and is one of the most abundant natural 

biopolymers. CTS is a protonated biopolymer as it contains hydrophilic groups such as amino and 

carboxyl groups on its structure (Figure 2.8) [95]. Owing to the excellent biological properties of 

CTS such as biodegradability and biocompatibility, it has been extensively used in different 

technologies such as medicinal development, molecular separation, food packaging, artificial skin, 

wastewater treatment, electrochemical sensors and antibacterial agents [96–100]. 

 

Figure 2.8. Molecular structure of the glucosamine units of CTS, where n denotes the degree 

of polymerization. 

 

In 2010, Pan et al. [101] reported on the preparation and characterization of CTS-GO composite 

films through a solution casting technique. In the reported method, 1 wt. % CTS solution was 

prepared and different amounts of GO (0, 0.25, 0.5, 0.75, 1 wt. %) (prepared from Hummer’s 

method) were added to a CTS solution. The films were oven-dried at 50 °C for 2 h and cut into 20 

mm by 5 mm rectangular samples before performing the mechanical test using an Instron Model 

5543 mechanical tester at a strain rate of 5.0 mm/min. The tensile strength, tensile modulus and 

elongation at break of the films increased from 87.5 MPa to 133.1 MPa, 3.45 GPa to 4.42 GPa and 

22.9 % to 31.6 % with increasing GO content from 0.25 to 1 wt. %, respectively. This enhancement 

of mechanical properties was related to the formation of robust interfacial adhesion between GO 

and CTS.  In a similar study in 2014 [102], CTS-GO composite films were prepared by a solution 
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mixing method and their mechanical properties were investigated. The GO material was prepared 

according to Hummer’s method and then added to the CTS solution (1 g dissolved in 30 mL acetic 

acid) in different loading amounts (0.05, 0.5, 1 wt. %). The mixture was poured into a petri dish 

and dried at ambient condition to obtain the composite films. The mechanical performance of the 

obtained composite films was evaluated by means of a Shimadzu Autograph AG-X universal tester 

with an extension rate of 5 mm/min. It was found with the addition of GO to CTS the mechanical 

properties were substantially improved as a result of dispersion of GO in the CTS matrix and the 

robust interaction between GO’s functional groups and CTS. The tensile strength of composites 

was reported in the range of 39-65 MPa, while elongation at break was (9-14) %, respectively. 

Which shows an enhancement of 51 % and 56 % in tensile strength and elongation at break, 

respectively compared to pure CTS. Similar to previous approaches, Zuo et al. [9] reported 

preparation of GO-CTS composites by a solution casting method. In their process, GO was 

prepared according to Hummer’s method. About 50 mg of GO powder and 1 g of CTS powder 

were added into 50 mL of DMF (N,N-dimethylformamide) solution and sonicated. Subsequently, 

0.45 g of DCC (N,N'-dicyclohexylcarbodiimide) and 0.3 g of DMAP (4-dimethylaminopyridine) 

were added to the solution and stirred for 48 h. Finally, the mixture was dried at 60 °C for 24 h to 

obtain composite films. The final GO-CTS composite contained 0.25 wt. % GO and 2.25 wt. % 

CTS (GO: CTS mass ratio was 1:9). The mechanical performance of the GO-CTS composite films 

with specimen dimension of 75 mm by 4 mm were studied by mechanical analyzer (ZWICK ZO 

20/TN2S, Germany) with an extension rate of 10 mm/min. The average tensile strength and 

Young’s modulus of the films increased by 150 % and 366 %, respectively, as compared to CTS. 

Further advancements in preparing GO-based composites were made by Yan et al. [103] in 2016, 

who used borate ions for cross-linking CTS and GO in order to prepare CTS-GO composites. In 

their study, GO was made according to the Hummer’s method. CTS-GO composite films were 

produced by the solution casting technique where different amounts of GO solutions (0, 0.25, 0.5, 

1.0, 1.5, 2.0 wt. %) and 1.0 wt. % of boron element (B) were added to the 1 wt. % CTS solution. 

The films were obtained by vacuum drying the mixture at 90 °C for 50 min. The mechanical 

performance of the films was evaluated by means of a universal testing machine (Instron 3360) 

under extension rate of 5 mm/min. The addition of both GO and borate ions was found to increase 

the tensile strength and elongation at break of the composites by 160 % and 230 % compared to 

pure CTS, respectively. A recent study in 2017 [104] showed GO was synthesized according to a 
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modified method reported by Santos et al. [105]. The CTS-GO films were prepared using a 

solution mixing method where GO solution in different loading percentages (0.1, 0.2, 0.4, 0.6 wt.  

%) were dispersed in 1 % acetic acid (AA) and added to a 2 w/v % CTS solution. The mixture was 

vacuum-dried at 20 °C to thermally cross-link GO and CTS. The obtained films had thicknesses 

in the range of 48-52 µm. The films were cut into 165 mm by 20 mm strips and tested in a 

mechanical analyzer (Shimadzu EZ-LX, Japan) with an extension rate of 12 mm/min. The 

mechanical properties of composites were significantly enhanced with addition of GO due to 

formation of covalent bonds between CTS and GO as a result of thermal cross-linking between 

them. This bonding facilitated transferring load from CTS to GO under tension. The tensile 

strength, Young’s modulus and elongation at break of composites were in the range of 52-69 MPa, 

5.8-6.8 GPa and 0.9-3 %, respectively for different loading percentages of GO. The highest values 

obtained were for the composite containing 0.25 wt. % GO. In a comparable investigation by 

Ahmed et al. [106] CTS-GO composites were fabricated by mixing with 4 w/v % CTS solution 

with selected concentrations of GO solutions (0.5, 1 and 2 % w/w) and cast on a rimmed silicone 

resin plate for formation of films. The films with thicknesses in the range of 0.172-0.178 mm were 

tested for mechanical performance using a Texture Analyzer (TA) XT plus (Stable Micro Systems, 

UK) with a crosshead speed of 50 mm/min. It was found that while there was a remarkable 

enhancement in the tensile strength of the CTS films from 8.9 MPa to 15.3 MPa upon the addition 

of the GO, the elongation at break dropped from 69.8 % to 57.3 % for CTS films containing 2 % 

w/w GO.  The enhancement in tensile strength of samples were found to be related to two main 

factors. Firstly, uniform dispersion of GO in the CTS matrix, along with covalent bond formation 

and hydrogen bonding between components. Secondly, the addition of GO can restrict CTS chain 

movement and hence enhance load transfer under stress. Similar observations were reported by 

Han et al. [94] and Shao et al. [107] in 2011 and 2013, respectively. In a more recent experiment 

in 2018, Zhang et al. [108] prepared CTS-GO films and evaluated their mechanical properties. 

First, the as-prepared GO sheets were functionalized using KH560 (3-

glycidyloxypropyltrimethoxysilane). The GO solutions (0,1 ,3, 5 wt. %) were then added to 1 % 

w/w CTS to produce GO films by vacuum drying the solution at 50 °C for 72 h. Finally, the 

samples were irradiated with -rays in order to cross-link GO and CTS. The samples were then cut 

into 50 mm by 5 mm strips. To measure mechanical properties of the composite films, a tensile 

strength tester (DSA 502A, Sans, Minneapolis, MN, USA) was used under a loading speed of 2 
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mm/min. They determined the tensile strength of the composites to be in the range of 68-125 MPa 

where composites containing 3 wt. % GO had the highest tensile strengths. However, the 

elongation at break were in the range of 4-38 % which decreased with increasing GO content. 

More recently, in a study done by Chen et al. [109] a flexible GO and nylon 6 (GO-nylon 6) 

membrane with thickness of 1.2-2.2 µm was prepared by a layer-by-layer assembly technique 

using an electrospinning processes. The mechanical performance of the prepared membranes was 

measured using an electronic universal testing machine (CMT4201, China) with crosshead speed 

of 3 mm/min. The membranes had tensile strengths in the range of 2.98-8.10 MPa and were 

dependent on the thickness of the samples. Although the effect of adding GO to a CTS matrix on 

mechanical properties of obtained composites was investigated, very few studies have evaluated 

the addition of CTS to a GO matrix. 

Park et al. [8] were the first to report an enhancement in mechanical properties of GO modified 

with 1 wt. % metal ions such as magnesium (Mg2+) and calcium (Ca2+). In their study, GO was 

synthesized by Hummer’s method and further cross-linked with 0.2 mM solution of either metal 

ion species. The papers were prepared by continuous filtration of a GO solution and metal ion 

solution and further dried for 1-2 days at ambient temperature. The mechanical performance of the 

films was obtained using a dynamic mechanical analyzer (2980 DMA, TA Instruments, New 

Castle, DE) with a force ramp rate of 0.05 N/min. The tensile strength was found to increase from 

81.9 MPa for pristine GO, to a maximum of 125.8 MPa for cross-linked GO papers. In addition, 

Young’s modulus and elongation at break enhanced from 5.8 GPa up to maximum 17.2 GPa and 

from 0.40 % up to maximum 0.50 %, respectively. The potential applications of the GO papers are 

anticipated to serve as adhesives and protective layers, chemical filters, supercapacitors, electronic 

components and materials in the food packaging industry [82,110,111]. 

2.9.7 Environmental applications of GO materials and its composites  

GO has attracted much interest for environmental protection technologies. For instance, it has been 

shown that GO’s functional groups can serve as effective and accessible sites for immobilization 

of different active species [112]. GO has been effectively used as an adsorbent for removal of 

various species including heavy metal ions, organic and inorganic species, both anionic and 

cationic dyes [4,113]. The remarkable sorption capacities of GO are evidenced by fast adsorption 
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rates and high adsorption affinity. More importantly, the use of GO-based adsorbents can facilitate 

the adsorbent-based separation after the adsorption process [114]. Although GO has strong 

adsorption affinity toward most metal ions (as the main type of water contaminant species) [113], 

the affinity depends on several parameters including the type of metal ion [114]. 

2.9.8  Gas uptake properties of GO materials and its composites 

Generally, air pollutants purification process is divided into three categories: (1) decrease of gas 

emission directly, (2) capture and storage of the gas, and (3) final gas utilization. GO and GO-

based materials possess layered-structures with expanded layer distances and tunable porosity 

which have attracted many studies for  use as hydrogen storage materials and for air pollutant 

removal strategies [115–117]. For use as hydrogen storage materials, GO can store hydrogen 

molecules in between its layered framework structure, especially for expanded layers with porous 

properties [118]. Controlling the GO layer distance and PS has been observed to enhance the 

hydrogen storage capacity [119,120]. Fabricated GO sheets possess reduced SA (ca. 10 m2/g) 

compared to graphene with its greater SA (ca. 2600 m2/g) [121,122]. This reduction in SA can be 

due to the rearrangement of the graphitic structure during the synthesis process which leads to 

reduced inter-layer distances and limits the accessible SA for adsorption processes [34]. This 

problem has been addressed by use of methods such as thermal exfoliation, chemical reduction, 

and functionalization of GO layers in an effort to develop pillared layers of GO [122–125]. Burress 

et al. [115] showed  a novel graphene oxide framework (GOF) material can be obtained by linking 

GO layers together using a proper linker to form a novel layered-structure as shown in Figure 2.9. 

GOFs are suitable for potential use as adsorbent and gas storage materials. Interestingly, the pore 

properties (such as pore widths and volumes) and bonding sites of GO can be modified according 

to variations in linker concentrations and linker types.  

Nitrogen adsorption using GO and GO-based materials have been reported using both 

experimental (Brunauer–Emmett–Teller (BET) nitrogen (N2) adsorption isotherm) and simulation 

(Monte Carlo Density Functional Theory; MCDFT) approaches [34,126]. In BET measurements, 

GO showed insignificant N2 adsorption and low SA as a result of the filled inter-layer spaces of 

GO layers (due to presence of functional groups). In addition, reduced GO (rGO) materials 
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displayed negligible adsorption of N2 due to elimination of oxygen functional groups and changes 

in the graphene structure. 

 

Figure 2.9. Proposed GOF material formation from connected GO layers [115]. 

Generally, the major N2 uptake of GO occurred at a relatively low pressure which was indicative 

of a highly developed microporous structure [34]. Although GO showed insufficient N2 

adsorption, modification of GO was reported to enhance the SA and porosity properties of GO-

based materials [34,126]. Wang et al. [127] prepared GO according to Hummer’s method and 

fabricated 3D graphene by placing it into a glass bottle under vacuum at 150 °C for 45 min. The 

gas adsorption properties were measured using a Quantachrome Adsorb-1 pore and surface 

analyzer. The nitrogen and hydrogen isotherm properties were evaluated at 77 K, while carbon 

dioxide (CO2), and water vapor at 273 K. The nitrogen adsorption-desorption analysis showed the 

BET SA of about 477 m2/g, which was significantly greater than reported BET values for graphite 

(38 m2/g) and carbon nanotubes (< 200 m2/g) [128]. In addition, the measured total PV of the 

samples was reported as ∼1.04 cm3/g possibly due to the structural imperfections. The hydrogen 

storage capacity determined by hydrogen adsorption-desorption measurements at 77 K was found 

to be 1.40 wt. % at 106.6 kPa, while the adsorption-desorption isotherms of CO2 showed the 

sorption capacity to be 2.98 wt. % at 106.6 kPa. Although the adsorption mechanisms were not 

investigated in depth, the CO2 adsorption on the GO was different from nitrogen and hydrogen. 

This may be due to interactions occurring between functional groups of GO sheets with CO2 

molecules. Moreover, the water vapor sorption capacity obtained from adsorption-desorption 

isotherms was found to be 18.7 wt. % at 97.0 kPa. Although GO shows promising adsorption 

capacity toward various species, it has been demonstrated that GO’s adsorption properties can be 
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improved through various functionalization approaches. For instance, there have been studies in 

which GO-CTS materials have been tested for gas adsorption properties. In a work performed by 

Yan et al. [103] GO was prepared from Hummer’s method and  0.1 mg/ml GO solution was added 

to different solution concentrations of CTS (0, 0.25, 0.5, 1.0, 1.5, 2.0 wt. %) and stirred for 1 h. 

The barrier performance of prepared materials was tested by oxygen transmission rate (OTR) by 

a permeability meter (Extra solution, MULTIPERM) equipment. The GO-CTS materials were 

shown to possess improved oxygen barrier properties (the oxygen permeability decreased by 25-

90 %) compared to pristine CTS for potential packaging applications.  

2.9.9 Mechanism of metal ions and cationic species adsorption 

Several studies have investigated the adsorption mechanisms using GO as an adsorbent. The 

relevant studies showed electrostatic attraction between the positively charged species (e.g., metal 

ions, cationic species (an ionic species with a positive charge)) and GO’s negatively charged 

surface, was considered the main mechanism for adsorption (as shown in Figure 2.10) [129,130]. 

Therefore, compared to conventional carbonaceous adsorbents, GO is a superior adsorbent for 

metal ion and dye adsorption which arise from GO’s oxygen groups accessible on its surface to 

interact with other species [30].  

Numerous studies have used GO as an adsorbent model for remediation of water contaminants, as 

summarized in Table 2.1 and Table 2.2. Additionally, other parameters were observed to 

significantly affect the adsorption capacity of GO including pH, number of  chemical functional 

groups on the GO surface, thickness of GO sheets, adsorbate species and experimental conditions 

[6,113,133]. For example, cationic dye adsorption (e.g., methylene blue (MB) and methyl violet) 

into GO took place within  a wide range of pH values through electrostatic interactions [4].  
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Figure 2.10. Adsorption mechanism of metal cations on surface of GO [114]. 

Table 2.1. Summary of different metal ion removal studies using GO and GO-based composites 

as adsorbent (at pH ~ 6-7). 

Adsorbent Metal Species 

(adsorbate) 

Maximum adsorption 

Capacity (Qmax) 

mg (adsorbate) / g (adsorbent) 

Ref 

GO Am(III) 8 [134] 

GO Au(III) 108 [135] 

GO-CTS Au(III) 990 [136] 

GO Co(II) 68 [6] 

GO-Fe3O4 Co(II) 13 [137] 

GO-NH2 Co(II) 116 [138] 

GO Cd(II) 106 [6] 

GO Cd(II) 345 [113] 

GO-CTS Cr(VI) 34 [139] 

GO Cu(II) 47 [140] 

GO Cu(II) 294 [113] 

GO Cu(II) 118 [131] 

GO-Fe3O4 Cu(II) 118 [141] 

GO-CTS Cu(II) 25 [142] 

GO Eu(III) 175 [143] 

GO Eu(III) 115 [134] 
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Adsorbent Metal Species 

(adsorbate) 

Maximum adsorption 

Capacity (Qmax) 

mg (adsorbate) / g (adsorbent) 

Ref 

GO Ni(II) 38 [144] 

GO-glycine (G) Ni(II) 36 [144] 

GO Pb(II) 250 [145] 

GO Pb(II) 842 [132] 

GO Pb(II) 81 [135] 

GO Pb(II) 1119 [113] 

GO Pd(II) 98 [136] 

GO-poly (acrylamide) Pd(II) 1000 [146] 

GO-CTS Pd(II) 100 [147] 

GO-CTS Pd(II) 217 [136] 

GO-SiO2 Pd(II) 114 [148] 

GO-Fe3O4-CTS Pd(II) 77 [149] 

CTS–gelatin/GO (CGGO) Pd(II) 120 [150] 

Polyacrylamide (PAM)-GO Pd(II) 819 [151] 

GO Pt(IV) 71 [135] 

GO U(VI) 98 [152] 

GO U(VI) 299 [153] 

GO Th(IV) 411 [154] 

GO Zn(II) 345 [113] 

GO Zn(II) 246 [133] 

GO Au(III) 1077 [136] 
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Table 2.2. Summary of various organic compounds removal studies using GO and GO-based 

composites as adsorbent (at pH ~ 6-7). 

Adsorbent 
Organic compound 

(adsorbate) 

Maximum adsorption 

capacity (Qmax) 

mg (adsorbate) / g 

(adsorbent) 

Ref 

GO MB 244 [155] 

GO Tetracycline 313 [156] 

GO-FeO.Fe2O3 Naphthalene 283 [157] 

GO-FeO. Fe2O3 1-Naphthol 389 [157] 

GO-FeO. Fe2O3 1-Naphthylamine 408 [157] 

GO-Fe3O4 Bisphenol A 123 [158] 

GO-SiO2-Fe3O4 MB 111 [159] 

GO- sodium alginate (SA) MB 833 [160] 

GO-CTS- Fe3O4 MB 181 [161] 

GO-CTS- Fe3O4 MB 95 [44] 

GO-B (β-cyclodextrin) 

-CTS-Fe3O4 
MB 50 [162] 

GO-calcium alginate (CA) MB 182 [163] 

GO- brilliant blue (BB) Anthracenemethanol (AC) 349 [164] 

GO-BB Fluoranthene (FL) 447 [164] 

GO-poly-dopamine (PD) Methyl violet (MV) 2100 [165] 

GO-PD Basic fuchsin (BF) 1700 [165] 

GO-PD 
Coomassie brilliant blue 

(CBB) 
2100 [166] 

GO-PD 
Malachite green oxalate 

(MGO) 
2000 [166] 

GO-PD Neutral red (NR) 1400 [166] 

GO-CTS MB 402 [167] 
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2.10 Modification of GO  

Chemically reactive functional groups present on GO sheets offer an opportunity for modification 

of GO. There are various approaches to modify GO based on reaction with or modification of the 

functional groups of GO with other suitable reagents. Generally, GO has been modified through 

either non-covalent or covalent bonding interactions or a combination  [168]. While the electrical 

properties and surface charge of GO can be enhanced through non-covalent modification methods, 

the stability and mechanical properties can be enhanced via covalent methods. Non-covalent 

interactions of GO can be achieved through van der Waals interaction and hydrogen bonding. In 

non-covalent modification, the interactions are relatively weak compared to covalent interactions. 

However, multiple non-covalent bonds have been shown to yield a stable modification as well 

[168]. Moreover, these types of interactions can easily be achieved on the GO surface (while the 

GO’s structure remains unaffected) and can be reversible in some cases [169]. Furthermore, GO 

is shown to be covalently modified by altering the surface functional groups by reaction with 

molecular or polymeric species with carboxyl or hydroxyl groups of GO [170,171]. Covalent 

functionalization of GO can be obtained by reaction with the epoxy groups of GO through ring-

opening reactions [8,172,173].  

2.10.1 Chemical cross-linking of GO sheets  

A cross-linker can be  used to enhance the structure and bonding between individual GO sheets 

through electrostatic interactions and covalent bonds between adjacent GO nanosheets 

[8,13,172,174–177]. Using this approach, the structural stability, adsorption, physicochemical and 

mechanical properties of GO sheets, papers, films, hydrogels and membranes can be improved 

[178]. GO sheets can be cross-linked together by means of various polymers, metal ions, aliphatic 

amines, amino acids, diaminoalkanes, boronates and acyl chloride [179–181]. Previous studies on 

cross-linked GO materials are outlined in the form of diverse studies in the following examples. 

Feng et al. [182] reported cross-linked GO membranes using polyimide (PI) as the linker. In their 

study, GO was prepared by the modified Hummer’s method. The GO-PI was produced in a water 

coagulation bath method where 1.564 g of PI was added into the different concentrations of GO 

solutions (0, 0.5, 1, 2 wt. %) at 50 °C while stirring. Membranes with thicknesses of 100 mm were 

obtained by casting the solution onto a glass plate using a casting knife, followed by drying at 60 
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°C for 1 h. The prepared membranes were further characterized for desalination performance 

(water permeability and salt rejection performance) for 3.5 wt. % seawater. The results showed the 

GO-PI membranes had high permeation flux (36.1 kg/m h) and high ion rejection (around 99.9 %) 

which remained up to 120 h. The high flux and ion rejection of GO-PI membranes was attributed 

to the presence of hydrophilic sites on GO-PI membranes and electrostatic interactions between 

salt ions and pores in the membrane. The results were in  good agreement with a previous study 

[183]. Using a similar approach, GO was prepared from Hummer’s method and modified with the 

poly (amide-imide)–polyethyleneimine (PAI–PEI). In this study, the PAI hollow fiber substrate 

was fabricated and further modified with PEI. The GO sheets with negative surface charges were 

then deposited on the PAI–PEI membrane surface with positive charge via a dip coating method. 

The water and salt permeability of the membranes was studied by placing them into tube 3/8″ x 

1/2″ (9.5 mm x 12.7 mm) containing deionized water and MgCl2, CaCl2 and NaCl in aqueous 

solutions. The water permeability performance of the samples was determined by applying a 

pressure of 1 bar and a cross flow rate of 600 ml/min for 1 h. Finally, the permeate volume was 

measured and water permeability coefficient of the membrane was estimated. It was found that 

depositing GO sheets on the membrane surface enhanced the rejection efficiency of the membrane 

by 15 % and water permeability up to 86 %. The improved properties arose from reducing PS of 

the membranes by depositing GO [184]. Hung et al. [180] developed GOF membranes which were 

cross-linked with diamine monomers with various inter-layer spacing between the GO sheets 

(Figure 2.11). In this study, GO was fabricated according to Hummer’s method and cross-linked 

with three types of diamine monomers including ethylenediamine (EDA), butylenediamine 

(BDA), and p-phenylenediamine (PPD) via a solution mixing method. GO solution with a 

concentration of 400 ppm was mixed with 0.1 M solutions of diamine monomers to produce GO-

EDA, GO-BDA, and GO-PPD composites. The composite membranes were produced through 

pressure-assisted self-assembly method on the cellulose acetate substrate. The membranes were 

oven-dried at 80 °C for 1 h and tested for water permeability in an ethanol/water mixture. The 

results indicated that GO membranes cross-linked with diamine monomers had high water 

permeation flux (2297 g/m2.h) and high-water concentrations (99.8 wt. %) when tested for the 

separation of ethanol/water mixture at 80 °C. These changes were found to be due to formation of 

covalent bonds between GO and diamine monomers which led to increasing inter-layer spacing of 

GO sheets.  
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(a) (b) 

Figure 2.11. Structure of (a) GO and (b) cross-linked GO membranes (GO-EDA, GO-BDA, 

and GO-PPD) with diamine monomers [180]. 

In two related studies, cross-linked GO membranes were prepared using 1,3,5-benzenetricarbonyl 

trichloride (TMC) and poly (allylamine hydrochloride) (PAH) as cross-linkers via a layer-by-layer 

assembly method to obtain a cross-linked GO membrane with a thicknesses of ca. 14-16.5 nm 

[72,185]. Flux and rejection rate of GO-TMC membranes were tested using a dead-end membrane 

filtration system and different feed solutions including NaCl, Na2SO4 and MB under 50 psi (0.34 

MPa) transmembrane pressure. The flux of water for the cross-linked GO membranes decreased 

to 80 LMH/MPa, while the rejection rate toward NaCl, Na2SO4 and MB increased to a maximum 

of 19 %, 46 %, and 66 %, respectively. This performance was shown to be related to changes in 

inter-layer spacing of GO sheets and presence of surface charges on the membrane [72]. Also, 

membrane performance of cross-linked GO membranes by positively charged PAH was evaluated 

using a dead-end membrane system under 50 psi (0.34 MPa) hydraulic pressure. The water 

permeability of the GO-PAH membrane decreased from 88.4 LMH/ atm to 5.8 LMH/atm.  In terms 

of gas phase species, Wang et al. [64] prepared a permeable borate cross-linked GO- 

polyethersulfone (PES) membrane with lateral size of 2 µm and thickness of about  8 nm by a 

vacuum-assisted filtration method followed by thermally treated them for cross-linking formation. 

The gas separation performances of the cross-linked membranes were tested using a constant 

volume-variable pressure method. The feed gases included N2, CH4 and CO2 as well as gas 

mixtures (CO2: N2 50:50, CO2:CH4 50:50, O2:N2 50:50) under fixed gas pressures of 30-50 

mL/min. The prepared membranes were found to be an effective carbon capture material with CO2 

permeability of 650 gas permeation unit (GPU). Also, this material can be used as a selective 

membrane in the separation process of a CO2/CH4 mixture with CO2/CH4 selectivity of 75. The 
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performance was attributed to changes in the inter-layer spaces between the GO sheets upon cross-

linking which enabled adequate transport channels in the GO for gas molecules.   

2.10.2 Cross-linking with metal ions  

The other type of cross-linker for use in modification of GO sheets are metal ions. The work done 

by Park et al. [8] was the first successful example of developing a cross-linked GO membrane 

using divalent ions through a continuous filtration method. It was found that cross-linking GO 

sheets with less than 1 wt. % metal cations (e.g., Mg2+ and Ca2+) significantly improved the 

mechanical properties of GO sheets. The interactions were shown to take place between the 

functional groups of GO sheets and the cations in two modes. One of them occurred via binding 

of the metal ions to the carboxylic acid groups of GO sheets, while the other one through 

introduction of the metal ions with the epoxide rings of the GO sheets. Figure 2.12 shows the 

proposed model for the reactions between metal cations and GO sheets. This approach has 

promoted several researchers to developed cross-linked GO sheets with metal ions. For example, 

in a systematic study performed by Bai et al. [178], GO was prepared from graphite powder using 

Hummer’s method and used to fabricate GO hydrogels using various metal ions through a solution 

mixing method. The hydrogel formation was studied using a tube inversion method. Monovalent 

ions (e.g., K+, Li+, Ag+) were observed to be incapable of producing GO hydrogels, while divalent 

and trivalent metal ions (e.g., Ca2+, Mg2+, Cu2+, Pb2+, Cr3+, Fe3+) were able to yield the formation 

of 3D networks of GO. The driving force for the formation of 3D networks are due to the 

coordination of the metal ions with hydroxyl and carboxyl groups within the GO sheets. Moreover, 

to support the cross-linking effect of metal ions in a 3D network of GO, Chithra et al. [186] added 

a chelating agent to the GO-metal ion mixture to further eliminate metal ions.   
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Figure 2.12. Proposed model for interactions between GO sheets and metal cations [8]. 

 

It was observed that the 3D GO-metal ion hydrogel disintegrated due to elimination of metal ions. 

Therefore, the cross-linking effect was found to promote the formation of 3D self-assembly of GO 

sheets due to the increase in bonding force between individual GO sheets. In a study by Yeh et al. 

[7], GO membranes were unintentionally found to be remarkably stable in water when they were 

cross-linked with metal cations (e.g., Al3+ and Mn2+). In their study, GO was synthesized using 

Hummer’s method where 1 mg/mL of GO was dispersed and vacuum-filtered through a porous 

AAO filter (Anodisc, 47 mm in diameter, 0.2 μm), followed by peeling off the filter and air-dried 

for 24 h. The mechanical performance of the membranes with a thickness of 18-20 µm were tested 

using a dynamic mechanical analyzer (2980 DMA, TA Instruments). The GO membranes had 

average tensile strengths and Young’s modulus of 100.5 MPa and 26.2 GPa, respectively. The 

values were remarkably higher compared to GO membranes prepared without using AAO filter 

paper, which showed average tensile strengths of 86.9 MPa and Young’s modulus of 7.6 GPa.  In 

addition, the vacuumed-filtered membranes were found to be highly stable in water. Therefore, it 

was suggested that releasing metal ions (such as Al3+) from the filter paper during the vacuum 

filtration process could effectively cross-link GO sheets together. Recently, in a similar approach, 

GO membranes were developed by cross-linking them with a range of metal cation (e.g., Na+, 

Mg2+, Ca2+ and Al3+) [187]. GO was synthesized using Hummer’s method and brought into an 



 

34 
 

aqueous solution with a GO concentration of 2 g/L and cross-linked using a solution mixing 

method. The mixture of GO solution and salt solutions were filtered through cellulose acetate 

membrane filters (47 mm in diameter, 0.2 µm PS). The membrane stability was evaluated by 

placing them into different test solutions (i.e. deionized (DI) water, NaCl, alginate solution and 

bovine serum albumin (BSA) solution) for different periods of time. Modified GO membranes 

were observed to offer greater integrity than unmodified GO. The monovalent cation such as Na+ 

was  not able to stabilize the GO layers, however incorporating  multivalent cations such as Mg2+, 

Ca2+ and Al3+ as cross-linkers were able to provide more stable membranes [187]. In a recent study 

in 2018, the thermal stability (open flame resistance) and SA of GO sheets were remarkably 

improved through cross-linking with Al3+ cations [11]. In this study, cross-linked GO membranes 

with Al3+ cations were prepared using a solution mixing method where 3 mg/ml of GO were added 

to 0.2 w/v % solution of Al (NO3)3·9H2O under constant stirring. The membranes were produced 

by a drop-casting method using a polystyrene substrate. Thermal stability of prepared membranes 

was tested using thermogravimetric analysis (TGA) Q50 V20.10 under N2 atmosphere and 

ramping speed of 15 °C/min. Aside from thermal stability, the MB adsorption method was used to 

estimate SA of GO before and after cross-linking. The cross-linked-GO samples showed a lower 

rate of mass loss starting at about 200 °C, which was higher compared to pure GO at 125 °C. Also, 

cross-linked GO samples were found to resist decomposition in a flame, while pure GO was burnt 

out in ∼5 s. The higher thermal stability of cross-linked GO was found to be related to firstly, 

reduction of epoxide groups on GO surface as a result of cross-linking with Al3+ cations and 

secondly, shielding heat propagation between the cross-linked GO sheets. The SA of GO sheets 

increased by 90 m2/g due to higher in-layer distance between GO sheets and hence accessibility of 

more MB molecules to available spaces between GO sheets. Along with improving thermal 

stability and flame resistance, it’s been demonstrated that by cross-linking GO sheets with copper 

cations (Cu2+) the conductivity of GO sheets increased significantly for  applications in light-

emitting diodes, displays and photovoltaics [188]. In this approach, GO was prepared by 

Hummer’s method and 3 mg/mL GO solution was added to Cu2+ solutions of variable 

concentration (10, 20, 30, 40 and 50 mM). The solution was filtered through porous membranes 

using a vacuum filtration method in order to fabricate cross-linked GO films. Finally, the electrical 

conductivity of the GO films was evaluated using a low power xenon flash equipment. The results 

indicated cross-linked GO sheets with Cu2+ cations had lower electrical resistance (higher 
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electrical conductivity) (0.540 KΩ cm2) compared to pure GO (11.35 KΩ cm2). These changes 

were suggested to be related to the increased conduction channels within GO sheets upon addition 

of metal ions. As a conclusion, cross-linking was found to be a promising approach to tailor and 

enhance various GO properties in solution and dry-state for potential applications in many fields. 

2.10.3 Cross-linking with CTS 

CTS was shown to function as an effective cross-linker for cross-linking GO sheets through 

electrostatic interactions coupled with formation of amide bonds between functional groups of GO 

and CTS [10,189]. By combining the advantages of both GO and CTS, applications have led to 

formation of stable GO-CTS cross-linked framework materials, nanocomposites, hydrogels, films 

and membranes [104,117]. Table 2.3 lists the studies conducted on GO-CTS composites prepared 

for various applications. 

Preliminary results on GO-CTS composite properties confirmed a promising material with 

improved properties such as adsorption, mechanical performance and antimicrobial properties 

compared to pristine GO or CTS. For instance, Travlou et al. [191] prepared GO-CTS composites 

through solution mixing. CTS solution with concentration of 2 % v/v was added to 0.3 g GO 

powder prepared from Hummer’s method and 0.05 mol/L glutaraldehyde (GLA) solution. The 

mixture was stirred for 90 min and its pH was adjusted to pH 9. The adsorption properties of the 

obtained sorbent were investigated toward a commercial reactive dye. The GO-CTS sorbent had 

higher adsorption capacity toward targeted dyes compared to pure GO and pure CTS (205, 224, 

and 277 mg/g for pure GO, CTS, and GO-CTS, respectively). The improvement was suggested to 

be due to the increase in available adoption sites of GO-CTS. In another approach by same research 

group (Travlou et al.) [12] GO was functionalized with magnetic CTS in an effort to produce novel 

sorbents. Magnetic CTS was prepared by dissolving CTS in 2 % v/v acetic acid solution containing 

magnetic particles (FeCl2·4H2O (3.5 g), FeCl3·6H2O (9.5 g)) followed by addition of GLA. The 

GO powder obtained by Hummer’s method was added to the mixture. The final sorbent was 

obtained by adjusting the pH of the solution, washing and drying the mixture. Adsorption 

properties were measured using batch adsorption experiments toward a reactive dye (reactive black 

5), where 0.020 g of the prepared sorbents were added to different concentration of adsorbate 

solutions. Based on the adsorption results, GO-CTS adsorbent materials showed higher adsorption 
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capacities (368-425) mg/g) compared to pure GO (205-299 mg/g) between 25-65 °C. The proposed 

mechanisms for synthesis of GO-CTS composites was related to the formation of amides as a result 

of reactions between the GO’s carboxyl groups and the amino groups of CTS. Additionally, 

enhancement of the adsorption properties contributed to formation of composites and increasing 

the available adsorption sites resulting from the disruptions of some of the material’s interior 

bonds. 

Table 2.3. Fabricated GO-CTS composites with various applications. 

Material Application Ref 

GO-CTS Tissue engineering [192] 

GO-CTS-poly(vinyl alcohol) Drug delivery [193] 

GO-CTS 
Wastewater treatment 

Smart materials 
[194] 

GO-CTS Supercapacitors [195] 

GO-CTS 
Water purification (removal of various 

contaminants) 
[142,196] 

 

Other investigations on GO-CTS composites were performed by Kyzas et al. [197] who prepared 

GO-CTS for adsorption of toxic mercury ions. The preparation of GO-CTS composite was similar 

to a previous report [191] where uptake properties of the sorbents was evaluated using 1 g/L 

adsorbent with different concentrations of Hg (II) ranging from 0–500 mg/L at three different 

temperatures (25, 45, 65 ℃). The adsorption capacity results showed GO increased by 194 mg/g 

upon addition of CTS for all temperatures. Similar studies have indicated  GO-CTS adsorbents to 

be stable and reusable in multiple adsorption-desorption cycles [44,149] (refer to Table 2.1 and 

2.2 for more details on the adsorption capacity for GO-CTS materials). In other approaches, 

composites of GO and CTS were prepared, and their mechanical properties were measured. For 

instance, Syuhada et al. [102] fabricated CTS-GO through a solution mixing method using 1000 

mg of CTS dissolved in 30 mL of acetic acid solution and added to  0.05, 0.5 and 1 wt. % of GO 

in a CTS solution. Mechanical property measurements were conducted on GO-CTS films with 

dimension of 60 mm by 10 mm using a Shimadzu Autograph AG-X universal tester at an extension 

https://www.sciencedirect.com/science/article/pii/S0927776513004918#!
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rate of 5 mm/min. The tensile stress and elongation at break of CTS-GO composites increased by 

about 18-50 % and 35-71 %, respectively compared to pure CTS. Similarly, GO powder prepared 

by Hummer’s method was mixed with CTS powder in a ratio of 0.05:1 and dispersed in N,N-

dimethylformamide (DMF) solution. The mixture was sonicated to obtain a well-dispersed 

solution, followed by drying on a flat surface to obtain CTS-GO films. The prepared films with 

dimension of 75 mm by 4 mm were tested for mechanical properties using a mechanical analyzer 

(ZWICK ZO 20/TN2S, Germany) under an extension rate of 10 mm/min. Based on the results, the 

tensile strength, and Young’s modulus of CTS-GO films improved by 24 %, and 56 %, 

respectively compare to pure CTS [9].  

2.11 GO-based membranes  

GO-based membranes have been prepared in different forms such as self-assembly (free standing) 

GO sheets, modified and/or supported membranes and thin film composites [198–201]. Several 

techniques have been explored to prepare GO-based membranes such as filtration-assisted,     

casting-assembly, layer-by-layer (LbL) assembly, evaporation-assisted and templating [202]. It 

has been suggested the structure and properties of fabricated membranes can be significantly 

affected by the preparation method. Despite achievements in preparing GO membranes, resulting 

membranes are not stable frameworks due to their weak mechanical performance (e.g. for 

applications where high-pressure operation is required) and their tendency to dissociate in solvents 

(swelling effect). As mentioned earlier, mechanical performance and stability of GO membranes 

can be well-maintained and improved via several approaches including chemically cross-linking 

of GO sheets using polydopamine, metal ions, diamine monomers, glutaraldehyde and polymers 

[8,179,203,204].  

2.12 Summary  

The literature review demonstrated pure GO to have a unique structure and its remarkable 

properties have attracted great attention as a potential material for fabrication of GO-based 

composites. This chapter reviewed the chemical structure, properties and applications of GO and 

GO-based composites. Among the available reviews on GO-based materials, there were 

comprehensive studies lacking on the development of a scalable and stable GO-based composite 

membrane using readily available cross-linking agents. Also, there is a shortage of comprehensive 
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studies on the effects of the addition of Al3+ ions on the mechanical performance and adsorption 

properties of GO-based materials toward a model cationic dye such as MB. These redundant 

research gaps gave the motivation to study the preparation and characterization of GO-based 

composites for adsorption applications toward dye and gas phase species. 
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CHAPTER 3: MATERIALS AND EXPERIMENTAL PROCEDURE 

 

3.1 Overview of chapter 3 

In this chapter, the materials used and experimental methods followed to achieve the objectives of 

this research are discussed.  

Firstly, the synthesis process of GO powder (from graphite flakes) as the precursor to prepare GO-

based composite materials is described. Secondly, GO-based composites prepared using a cross-

linking method will be presented. Finally, fabrication of GO-based membranes are explained. 

Additionally, the techniques used to characterize the fabricated materials are presented. The 

characterization methods discussed in this chapter are classified into five main categories 

including; structural properties, physical properties, adsorption studies in liquid and gas phase 

media, ion permeability test and mechanical properties.  

Portions of this chapter have been previously published in the following journal articles:  

Sabzevari, M., Cree, D. E., and Wilson, L. D. (2018). Graphene Oxide–Chitosan Composite 

Material for Treatment of a Model Dye Effluent. ACS Omega, 3, 13045-13054. 

Sabzevari M, Cree D. E, Wilson L. D. (2019). Mechanical properties of graphene oxide-based 

composite layered-materials. Materials Chemistry and Physics, 234, 81-89.  

My contributions to the papers include review of the related literature, design of experiments and 

data collection (including the preparation of GO and cross-linking GO using two types of cross-

linkers), conduct tests, analysis and interpretation of test results for publication. The manuscripts 

were reviewed by my supervisors, Professor Duncan Cree and Professor Lee Wilson, prior to 

submission to the selected journals. The excerpts from this article have been used in accordance 

with the ACS Author Choice License terms of use and Elsevier journal (see Appendix B).  

 

3.2 Materials  

The following materials were obtained to prepare GO and its composites. Graphite flakes, 325 

mesh, 99.8 % (metals basis) and filter paper (Ahlstrom grade 613, 7.5 cm) were obtained from 

Alfa Aesar Thermo Fisher Scientific. The graphite flakes were purified by Soxhlet extraction for 
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24 h using methanol, followed by drying in a vacuum oven at 60 °C for 12 h to remove impurities. 

Sodium nitrite (NaNO3), potassium permanganate (KMnO4), sulfuric acid (H2SO4), hydrogen 

peroxide (H2O2) (30 v/v %), low molecular weight CTS (Mw = 50,000 Da, 75−85 % deacetylation), 

MB (high purity, biological stain) and aluminum nitrate nonahydrate (Al (NO3)3·9H2O) were 

purchased from Sigma-Aldrich Canada Ltd. Methanol was obtained from Fisher Scientific, NJ, 

USA. 

3.3 Synthesis of GO powder 

GO powder was prepared using the Hummer’s method [38], which is a well-established method 

for its synthesis. According to this method, the first stage involves intensive oxidation of graphite 

using oxidizing agents such as KMnO4. To perform this, 4 g of graphite powder was mixed with 

100 mL concentrated H2SO4 and added into a 500 mL flask contained in an ice bath (low 

temperature stage) until the graphite powder was mixed well. Then 2 g of NaNO3 was added to the 

mixture and stirred continuously for 4 h. Approximately 12 g of KMnO4 was gradually added 

while the mixture was stirred for 2 h and the temperature was maintained below 10 °C. In the next 

stage, the ice bath was removed, and the mixture temperature was increased to 35 °C using an oil 

bath (set to this temperature) and stirred for 30 min (medium temperature stage). Subsequently, 

240 mL of distilled water was slowly added to the mixture. This reaction was vigorously 

exothermic and caused the temperature to rise to 90 °C (high temperature stage). After stirring for 

30 min at this temperature, 160 mL of water and 30 v/v % H2O2 were added to terminate the 

reaction. To obtain a well-mixed oxidized solution, the mixture was stirred overnight. This stage 

yielded an oxidized form of graphite. The purification of the GO solution was conducted through 

multiple washings to remove residual chemicals, contaminants, metal ions and acids. The GO 

solution was washed using millipore water, HCl (30 %), and ethanol until it reached neutrality (pH 

7). At each washing cycle, a centrifuge was used to collect the GO powder. Finally, the GO paste 

was vacuum-dried at 40 °C to obtain dried GO powder. The steps of the synthesis process are 

shown in Figures 3.1.  

3.4 Preparation of GO-based cross-linked composite powders 

In this research, two types of cross-linkers were used for preparation of the cross-linked GO-based 

composites. The structure and properties for these GO-based systems were explored.  The first set 
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of samples were fabricated using CTS, while the second set of samples were prepared using Al3+ 

ions. The prepared cross-linked GO samples with variable precursors, cross-linker types and 

weight ratios are listed in Table 3.1.  

To fabricate cross-linked GO-based composite materials, the GO solution with a concentration of 

1 mg/mL, was initially prepared by dissolving 100 mg of GO powder in 100 mL millipore water. 

 

Figure 3.1. Synthesis process for preparation of GO. 

For composite materials containing CTS, the CTS solutions were produced by dissolving 0.3 g 

and 0.6 g of CTS powder in 100 mL of 1 v/v % glacial acetic acid with constant stirring to obtain 

the 0.3 w/v% and 0.6 w/v% CTS solutions, respectively. Similarly, Al3+ ion solutions were 

prepared by dissolving 0.3 g and 0.6 g of aluminum nitrate powder in 100 mL millipore water 

to obtain 0.3 w/v% and 0.6 w/v% Al3+ solutions, respectively. Subsequently, the cross-linker 

solution was added drop-wise to the prepared GO solution by mean of a 1000 mL burette which 

was secured to a lab stand using a clamp with the rate of 20 drops/min under continuous stirring 

for 4 h. Finally, the resulting mixture was washed with millipore water followed by neutralizing 

the pH from approximately 4-5 to 7 using 1 M NaOH solution and stirring for 12 h. The solution 

was poured onto a polystyrene container (Fisherbrand medium hexagonal weighing dish, 
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diameter inner base 47 mm) and dried at ambient conditions for 48 h to obtain the GO and the 

GO-based composite powders. An outline of the experimental sequence is shown in Figure 3.2. 

Table 3.1. The prepared samples with different cross-linker types and concentrations. 

Sample ID 

GO 

concentration 

(mg/mL) 

Cross-linker 

concentration 

(w/v %) 

GO/cross-

linker 

(w/w) ratio 

Note 

Pure GO-L 1.0 0 0 
Low concentration GO 

without cross-linker 

Pure GO-H 3.0 0 0 
High concentration GO 

without cross-linker 

GO-CTS-L 1.0 0.3 1:3 
GO cross-linked with low 

CTS concentration 

GO-CTS-H 1.0 0.6 1:6 
GO cross-linked with high 

CTS concentration 

GO-AL-L 1.0 0.3 1:3 
GO cross-linked with low 

concentration of Al3+ ions 

GO-AL-H 1.0 0.6 1:6 
GO cross-linked with high 

concentration of Al3+ ions 

Note: -L and -H denote low and high levels of cross-linking, respectively. In the case of pure GO-L 

and -H, this refers to dilute and moderate concentrations of GO. 

3.5 Preparation of GO-based cross-linked composite membranes 

The obtained GO-based composite solutions were used to fabricate freestanding GO and GO-based 

composite membranes. First, the resulting GO and GO-based solutions were centrifuged and oven-

dried at 60 °C for 12 h to initially remove water molecules in-between GO sheets. Then, the 

resulting paste was sonicated in 40 mL of millipore water to achieve a homogeneous solution. 

After that, the obtained solution was drop cast on a polystyrene substrate using a 100 mL burette 

and sonicated for 15 minutes to spread the solution uniformly. Finally, the substrate containing the 

solution was dried for 24 h at room temperature to obtain membranes with an average thickness 

ranging from 19.6 ± 1.5 µm to 33.7 ± 1.2 µm. To fabricate defect free membranes, several 
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substrates including polystyrene, glass, silicon wafer, polytetrafluoroethylene, and plastic paraffin 

were trial tested. The best method for preparation of robust freestanding membranes was obtained 

using polystyrene substrates. Figure 3.3 shows membranes prepared by the described method. 

 

Figure 3.2. Experimental procedure for GO-based composite preparation. 

  

Figure 3.3. Fabrication of GO-based composite membranes. 
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3.6  Characterization techniques 

3.6.1 Surface charge (ζ-Potential) measurement 

Zeta potential values provide an estimate of the net charge on the surface of solid or dissolved 

particles. The point of zero charge (PZC) measurement of a material provides insight and 

understanding of the properties of colloidal systems such as their tendency to aggregate, adsorption 

of ions and molecules as well as interaction between particles in solution. In this work, Zetasizer 

Nano ZS (Nano ZS90, Malvern, UK) located in the Department of Health Science, University of 

Saskatchewan was used to measure the ζ-potential of the samples. All samples were diluted to 0.01 

w/v % and measured in millipore water at different pH values (i.e.,4,5,6,7,8,9,10).  

3.6.2 Fourier transform-infrared (FTIR) spectroscopy  

FTIR spectroscopy is an analytical technique used to determine molecular components and 

structures as well as functional groups in molecules. FTIR spectroscopy has been widely used to 

investigate structure and functional groups present in GO [205–207]. In this work, A Bio-Rad 

FTS-40 IR spectrophotometer (Figure 3.4), located at the Saskatchewan Structural Sciences Centre 

(SSSC), University of Saskatchewan was used to obtain the IR spectra of the samples. Prior to 

performing the test, the powdered samples were mixed with pure spectroscopic-grade KBr (weight 

ratio: 1:10). The FTIR spectra were obtained in reflectance mode with a resolution of 4 cm-1 over 

a spectral range of 500−4000 cm−1. The obtained spectral results were baseline-corrected and 

normalized using Origin 2018 peak fitting software by means of 5 points in the range of 500-4000 

cm-1.  

3.6.3 Scanning electron microscopy (SEM) 

SEM is a non-destructive technique used for high resolution imaging of surfaces morphology of 

materials. This technique can provide surface information over a wide range of magnification from 

10 to 500,000. In this thesis, the Jeol JSM-6010LV SEM (Figure 3.5) at accelerated voltage of 

10-20 kV, located in the Department of Mechanical Engineering, University of Saskatchewan was 

used to observe surface morphology of samples and to measure the thickness of prepared 

membranes. The samples were gold coated using Edwards sputter coater S150B prior to SEM 

observation to improve the conductivity of the samples.  

http://www.usask.ca/sssc/
http://www.usask.ca/sssc/
http://www.usask.ca/sssc/
http://www.usask.ca/sssc/
http://www.usask.ca/sssc/
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Figure 3.4. Bio-Rad FTS-40 IR spectrophotometer used in this work.  

3.6.4 Raman spectroscopy 

Raman spectroscopy is a suitable technique for the analysis of carbon-based materials including 

graphite, multilayer graphene, graphene oxide and carbon nanotubes [208,209]. Graphene 

derivative materials including GO have been widely studied by Raman spectroscopy to investigate 

the degree of order-disorder in the structure [210-211]. In this work, the Renishaw model 2000 

Raman spectrometer equipped with an inVia reflex optical microscope and a laser excitation 

wavelength of 514.5 nm, located at SSSC, University of Saskatchewan was used to obtain Raman 

spectra of the samples (Figure 3.6). The scattering data was collected over the spectral range 

3000−100 cm−1. The acquired Raman results were baseline-corrected and normalized using Origin 

2018 peak fitting software by means of 5 points in the range of 3000-100 cm-1. 
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Figure 3.5. The Jeol JSM-6010LV SEM instrument used in this work.  

 

 

Figure 3.6. Renishaw model 2000 Raman spectrometer used in this research.  
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3.6.5 X-ray diffraction (XRD) 

XRD is a non-destructive characterization technique to obtain information on the crystallographic 

structure and parameters of materials. Specifically, XRD has been used to measure d-spacing of 

sheets of graphene derivative materials [212-213]. In this work, the samples were tested using a 

PANalytical Empyrean powder X-ray diffractometer equipped with a Co source (λ = 1.789 Å, 

operating at 40 keV, cathode current of 20 mA) and X’Celerator detector, located in the 

Department of Physics & Engineering Physics, University of Saskatchewan (Figure 3.7). The XRD 

patterns of samples were measured in continuous mode over a range of 0−40° 2θ, with a scan speed 

of 335 ms/step (3°/min). The powdered samples were placed in a horizontal mode and mounted 

prior to the test. The identification of diffraction peaks were evaluated using the Powder 

Diffraction File (PDF) database and relevant literature using Xpert's High Score software.  

 

Figure 3.7. PANalytical Empyrean powder XRD instrument used in this work.  
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3.6.7 Thermogravimetric analysis (TGA) 

TGA is a technique used to verify thermal stability and decomposition temperature of graphene-

based materials [211–213]. In this technique the change in the sample weight is measured 

continuously as the temperature is increased. In this work, TGA of the samples were obtained 

using a TA Instruments Q50000IR TGA system, located in the College of Arts and Science, 

University of Saskatchewan. It was operated using  100 mg of sample which is heated from 23 

to 500 °C with a heating rate of 5 °C min−1 under a nitrogen atmosphere (Figure 3.8). 

 

Figure 3.8. TA Instruments Q50000IR TGA instrument used in this work.  

3.6.8 Equilibrium swelling properties (solvent swelling properties) 

Solvent-based swelling is a key feature of the cross-linked polymer characteristics when it is 

immersed in a solvent. If the structure of the material network is not broken down in presence of 

a solvent and only swells, an equilibrium swelling may be reached [214].  In this work, the swelling 

properties of the samples were studied following ASTM D5229-14 standard [215] by immersing 

50 mg of the material in 12 mL millipore water as the solvent and equilibrated in a horizontal 

shaker (SCILOGEX SK-O330-Pro) for 24 h. The weight of the swollen samples (Ws) was 

determined by weighing hydrated samples after removing excess surface water with filter paper. 
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By drying the hydrated samples in an oven at 60 °C, the dry weight (Wd) was obtained and water 

swelling (Sw) was calculated using equation 3.1.  

                                                        Sw = 
(Ws−Wd)

Wd
 ×100                                                           (3.1)  

3.7 Dye-based adsorption properties 

Dye adsorption using MB offers an effective method for estimation of the SA of graphene-based 

materials [216,218]. MB used in this research as a model dye exhibited a distinct blue color in 

aqueous media (chemical structure shown in Figure 3.9). In the case of adsorbates containing 

chromophores (such as MB), the decrease in the concentration of sorbate (as a result of adsorption 

by sorbent), can be measured using the optical absorbance properties of the dye adsorbate. The 

absorption properties of this dye is used to estimate sorption capacity, binding affinity, sorption 

site accessibility, and  SA of the adsorbent phase [217,218].  

  

Figure 3.9. Chemical structure of MB [219] .   

3.7.1 Equilibrium dye uptake 

Adsorption onto solid adsorbents in liquid phase takes place under equilibrium or kinetic 

conditions. The adsorption process at equilibrium can be studied using a batch technique following 

ASTM D3860–98 (2014) standard [220]. In this method, the solid adsorbent is immersed into the 

solution phase containing the adsorbate dye species. The interaction between the adsorbate, 

solvent, and adsorbent surface occurs until the system reaches equilibrium. At equilibrium, the 

maximum sorption capacity (Qm) of sorbent can be evaluated by plotting sorptive uptake capacity 

(Qe) vs equilibrium concentration of adsorbate (Ce) in the solution phase, along with analysis of 
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the isotherm profile using an appropriate isotherm model. Qe can be estimated using the initial 

concentration of adsorbate (C0), equilibrium concentration of adsorbate (Ce), adsorbent mass (m) 

and volume of solution (V) as given in equation 3.2.  

                                                                                          Qe = 
C0−Ce

m
 * V                                                           (3.2) 

The obtained equilibrium adsorption profiles were analyzed by fitting the adsorption isotherms to 

various models (Langmuir, Freundlich, and Sips isotherms). After obtaining Qm values by proper 

fitting of isotherm profiles, the corresponding SA of the samples in aqueous solution were 

estimated using equation 3.3. 

                                                               SA= Qm ∗ N ∗ δ ∗ Y−1                                                (3.3)  

In this equation Qm (mol g-1) is the maximum adsorption capacity at equilibrium per unit mass of 

sorbent, N (mol-1) is Avogadro’s number, δ (m2) represents the cross-sectional molecular area 

occupied by MB (δ is 8.72 x 10-19 m2) [221], while the dimensions of the MB are 1.70 x 0.76 nm 

[221] and Y is the coverage factor (Y = 2.0 for MB) [222].  

3.7.2 Kinetic dye uptake 

The kinetic adsorption studies also used a dye probe adsorbate, referred herein as the “one-pot” 

method developed by Mohamed et al. [223] for adsorption processes of nanomaterial sorbents. In 

this technique, approximately 100 mg of a solid adsorbent is placed into a folded and sealed filter 

paper (with favourable diffusion processes and negligible adsorption of the barrier material). The 

filter paper consists of sorbent that is placed into the solution phase containing the adsorbate. Then 

fixed aliquots of solution are pipetted at variable time intervals. In this condition, the adsorption 

capacity of the sorbent at variable times (Qt) can be determined by plotting Qt vs time and then 

analyzed using an appropriate kinetic model. Based on a suitable best-fit result, the value of Qt can 

be calculated using the initial concentration of adsorbate (C0), the concentration of sorbate at 

variable times (Ct), adsorbent mass (m) and volume of solution (V), according to equation 3.4. 

                                                                                                   Qt = 
C0−Ct

m
 * V                                                          (3.4)  
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The obtained dynamic adsorption profiles were analyzed by fitting the adsorption isotherms to 

suitable kinetic models (PFO and PSO). 

3.7.3  Regeneration study  

Regeneration study of an adsorbent is an important consideration for use of a material in 

wastewater applications because of economic demands and for environmental sustainability [2]. 

Moreover, facile separation and effective regeneration over multiple adsorption cycles is important 

adsorbent property for practical applications. The regeneration study of samples was conducted 

using a mixture of dilute HCl and ethanol (1:1, v/v), to desorb the bound MB dye species. This 

solvent system represents an inexpensive option for the release of MB and regeneration of sorbent 

material [224]. The desorption cycle was followed by drying of the material at 40 ℃ for 24 h and 

repeated adsorption through three cycles of MB adsorption.   

3.8 Water vapour adsorption isotherms  

The water vapour uptake capacity and SA of the samples were studied by determining the 

adsorption-desorption isotherms with water vapour. In this work, the Intelligent Gravimetric 

Analyzer (IGA) system, IGA-002 (Hiden Isochema, UK) (Figure 3.10) located in the 

thermodynamic laboratory, Department of Mechanical Engineering, University of Saskatchewan 

was used to investigate water vapour adsorption isotherms. The samples each consisting of 30 mg 

of the adsorbent was placed in a stainless steel chamber attached to a microbalance under an ultra-

high vacuum condition. The reactor temperature was controlled using a water bath. The samples 

were dried at 60 ˚C in vacuum (≈10−8 mbar) for 5 h. The IGA system enables a desired partial 

pressure in the chamber by adjusting the input and output valves. Once the sample mass reached 

equilibrium at one partial pressure (mbar), the IGA system advanced to a higher partial pressure 

isotherm in the range of 0 to 30 mbar. The corresponding SA (m2/g) of the GO-based sorbents in 

the gas phase was calculated according to the obtained Qm values of water vapour isotherms by 

equation 3.5. 

                                                        SA= Qm ∗ N ∗ δ ∗ M−1                                                      (3.5) 

Qm (g/g) is the maximum adsorption capacity at equilibrium per unit mass of sorbent, N (mol-1) 

represents Avogadro’s number, δ (m2) is the cross-sectional molecular area occupied by water 
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vapour molecules (δ is 1.08 x 10-19 m2 for a water molecule) and M (g/mol) is the molecular mass 

(M = 18.01 for water) [225]. The PV of samples was estimated from the amount of gas adsorbed 

at p/po=0.99 where the pores are filled with adsorbed water, and the pores are assumed to be of 

cylindrical shape.  

 

Figure 3.10. IGA-002 system used for water vapour adsorption analysis. 

3.9 Nitrogen adsorption-desorption isotherms  

The nitrogen adsorption properties, textural characteristics (e.g., SA and PV) of the samples were 

determined using nitrogen gas. In this work, a Micromeritics ASAP 2020 (Norcross, GA, USA) 

instrument (Figure 3.11) located at the College of Arts and Science, University of Saskatchewan 

was used. All samples were initially degassed at ∼100 °C under an evacuation rate of 5 mmHg/s 

prior to conducting the tests. The SA of samples were obtained from the adsorption isotherm 

profiles of gaseous molecular nitrogen [226].  
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3.10 Ion permeability test properties  

Ion permeability test characteristics of a membrane is an important consideration for its application 

in wastewater treatment and water desalination. In this work, the permeability properties of 

prepared membranes were tested using a 4520 Bench conductivity determination equipped with a 

glass conductivity probe (Figure 3.12) following ASTM D1125 – 14 standard [227], located in the 

Department of Chemistry, University of Waterloo, Ontario. The membranes were cut to circular 

shape with diameters of 25 mm. Prior to the tests, the membranes were soaked in 5 mL NaCl 

solution for 24 h to ensure the membranes remained stable throughout the test.  

 

Figure 3.11. Micromeritics ASAP 2020 instrument used for nitrogen adsorption analysis.  

The permeation cell is comprised of two reservoirs that are divided by the planar surface upon 

placement of the prepared membrane in the mid-region of the cell. One of the reservoirs was filled 

with 5 mL deionized water and the other with either 5 mL of 100 mM NaCl or 100 mM CaCl2 

aqueous solutions, respectively. The conductivity of the DI water was measured periodically to 

observe the increase in its salt concentration as a result of permeation across the membrane over 

24 h (1440 minutes). An illustration of the permeation cell is shown schematically in Figure 3.13.  
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Figure 3.12. (a) Permeability test set up and (b) conductivity meter used for the study of the 

membrane materials. 

 

 

Figure 3.13. Schematic view of the permeation cell used in this work. 

 

 

(a) (b) 
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3.11 Mechanical properties  

Dynamic Mechanical Analysis (DMA) is a technique used to measure the mechanical properties 

of a wide range of materials. In this work, mechanical properties, such as the tensile strength, 

tensile modulus and elongation at break of fabricated membranes were analyzed using a DMA 

instrument Q800, USA (Figure 3.14) located at the Department of Mechanical Engineering at the 

University of Manitoba. The DMA had a preload of 0.01 N and strain rate of 10-5 s-1. The 

specimens had a gauge length of 16 mm and tested at 295 K with a relative humidity of 40 %. The 

measurement was repeated three times, and the reported values were the averages of the tests. 

Rectangular samples with dimensions of 3 mm  20 mm (width  length) were prepared by 

compression cutting with a razor blade. The width-to-thickness ratio was controlled to achieve a 

uniform deformation of the samples.  

3.12 Statistical analysis  

One-way single factor analysis of variance (ANOVA) [228] was performed to validate the 

significant statistical differences in measured mechanical properties (including tensile strength, 

tensile modulus, elongation at break and fracture strength) of GO over GO-based composites with 

the addition of both Al3+ and CTS. The ANOVA F-test calculations were made using Microsoft 

Excel office 365 2016 with a significance level of 0.05, equal to a confidence level of 95 %. The 

type of cross-linker (Al3+ and CTS) was the variable parameter throughout the measurement. 

Results assisted to recognize if cross-linking GO with Al3+ and CTS can bring a statistical 

enhancement in mechanical properties. 
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Figure 3.14. DMA analyzer used in this work. 
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CHAPTER 4: RESULTS AND DISCUSSION 

 

4.1 Overview of chapter 4 

In this chapter the characterization results of GO and GO-based composite materials (GO-CTS 

and GO-AL) prepared from the experimental procedure in chapter 3, are presented. This chapter 

contains three main sections, where the first part focuses on characterization of prepared materials 

(structural characterization using spectroscopy techniques and physical characterization). The 

second part contains results of the adsorption properties of prepared samples in solution and gas 

media. The third section presents the ion permeability and mechanical properties of samples in the 

form of membranes. The following chapter has been adopted from either published or submitted 

manuscripts as the outcome of the current Ph.D. study. For published papers, the copyright 

permission has been obtained and presented in Appendix B.  

4.2 Characterization of GO and GO-based composites 

4.2.1 Surface charge (ζ-Potential) measurement   

The zeta-potential (ζ) values provide insight toward a greater understanding of the electrostatic 

attraction between surfaces of a material and other molecules with variable electrostatic potentials. 

The surface charge of the adsorbent phase (GO and GO-based composites) is likely to influence 

the adsorption tendency and capacity of the MB cation in solution and gas species with variable 

polarities (e.g., N2 vs. H2O vapour). The surface charge measurement for GO is shown in Figure 

4.1 where the ζ-potential of the GO was observed to be highly negative, and this charge decreased 

continuously with increasing pH from 4 to 10. This observation is consistent with previous 

literature [229]. The negative surface charge is primarily due to the presence of various functional 

groups such as −OH and COOH and their ionization state on the GO surface that result from the 

oxidation process of graphite. Such groups become ionized at higher pH and result in enhanced 

negative charge [230]. The ionization of carboxylic acid and –OH groups on the GO sheets occurs 

at pH > pKa values (pKa = 4.3) which induce a stable colloidal suspension of GO in polar solvents 

such as water due to repulsive forces between the GO sheets [229,231]. Accordingly, this will 

enable individual GO sheets to be readily accessible for cross-linking with different cross-linkers 
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in aqueous media. Therefore, based on the results, it is recommended to run the cross-linking 

experiments at any pH above 6. Additionally, it is expected that GO and its cross-linked forms 

(GO-AL and GO-CTS) will exhibit promising affinity toward cationic species, such as MB, at 

neutral pH conditions in aqueous media.   

 

          Figure 4.1. The ζ-potential obtained for GO at variable pH. 

Figure 4.2 shows the ζ-potential measurement of GO-based composites to further support the 

formation of the selected composites. While, the surface charge of unmodified GO was negative 

(-36.5 mV) prior to cross-linking, the ζ-potential of the GO-based composite materials were 

reduced for GO-CTS (-7.2 mV) and GO-AL (-3.6 mV). The observed variation in ζ-values upon 

cross-linking of the GO-based composites provided support for the modification of the functional 

groups on the surface of GO. It has been shown that the formation of electrostatic interactions 

between the positively charged groups of CTS and negatively charged sheets of GO can decrease 

the overall surface charge to yield a GO-CTS composite [232,233]. 
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   Figure 4.2. The  potential obtained for GO and GO-cross-linked composites at ambient pH. 

4.2.2 Fourier transform-infrared (FTIR) spectroscopy  

Fourier transform infrared (FTIR) spectra were obtained to distinguish the presence of unique 

chemical bonds and functional groups in GO and to assess changes in these functional groups after 

cross-linking with CTS and Al3+ ions. In Figure 4.3 (a), the FTIR spectra of GO confirmed 

successful preparation (e.g. oxidation of graphite) by signature IR bands ∼3200−3600 cm-1, ca. 

1680-1730 cm-1 ca. 1550-1650 cm-1, and ca. 1050-1100 cm-1. These IR bands correspond to the 

stretching bands of –OH, carbonyls (C=O), C=C vibration of sp2-carbon skeleton, and C-O-C bond 

of epoxy groups, respectively [234]. For the IR spectrum of CTS, characteristic bands are centered 

at 1152 cm−1 and 895 cm−1 that correspond to IR signatures assigned to the glucopyranose ring 

unit [235]. Also, the C=O stretching vibration of amide I (NHCO) and amide II (N−H) bending of 

NH2 is observed at 1650 cm-1 and 1590 cm-1, respectively [236] The presence of the band of both 

precursors (GO and CTS) is supported by the similar spectral features of cross-linked composite 

materials. A noteworthy observation for the cross-linked GO composites includes the absence of 

some bands or changes of intensity when compared to similar IR bands for the unmodified GO. 

For instance, the CTS glucopyranose band at 895 cm−1 was not observed in GO-CTS. The 

formation of electrostatic interactions between GO and CTS is evidenced by the absence of GO 

peaks at 1730 cm−1, characteristic of the −COOH moiety of GO, where a greater IR intensity of 
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the amide II band at 1595 cm−1 was observed for cross-linked GO composites [9]. This provides 

support for electrostatic interactions between GO and CTS, in agreement with a previous report 

[9]. The cross-linking of GO sheets with Al3+ species was further supported by various spectral 

signatures. A noteworthy observation for the GO-AL composite revealed a reduced C=O band 

intensity related to C=O groups of GO at 1730 cm-1 and epoxy groups at ca.1100 cm-1, when 

compared to the IR bands of GO described above. This suggests that the functional groups 

(carboxyl and epoxy) of GO have reacted with Al3+ species through a ring-opening reaction. The 

results concur with corresponding decreases in IR intensity of the bands (ca. 1730 cm-1  and 1100 

cm-1) in the spectra of GO-AL [11]. The low intensity band at ca. 1380-1410 cm-1 is related to the 

nitrate anion (NO3
-) signature from aluminum nitrate species, indicating that excess Al3+ ions was 

present to fully coordinate with the COO- groups of GO. The presence of the nitrate group in the 

spectra of GO-AL composite suggests the Al3+ species were introduced into the GO structure to 

yield a composite material. 

  

Figure 4.3. FTIR spectra obtained for (a) graphite and GO, and (b) CTS, GO-CTS and GO-AL 

cross-linked composites. 

 

Figure 4.4 demonstrates structural changes after oxidation of graphite and introduction of oxygen 

functional groups to the graphitic structure. Changes in the structure of GO after cross-linking with 

two types of cross-linkers (Al3+ ions and CTS) to form a GO-based composite material. 
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Figure 4.4. Proposed structural changes after oxidation of graphite and after cross-linking of 

GO with two types of cross-linkers (Al3+ ions and CTS) to form GO-based composite 

materials. 

4.2.3 Microstructure  

SEM was used to determine changes in the cross-sectional surface morphology and porosity 

features of graphite, GO and GO-based composites.  

SEM micrographs for graphite, GO and its cross-linked form (GO-CTS and GO-AL) powders are 

shown in Figure 4.5-4.7. As represented in these figures, the SEM images of the graphite (starting 

material) and the synthesized GO, revealed a densely-layered structure. By comparison, the cross-

linked GO composites have wrinkled edges with irregular shapes of dense interconnected layers. 

The micrographs reveal that cross-linking of GO altered its regular layered morphology according 

to the cross-linker type. It can be inferred from the SEM results that GO-based composites made 
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from several two-dimensional GO sheets. The cross-linking of GO sheets with CTS and Al3+ ions 

self-assemble to form a framework structure with higher porosity than either of the precursors.  

 

Figure 4.5. SEM micrographs of (a) as-received graphite and (b) synthesized GO. 

 

Figure 4.6. SEM micrographs of GO-based materials: (a) GO-CTS and (b) GO-AL.  

The cross-sectional morphology of GO and its composites (GO-CTS and GO-AL) in the form of 

membranes are presented in Figure 4.7. The cross-section of the prepared GO membrane reveals 

multiple and dense layers of GO sheets stacked in a vertical manner. The cross-sections of both 

GO-based composites (GO-CTS in Figure 4.7 (b) and GO-AL in Figure 4.7 (c)) somewhat 

resemble the sheet-like morphology of a GO sheets with some defects and inter-layer spacing. The 

cross-sections of GO-based composites show an interconnected layered-assembly with wrinkled 

edges, and layers with irregular shapes. This is probably due to the presence of either CTS or Al 

(III) species in the 2D plane of the GO sheets. The overall GO sheet thickness and distance between 

the GO layers increased upon cross-linking, where GO-CTS composites have slightly greater 
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thickness when compared to a GO-AL composite. The variable morphology and textural changes 

observed in the GO-based composites provide evidence that cross-linkers (either CTS or Al3+ ions) 

altered the regular inter-layer spacing of GO by inducing void defects or linkages that changed the 

planar arrangement of GO sheets. 

 

Figure 4.7. SEM micrographs of cross-sections of GO and the GO-based composites 

membranes: (a) GO (b) GO-CTS and (c) GO-AL. 

4.2.4 Raman spectroscopy 

The Raman spectra of samples were obtained to monitor changes in the degree of order-disorder 

of the GO carbon framework structure after oxidation and after cross-linking. The D-band and G-

band intensity ratios represent the degree of disorder in the graphene-based structure [237]. The 

Raman spectrum obtained for GO is shown in Figure 4.8. It consists mainly of D- and G-band 

signatures at 1350 cm−1 and 1580 cm−1, respectively. The G-band is characteristic of sp2-

hybridized carbon networks of graphene sheets, whereas the D-band results are due to structural 

imperfections created by the attachment of oxygen-based functional groups on the carbon basal 

plane and its partially disordered structure [238]. In contrast to GO, graphite has almost 

insignificant D-band because of its highly crystalline structure [239]. Upon cross-linking of GO 

https://www.sciencedirect.com/topics/materials-science/graphene
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with CTS and Al3+ species, the intensity of the D-band increased and became broader. Cross-

linking of GO led to changes in the D/G band intensity ratio, from 0.98 in GO to 1.16 in GO-based 

composite with Al3+ ions and 1.24 in GO composite with CTS. This variation in the D/G signal 

intensity ratio corresponds to disruption of the regular GO layer structure upon cross-linking which 

was greater when GO was cross-linked with CTS than with Al3+ species. The greater D/G band 

intensity ratio could be due to the alteration of the functional groups of GO structure and 

introduction of defects according to the type of cross-linkers and CTS self-assembly of GO 

composites [173,240].  

 

Figure 4.8. Raman spectra obtained for graphite, GO, GO-CTS and GO-AL cross-linked 

composites. 

4.2.5 X-ray diffraction (XRD)  

XRD characterization of GO and GO-based composites (after cross-linking of GO with CTS or 

Al3+ species) was used to evaluate the structural order-disorder of the produced samples, as well 

as monitor changes in the inter-layer spacing of GO after cross-linking. The XRD pattern of 

graphite given in Figure 4.9 (a) shows a sharp characteristic peak at 2θ = 31.5°. After oxidation of 

graphite and introduction of the oxygen functional groups, the graphitic peak shifts to 2θ = 13.4° 
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as shown in Figure 4.9 (b). The distance between adjacent GO sheets can be calculated according 

to Bragg's law as 0.77 nm [190,241]. Compared to the GO XRD pattern, GO-based composite 

materials display a peak shift in the 2θ values of XRD patterns, where 2θ = 10.8 ° and 2θ = 10.4 ° 

for GO-AL and GO-CTS composites, respectively. Notable shifts in the XRD patterns of GO-

based composites imply that d-spacing of GO sheets increased from 0.77 nm in GO to (0.95-0.98) 

nm. The XRD results provide support that although there is peak broadening in the XRD pattern 

of GO-based composites with lower crystallinity, the shifting of the XRD band to lower 2θ values 

indicates an increase in inter-layer spacing of the GO sheets upon cross-linking. This effect 

provides supporting evidence of intercalation of cross-linkers between the GO sheets upon cross-

linking, while maintaining the stacked sheet-like structure of the GO material [104].   

 
 

Figure 4.9. XRD patterns of (a) graphite, and (b) GO, GO-CTS and GO-AL cross-linked composites 

compared with GO. 

 

4.2.6 Thermogravimetric analysis (TGA) 

The relative thermal stability and decomposition temperatures of GO and GO-based composites 

are compared in Figure 4.10. The DTGA curves for GO show a sharp thermal decomposition at 

∼140 °C. This event is related to decomposition of the GO oxygen functionalities which resulted 

in a weight loss for the material. Jiang et al. [242] and McAllister et.al. [41] reported that heating 

GO powder at a heating rate of 1 °C/min generated a considerable amount of heat and gas in the 
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form of an exothermic reaction which led to the decomposition of the entire GO sample during 

analysis.   

 

Figure 4.10. TGA and DTGA curves obtained for (a) GO, (b) GO-CTS and (c) GO-AL cross-

linked composites from room temperature up to 500 °C.   

The TGA curves for GO-based composites show a minor weight loss event between 80-100 °C 

which relates to the loss of volatiles and/or adsorbed water [243]. The cross-linked GO-CTS 

material revealed two key thermal events appearing at approximately 155°C and 270°C. These 

thermal events for the GO-CTS composite are related to the decomposition of GO oxygen 

functionalities and the CTS backbone [41,244] which yields degradation of the entire GO-CTS 

framework structure. Furthermore, the GO-AL composite revealed two weight losses which 

occurred at approximately 200°C and 340 °C due to the decomposition of Al (III) sites along with 

the GO functional groups resulting in degradation of the GO-AL framework consistent with a 

previous report on thermal stability of GO-AL composite [11]. The TGA results confirmed the 

GO-based composite structures (GO-CTS and GO-AL) exhibited a gradual loss profile that started 

at higher temperatures in accordance with the variable thermal stability due to cross-linking 

effects. This result suggests the GO-based composite structures had a higher thermal stability than 
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GO as shown by their higher onset temperatures upon heating to the upper temperature limit (500 

°C). GO-CTS and GO-AL composites can be used in applications such as electronic devices and 

sensors where the temperatures cannot exceed 150 °C.   

4.2.7 Equilibrium swelling properties (solvent swelling properties)  

Equilibrium swelling and water uptake properties of graphite, GO and the GO-based composite 

materials were compared in Figure 4.11 and listed in Table 4.1. The material swelling degree (SD) 

in solvent can be related to the degree of solvent infiltration into the material due to sorption 

(adsorption and absorption) processes. As represented in Figure 4.11, the GO-based composite 

membranes were swollen in water but did not dissolve after 72 h under quiescent conditions. The 

results for GO-based composites (GO-CTS and GO-AL) in Table 4.1 showed reduced SD in water 

for GO-based composites as compared with pristine GO. 

For the GO-CTS composite, this reduction in SD can be related to the reduced number of 

functional groups (-COOH) on the GO surface due to electrostatic interactions, which is in 

agreement with the IR spectral results (Figure 4.3). The greater swelling ratio of GO can be 

attributed to the highly hydrophilic nature of the GO due to its functional groups (e.g., -OH, -

COOH, etc.). By contrast, cross-linking GO with CTS decreased the hydrophilic character of CTS, 

which reduced water penetration. Differences in the hydrophilic character of the GO-CTS and GO 

network structure accounted for the water swelling of these materials. Similarly, SD was reduced 

for GO-AL composite materials due to coordination of Al (III) with the GO sheets. In addition, 

the smaller ionic radius of Al3+ versus the CTS biopolymer contributed to variable PV and 

composite rigidity that tended to affect the SD properties. The greater swelling of composite 

materials with lower levels of cross-linker (0.3 % w/w versus 0.6 % w/w) are related to the 

moderate accessibility of functional groups on the surface of the GO sheets (e.g., -OH, -COOH, 

etc.) that led to greater hydrophilic character. In particular, the SD was reduced for GO-CTS 

composites and gradually levelled off when the cross-linker content was above 0.3 % w/w. 

Therefore, greater cross-linking led to reduced swelling [240]. 
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Figure 4.11. Swelling test of GO and GO-based composite materials in water. a) After 24 h, 

and b) 72 h. 

Table 4.1. Water swelling properties of graphite, GO and GO-based composites. 

Sample Swelling % Comments 

Graphite - Colloidal solution 

CTS 356.5 Colloidal solution 

Pure GO 683.3 Partial colloidal solution 

GO-CTS-L 394.1 Expanded gel-like 

GO-CTS-H 279.2 Expanded gel-like 

GO-AL-L 165.4 Stable hydrated film 

GO-AL-H 143.2 Stable hydrated film 

 

4.2.8 Equilibrium dye uptake 

The adsorption performance and corresponding SA of the samples in aqueous solution were 

studied by evaluating the MB uptake isotherms at equilibrium and kinetic conditions.  

The MB equilibrium optical absorbance properties in solution was used to estimate the uptake 

properties of GO and GO-based composites, where the greater decolorization of MB solutions 

during the adsorption process reflected higher MB adsorptive uptake of materials (GO, GO-CTS 

and GO-AL) at pH ~6. Decolorization of MB solution before and after the sorption process with 

GO-CTS composites can be observed in Figure 4.13 where a near constant dosage of ~5 mg 

adsorbent dispersed into 7 mL of MB solution at an incremental initial concentration of MB (100-

1000 µM), sample number 1 to 10, respectively. The MB adsorption isotherms and maximum 
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uptake capacity (Qm) for the GO and GO-based composites are shown in Figure 4.12. The MB 

adsorption isotherms were analyzed by fitting the MB uptake results at variable MB concentration 

at equilibrium. The best-fit sorption parameters were obtained by the Sips model, according to 

favourable correlation coefficients (adjusted R2; 0.966 ≤ adjusted R2 ≤ 0.978) listed in Table 4.2. 

As revealed in Figure 4.12, the materials had an MB adsorption capacity (Qm) in descending order, 

as follows: GO-CTS (408.7 mg/g) > GO-AL (351.4 mg/g) > GO (267.1 mg/g). The higher Qm 

values of GO-based materials (GO-CTS  and GO-AL) over pristine GO can be related to the cross-

linking effects where the presence of more adsorption sites favoured adsorption of MB. Cross-

linking of GO with CTS and Al3+ species contributed to structural changes of the GO framework 

that enhanced the sorbent-MB interactions. Moreover, the comparative ordering of the MB uptake 

for GO-based composites can be related to the role of material ζ-values in aqueous media (cf. 

Figure 4.2), where GO-CTS with increased negatively charged surfaces showed a parallel 

agreement with the trend in Qm values compared to GO-AL. The higher Qm values of GO-CTS 

versus GO-AL are related to the improved interconnected network structure (greater PV) of GO-

CTS sheets in the composite, as will be later supported by nitrogen adsorption isotherm results in 

Figure 4.16. Moreover, CTS as the cross-linking agent was reported to adsorb additional MB in 

solution via electrostatic interactions [245].  

The corresponding SA of the materials was estimated by the Qm values for MB obtained from the 

isotherm profiles listed in Table 4.2 (see equation 3.3). GO-based composite materials showed 

greater SA values compared to pristine GO owing to the effect of cross-linking. 
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Figure 4.12. Equilibrium isotherm sorption results obtained for MB with GO and GO-based 

composites, where the solid lines correspond to the best-fit results obtained using the Sips 

model.  [Note: In this plot, Qe represents sorptive uptake capacity and Ce refers to equilibrium 

concentration of adsorbate].  

 

Figure 4.13. Decolorization of MB before and after the sorption process with GO-CTS 

composite.  

 

The greater MB uptake for GO-CTS and GO-AL versus GO related to the pillaring effect of inter-

layer  spaces between GO sheets [246]. While GO has relatively high SA in its dispersed form, it 
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is known to undergo aggregation in aqueous solution, lowering the effective MB uptake due to 

incomplete surface coverage [249]. Cross-linking serves to offset aggregation of GO sheets and 

stabilizes the GO framework and  favours the  uptake of MB in aqueous solution. 

Table 4.2. The adsorption isotherm parameters obtained from Sips model for GO and GO-based 

composites with MB. 

                                       Samples 

Adsorbate Parameter GO GO-CTS GO-AL 

MB 

Qm (mg g-1) 267.1 408.7 351.4 

Ks (L mg-1) 0.028 0.111 0.047 

ns 1.101 1.341 1.904 

Adjusted R2 0.966 0.978 0.976 

SA (m2 g-1) 235.7 335.5 288.5 

 

4.2.9 Kinetics of dye uptake 

Figure 4.14 represents the kinetic uptake profiles of GO and GO-based composites with MB over 

a period of 250 min. The results showed an increase in the MB uptake capacity for all materials 

which occured in the first 40 min. Thereafter, a reduced uptake occurred over an interval of 250 

min. The initially higher rate of MB adsorption is attributed to the availability of negatively 

charged adsorption sites for the dye uptake on the surface of the sorbent materials (GO and GO-

based composites). The decreasing rate of uptake after 40 mins relates to the decreasing number 

of available surface sites as the adsorbent becomes saturated. The GO-CTS contained a more 

negatively charged surface, in accordance with the ζ-potential values in Figure 4.2 and showed a 

higher overall MB uptake, while the lower GO-AL uptake is attribute to its less negative ζ-values. 

The results were analyzed using the pseudo-second-order kinetic model where good agreement 

with experiments is evidenced by correlation coefficients (Adjusted R2) near unity (0.976 ≤ 

Adjusted R2 ≤ 0.994). According to the best-fit results, the kinetic rate parameters (kpso and Qe) for 

GO-CTS and GO-AL materials showed greater MB adsorption over pristine GO. The Qe (µmol g–

1) values for the samples are listed in descending order:  GO-CTS (5.54 µmol g–1) > GO-AL (5.05 

µmol g–1) > GO (4.17 µmol g–1) where Qe values increased upon cross-linking. The PSO rate 
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constant values (kpso; g/µmol. min) followed a similar relative order: GO-CTS (0.015 g/µmol.min) 

> GO-AL (0.010 g/µmol.min) > GO (0.004 g/µmol.min). The more rapid kinetic uptake of the 

composite materials provided support that synergistic effects (an effect arising from combination 

of GO and cross-linkers that yields an effect greater than the individual GO or cross-linker effects) 

(e.g., higher MB uptake of GO-based composites compared to GO or cross-linkers individually) 

may occur due to cross-linking between the functional groups of GO and with CTS or Al3+. Cross-

linking appears to result in an enhancement of availability of the adsorption sites for uptake of 

MB, which concurs with greater Qe values for GO as it undergoes cross-linking. The MB kinetics 

of the materials provide support that attenuated dye diffusion occurs through the pore network of 

the framework as the contact time increased, along with a decreased number of available 

adsorption sites with increasing time.  

 

Figure 4.14. Kinetic uptake profile obtained for MB by the GO-based composites, where the 

fitted lines correspond to the PSO model (see equation 2.5). [Note: In this plot, Qt represents 

the sorptive uptake capacity capacities at time t (min)]. 

 

 

 

Table 4.3. Kinetic parameters for GO-based composites with MB obtained using the PSO model.  
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                                                   Samples 

Adsorbate Parameter GO GO-CTS GO-AL 

MB 

Qe (mol g-1) 4.170 5.541 5.059 

kpso (g mol.min-1) 0.00435 0.015 0.010 

Adjusted R2 0.994 0.979 0.976 

 

4.2.10 Regeneration study  

As shown in Figure 4.15, the sorbent materials maintained high removal efficiency with MB with 

a minor decline from the first to the third cycle. After the third cycle, the MB removal (%) is 

preserved up to a variable extent for the GO-based materials: GO-CTS (88.60 %), GO-AL (86.65 

%) and GO (83.85 %). This regeneration study revealed the novel GO-based materials can 

effectively be regenerated and re-used at least for three adsorption-desorption cycles, in contrast 

to colloidal GO due to its reduced ease of handling over solid-phase materials in aqueous media.  

 

Figure 4.15. Adsorption-desorption cycles obtained for GO and GO-based composites (GO-

CTS and GO-AL) for MB systems. 

 

4.2.11 Water vapour adsorption isotherms 
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The water vapour adsorption-desorption isotherms in Figure 4.16 provide an estimate of the SA 

and sorption parameters of the GO and GO-based composites are represented as listed in Table 

4.4. The GO and GO-based composites displayed a Type II isotherm for the water vapour 

desorption-adsorption profiles according to the IUPAC classification system [19,250]. The 

adsorption of water vapour in GO-based composites (GO-CTS and GO-AL) showed similarities  

related to the composite structure and the role of adsorption sites. In addition, the monolayer 

saturation adsorption occurred at a low value of p/po 0.3, where the major amount of vapour 

uptake occurred at p/po > 0.8. The water vapour adsorption (w/w %) for the GO and its composites 

adopted uptake capacities according to the following order: GO-CTS > GO-AL > GO, where it is 

notable that the GO composites exceeded the pristine GO uptake capacity. This may be attributed 

to the pillaring effects of GO in such framework materials and the presence of cross-linker sites 

which altered the surface chemistry, and textural properties (surface area and porosity 

characteristic) versus unmodified GO [246].  It is noted that the water uptake of GO-CTS exceeded 

GO-AL, which agrees with the higher SA and PV of GO-CTS compared to GO-AL. The enhanced 

textural properties (PV of GO from 0.53 cm3/g to 1.97 cm3/g and 1.33 cm3/g for GO-CTS and GO-

AL, respectively) and presence of sites aided the diffusion of water vapour into the framework 

structure of GO-CTS more efficiently. The estimated SA and PV of the GO-based composites 

based on their corresponding vapour uptake exceed that for pure GO, especially for GO-CTS that 

concur with the adsorption capacity values. However, the estimated SA calculated from vapour 

isotherms were notably higher than the SA obtained from MB adsorption isotherms. This 

difference can be related to different surface interactions of each adsorbate with GO and GO-based 

composite surfaces. MB is a cationic dye likely adsorbed at electron rich domains of the graphene 

surface via electrostatic interactions. In addition,  smaller size of water molecules enables it to 

access micropore domains of materials that are likely restricted in the case of MB with larger sizes 

(as shown in Figure 3.15).   
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Figure 4.16. Water vapour adsorption isotherms obtained for (a) GO and GO-based 

composites: (b) GO-CTS, (c) GO-AL. [Note: the solid lines represent a guide to illustrate the 

adsorption-desorption profile]. 

 

The significance of conducting the water-vapour adsorption is to show that the inter-layer 

distance of GO sheets can be modified using suitable cross-linker for fast transport of water 

vapour molecules through GO layers. This can be an indication of efficient use of these materials 

in the field of pervaporation, air dehumidification and desiccant applications. To provide a 

complementary characterization of GO and GO-based materials toward solution and gas species, 

the samples were further characterized using a nitrogen adsorption-desorption method. 
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Table 4.4. Adsorption isotherm parameters for GO and GO-based composites with water vapour. 

Adsorbate 
                   Samples 

Parameter GO GO-CTS GO-AL 

Water vapour 

Qm (mg/mg) 11.099 17.539 13.946 

*KBET (L/mg) 0.308 42.925 34.426 

*Cs 1.137 1.273 1.025 

Adjusted R2 0.993 0.996 0.995 

SA (m2/g) 408.9 560.9 481.8 

PV (cm3/g) 0.53 1.97 1.33 

*KBET and Cs represent the adsorption constant at equilibrium and adsorbate saturated 

concentration, respectively. 

4.2.12 Nitrogen adsorption-desorption isotherms 

The nitrogen adsorption-desorption isotherms of the GO and GO-based composites are shown in 

Figure 4.17. The SA, PS and PV of the samples obtained from N2 adsorption isotherms are listed 

in Table 4.5. The nitrogen adsorption isotherms of GO and GO-based composites follow a Type 

II isotherm profile [250]. The negligible level of N2 adsorption by GO provides an indication of 

the limited inter-layer  spacing of GO sheets and densely packed structure of GO which resulted 

in a reduced PV to the occurrence of adsorption solely at the surface of the powder grains. GO 

exhibited an increase in N2 adsorption up to a value for p/po ≈ 0.7 and a hysteresis of p/po
 > 0.8. 

The GO-based composites display a relatively high N2 uptake where the major adsorption occurred 

at relatively low values of p/po that is characteristic of microporous materials. Cross-linking of GO 

with CTS or Al3+ ions resulted in a composite material with a greater PV and increase in the 

nitrogen adsorption near a value of p/po 0.8. Note that the overall uptake of N2 is much lower 

than that of MB in aqueous solution or in water vapour.  This may relate to the important role of 

swelling effects of water in vapour or condensed media [251].  
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Figure 4.17. Nitrogen adsorption isotherms obtained for (a) GO and GO-based composites: (b) 

GO-CTS, (c) GO-AL. 

The isotherms for GO and its composites revealed differences between cross-linked and pristine 

GO, as evidenced by differences in the SA, PV and PS. The cross-linked GO samples (GO-CTS 

and GO-AL) showed greater PV and PS over that of pristine GO. In particular, GO-CTS samples 

had greater PV and PS. The cross-linked samples of CTS and Al3+ cations displayed variable SA 

(1.24 m2/g and 1.40 m2/g, respectively), and variable PS (18.79 nm and 34.90 nm, respectively) 

values compared to pristine GO. The results agree with the greater PV of cross-linked GO samples 

(0.83 cm3/g and 0.76 cm3/g for GO-CTS and GO-AL, respectively) compared to GO, which are 

the key parameters for enhanced nitrogen sorption at higher p/po values. The high nitrogen 

adsorption capacities of cross-linked GO samples can be directly correlated to their framework 

structure with large PV. It is noted that use of CTS as a cross-linker yielded a GO-based composite 
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with higher porosity (PS and PV) and SA compared to GO-AL. The interconnected network 

structure between GO sheets in the GO-CTS composite, afforded greater diffusion of adsorbates 

(MB, water vapour, and N2).  

Table 4.5. Adsorption isotherm parameters for GO and GO-based composites with nitrogen 

(equation 2.6). 

Adsorbate 
             Samples 

Parameter GO GO-CTS GO-AL 

Nitrogen 

SA (m2/g) 0.61 1.40 1.24 

PS (nm) 9.66 34.90 18.79 

PV (cm3/g) 0.19 0.83 0.76 

 

Comparing the SA and sorption capacity of the three samples revealed a greater SA, PV and uptake 

of cross-linked GO samples. This phenomenon relates the role of cross-linking of GO sheets to 

provide greater accessibility of active sites in the composites. GO-based materials with tunable 

SA, PV play a promising role for high pressure adsorption applications in gaseous systems. These 

trends are in agreement with results observed for MB and water vapour adsorption isotherms for 

the GO-based materials as shown earlier. This difference in uptake values by other molecules (MB 

and water vapour) may be  attributed to the weak surface interactions of GO and GO-based 

materials with nitrogen gas. 

4.2.13 Membrane ion permeation properties 

The GO and GO-based membranes were prepared with different cross-linkers and membrane 

thicknesses according to the Table 4.6. Prior to the permeation tests, all membranes were soaked 

in 5 mL NaCl solution for 24 h to ensure the membranes remained stable throughout the diffusion 

tests. The results shown in Figure 4.18 indicate the pristine GO membranes were not stable, while 

GO cross-linked composites (GO-CTS and GO-AL) remained stable in the NaCl solutions. 

According to this observation, the GO-based composite membranes are suitable for further 

permeation tests. The ion permeation results of NaCl and CaCl2 through GO-based composites are 

represented in Figure 4.19. 
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Figure 4.18. Stability tests of GO and GO-based composites.  

Table 4.6. Membranes prepared for ion permeation test. 

Sample No. Description      Ave. thickness of composite membranes (µm) 

1 Pure GO-L 19.6 ± 1.5 

2 Pure GO-H 22.1 ± 1.2 

3 GO-CTS-L 29.6 ± 1.6 

4 GO-CTS-H 33.7 ± 1.2 

5 GO-AL-L 26.1 ± 1.4 

6 GO-AL-H 31.2 ± 1.2 

 

Generally, a solution containing electrolyte is remarkably more electrically conducting compared 

to millipore water at room temperature. Consequently, permeation of ions through the membrane 

lead to an increase in conductivity of millipore water. Therefore in this test, the increase in the 

millipore water conductivity due to permeation of the ions across the GO and GO-based composite 

membranes were monitored. The increase in conductivity of millipore water is proportional to the 

amount of ions that pass through the membranes. Moreover, it has been shown that ion 

permeability across a membrane is greatly affected by the existence of free volume (e.g., inter-

layer spacing) in the membrane and size of ions that pass through the membrane [252]. According 

to the change in the inter-layer spacing of GO sheets upon cross-linking with various cross-linkers, 

it was expected that the cross-linking method could be applied to efficiently control the ion 
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permeability characteristics of GO membranes. Figures 4.19 (a) and (b) represent the increase in 

the conductivity of the millipore water for GO-based composite membranes toward NaCl and 

CaCl2, respectively. According to these results, the ion permeability for both salts (e.g. NaCl and 

CaCl2) increased gradually for all membranes within 1440 minutes and decreased thereafter due 

to loss of ion permeability. Specifically, the ion permeability was higher for GO-based samples 

cross-linked with CTS (GO-CTS-H and GO- CTS-L) which is in agreement with the increased 

inter-layer spacing of those membranes. GO-based samples cross-linked with Al3+ ions (GO-AL-

L and GO-AL-H) demonstrated lower ion permeability resulting from reduced ion passage through 

the membranes. This could be related to reduced inter-layer spacing of GO-AL composite 

membranes when compared to GO-CTS.  

The observed increase in conductivity in the case of CaCl2 was similar for GO-based composite 

membranes. However, the rise in conductivity for NaCl was higher compared to CaCl2 as a result 

of higher initial permeation rate for the monovalent ions (e.g., Na+) attributed to their smaller size 

compared to Ca2+ ions [253]. The cross-linked GO membranes with higher cross-linker content 

(e.g., GO-CTS-H and GO-AL-H) led to an increase in the permeation rate of ions which can be 

due to the role of cross-linker type and greater increase in inter-layer spacing of GO sheets. The 

GO membranes with low Al3+ contents showed the lowest ionic conductivity which can be due to 

the smallest inter-layer spacing between the GO sheets. According to the presented results, the 

cross-linking method was shown to be a facile technique to effectively control the permeability 

characteristics of the GO membrane and tailor the properties of these membranes for specific ions 

for different applications.  
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Figure 4.19. Conductivity of water on one side of membrane as a result of permeation of (a) 

NaCl solution and (b) CaCl2 solution through GO and GO-based composites at room 

temperature. 

4.2.14 Mechanical properties 

Although the mechanical properties of GO and GO-based composite membranes have been studied 

as summarized in Table 4.7, the literature values for GO sheets are wide-ranging for experimental 

and theoretical estimates. The variability in ion permeability relates to the various fabrication 

processes and the contents of oxygen-containing groups yielding complex microstructures during 

GO preparation. Additionally, loading conditions and geometry of the samples may contribute to 

substantial variations in the measured mechanical properties [254]. The mechanical properties of 

GO and GO-based composite membranes cross-linked with CTS and Al3+ ions were evaluated and 

compared.   

Stress-strain behavior of pristine precursors (GO, CTS) and GO-based composites (GO-CTS and 

GO-AL) with various cross-linker contents (w/v%) are shown in Figure 4.20 and their 

corresponding properties (tensile strength and tensile modulus) are shown in Figure 4.21 (a and 

b).  

In Figure 4.20 (a), GO membranes with two thicknesses (GO-L and GO-H) had a tensile strength 

in the range of 14.76-15.93 MPa and a tensile modulus of 0.37-0.41 GPa. As well, the pure CTS 

membrane had a tensile strength and modulus of 10.27 MPa and 0.36 GPa, respectively. In Figure 

4.20 (b), the GO-based composite membranes revealed higher values of tensile strength, tensile 

(a) (b) 
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modulus, elongation at break (ductility) and fracture strength. For instance, the GO-based 

composites containing 0.3 w/v% CTS had an elongation at break that increased substantially 

relative to the pristine precursors (GO or CTS). The tensile strength, tensile modulus and 

elongation at break of the GO-CTS-L are 30.11 MPa, 0.67 GPa, and 1.68 %, respectively. By 

comparison, the values of GO-AL-L composite are 26.18 MPa, 0.56 GPa, and 0.46 %, 

respectively. Therefore, with addition of 0.3 w/v% CTS and Al3+ ions, the tensile strength of 

pristine GO membranes increased by 101 % and 74 %, respectively, while the tensile modulus 

improved by 58 % and 33 %, respectively, as compared to the pristine GO. Moreover, the addition 

of 0.3 w/v% CTS and Al3+ ions had a greater effect on the ductility (elongation % at break) of the 

GO membrane by 290 % and 7 %, respectively compared to pristine GO.  

Table 4.7. Literature comparison of mechanical properties of GO produced in different forms. 

Material 

form 

Thickness 

(µm) 

Tensile 

modulus 

(GPa) 

Tensile 

strength 

(MPa) 

Measuring 

technique 
Ref 

Single-layer 

GO sheet 
0.0007 208 77 

Atomic force 

microscopy (AFM) 
[81] 

GO papers 1-30 32 15 -133 
Dynamic mechanical 

analyzer (DMA) 
[82] 

GO films 0.055 695-697 8-11 Nanoindentation [91] 

 

GO membranes were brittle and tended to disintegrate in aqueous media (e.g., water). However, 

GO-based composite membranes yielded more stable membranes, where the flexibility and 

brittleness were amenable for tuning of its properties, according to the relative composition of GO 

and cross-linker type. This effect provides an indication that the formation of stable interactions 

occurred between individual GO sheets (via cross-linking) that can significantly change the 

mechanical behaviour of the GO-based composites at different stress levels. The membrane 

flexibility and tensile strength of GO was enhanced by the addition of cross-linker. Furthermore, 

the enhanced tensile strength and fracture strength of GO-based composite membranes are 

ascribed to the planar structure of graphene sheets which directs the rearrangement of either CTS 
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and/or Al3+ ions during tensile deformation, as illustrated by the structural model in Figure 4.22. 

The enhancement in properties was observed to depend on the relative cross-linker content. For 

instance, the introduction of 0.6 w/v% of cross-linkers (CTS or Al3+ ions) in the GO led to a tensile 

strength of 36.99 MPa and 27.34 MPa for GO-CTS-H and GO-AL-H, respectively. This was an 

enhancement of 146 % and 83 %, respectively, while the modulus increased by 64 % and 41 %, 

respectively. The greater tensile strength of GO-CTS composite membranes related to the 

dispersion of CTS in the GO matrix and the bonding between the components. This effect produced 

a robust interfacial region that enhanced the tensile strength of the GO membranes. On the other 

hand, GO has hydrophilic groups (e.g., –COOH and –OH) attached to its surface that imparts 

negative surface charges when dispersed in solvents [104]. This tends to induce a great dispersion 

of individual GO sheets in water. Cross-linking between GO and CTS can notably increase the 

mechanical properties, as depicted in the proposed model in Figure 4.22.  

In the case of GO-AL composites, the introduction of a metal cation species may result in covalent 

and/or ionic bonding between the COOH and –OH groups of the GO sheets. This results in a co-

dispersion of bonded GO-metal ions, as illustrated in Figure 4.3. GO membranes modified with 

CTS (GO-CTS) had higher tensile strengths and greater elongation at break compared to GO-AL 

composite membranes. The elongation at break for GO membranes with 0.6 w/v % CTS increased 

by about 200 % in comparison with GO, while GO-AL containing 0.6 w/v % AL cross-linker 

increased by about 15 %. Moreover, the anionic nature of GO and polycationic nature of CTS 

resulted in favorable electrostatic attraction and reduced chain segmental mobility. This 

phenomenon which led to enhanced tensile properties is in agreement with other reports on GO 

composites [104,255]. 
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(a) (b) 

Figure 4.20. Tensile stress versus strain curves: (a) unmodified synthetic precursors (GO and 

CTS) and, (b) GO-based composite membranes (GO-AL and GO-CTS). 

    

Figure 4.21. a) Tensile strength and b) tensile modulus for GO and GO-based composites. 
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Figure 4.22. A conceptual structural model for GO-based composites upon cross-linking to 

account for changes in tensile strength. CL indicates cross-linker type (CTS or Al3+ ions) 

and F is the force or load applied to the composite membrane. 

4.2.15 Statistical analysis 

Tables 4.8 and 4.9 show the results of one-way single factor ANOVA for tensile strength, tensile 

modulus, elongation at break and fracture strength. The results confirmed if significant changes 

between groups occurred with addition of two types of cross-linkers (added separately) including 

Al3+ and CTS. According to ANOVA results, if the F value is greater than Fcrit value, the results 

are significantly different in mean values. Also, a smaller p value (less than 0.05) verifies that there 

is greater significant change between the groups of data. The ANOVA performed for all tests and 

the outcome showed the F-test was greater than Fcrit. Based on ANOVA results, GO-based 

composites cross-linked with either Al3+ or CTS had statistically significant change in tensile 

strength, tensile modulus, elongation at break and fracture strength. In general, when the two 

different type of cross-linker (Al3+ and CTS) in two concentrations (low and high) were added to 

GO, the obtained GO-base composites had important improvement in their mechanical properties. 
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Table 4.8. ANOVA results at a 0.05 level of significance for tensile strength, tensile modulus, 

elongation at break and fracture strength based on the addition of CTS in a GO-based composite. 

 
Source of 

Variation 
SS df MS F P-value Fcrit 

Tensile 

strength 

BG 776.6288 2 388.3144 125.6975 1.27E-05 5.143253 

WG 18.53567 6 3.089278 - - - 

Tensile 

modulus 

BG 0.192769 2 0.096384 10.42568 0.011157 5.143253 

WG 0.055469 6 0.009245 - - - 

Elongation 

at break 

BG 3.5402 2 1.7701 17701 4.87E-12 5.143253 

WG 0.0006 6 0.0001 - - - 

Fracture 

strength 

BG 777.1298 2 388.5649 388.5649 4.5E-07 5.143253 

WG 6 6 1 - - - 

Note: BG, between groups; WG, within groups; SS, sum of squares; df, degree of freedom; MS, 

mean square; F, F-test statistic; and Fcrit, critical value. 

Table 4.9. ANOVA results at a 0.05 level of significance for tensile strength, tensile modulus, 

elongation at break and fracture strength based on the addition of Al 3+ in a GO-based composite. 

 
Source of 

Variation 
SS df MS F P-value Fcrit 

Tensile 

strength 

BG 289.7669 2 144.8834 53.4877 0.00015 5.143253 

WG 16.25233 6 2.708722 - - - 

Tensile 

modulus 

BG 0.084494 2 0.042247 4.41829 0.066138 5.143253 

WG 0.057371 6 0.009562 - - - 

Elongation 

at break 

BG 0.1134 2 0.0567 567.3182 1.46E-07 5.143253 

WG 0.0006 6 0.0001 - - - 

Fracture 

strength 

BG 264.5384 2 132.2692 132.2692 1.09E-05 5.143253 

WG 6 6 1 - - - 
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CHAPTER 5: CONCLUSIONS, FUTURE WORK AND CONTRIBUTIONS 

 

5.1 Conclusions  

In this Ph.D. research work, GO was synthesized and chemically modified using CTS and Al3+ 

species by a green chemistry approach. The GO was successfully cross-linked with two different 

cross-linkers at variable weight contents (e.g. 0.3 and 0.6 w/v %) in an effort to improve dye and 

gas adsorption and mechanical properties which can be used in water treatment applications. The 

freestanding GO membranes were obtained through a drop cast technique using a polystyrene 

substrate followed by drying. The chemical structure, physical (thermal and swelling), adsorption 

properties and mechanical properties of prepared GO-based composites were investigated. The 

key findings of the experimental studies are concluded as follows:  

• The ζ-potential measurement of the GO indicated that GO was highly negative (below -30 mV), 

however, this negative charge decreased after introduction of either type of cross-linker, 

respectively. This is attributed to modification of the functional groups on the surface upon 

cross-linking, where the ζ potential was -7.2 mV and -3.6 mV for GO-CTS and GO-AL, 

respectively. 

• The structural analysis of GO-based composites using FTIR indicated changes in the IR bands 

of GO before and after modification as a result of coordination of cross-linkers to the GO 

functional groups and formation of linkages between GO and the cross-linkers.  

• SEM observation of GO and GO-based composites in the form of powder and membranes 

(Figure 4.5-4.7) showed that both types of cross-linkers (CTS or Al3+ ions) altered the layered-

assembly structure of GO sheets. 

• The Raman and XRD investigations suggested that GO-based composites had greater inter-

layer spacing and less ordered-structures (lower crystallinity) related to disruption of the regular 

GO layer structure (Figure 4.4) upon cross-linking and the introduction of defects in the 

structure of GO.  
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• The physical investigations of GO-based composites including TGA and swelling test results 

revealed GO-based composites had major weight losses related to desorption of free water, 

decomposition of GO oxygen functionalities and cross-linkers. While, the GO framework was 

decomposed at 80-100 ℃, GO composites were determined to degrade at 155 ℃ (GO-CTS) 

and 255 ℃ (GO-AL). Also, equilibrium swelling and water uptake results of GO before and 

after cross-linking showed a decrease in swelling degree for GO-based composites compared 

to pristine GO due to coordination of cross-linkers with the GO sheets. 

• The adsorption properties of GO-based composites were studied in solution using MB as a 

model dye system to represent cationic species in effluent.  The adsorption capacity (mg/g) of 

the various sorbents adopted the following order: GO-CTS > GO-AL > GO, where the GO 

composites exceeded the GO uptake capacity (by 22.4 % and 42.13 % for GO-AL and GO-

CTS, respectively). The trend relates to the enhancement of accessibility of adsorption sites of 

GO upon cross-linking, where the prepared sorbents were observed to be able to regenerate for 

at least three sorption cycles. 

• Measurement of the adsorption properties of GO and GO-based composites in gas media toward 

N2 and water vapour suggested that cross-linking of GO with other additives alter its porosity 

(PS and PV) and SA of GO. The SA and PV of GO toward N2 increased from 0.61 m2/g to 1.24 

m2/g and 1.40 m2/g and from 0.19 cm3/g to 0.76 cm3/g and 0.83 cm3/g by addition of Al3+ ions 

and CTS, respectively. Also, for water vapour, the SA and PV of GO increased from 408.9 m2/g 

to 481.8 m2/g and 560.9 m2/g and 0.53 cm3/g to 1.33 cm3/g and 1.97 cm3/g by addition of the 

respective cross-linker (Al3+ ions and CTS). 

• It was observed that chemically cross-linked GO composites displayed different ion permittivity 

characteristics in response to changes in inter-layer spacing of GO sheets upon cross-linking 

with various cross-linkers. It was shown that ion diffusion was higher for GO-based samples 

cross-linked with CTS (GO-CTS) compared to GO-based samples cross-linked with Al ions 

(GO-AL). This could be related to the smaller inter-layer spacing of GO-AL composite 

membranes compared to GO-CTS. 

• Mechanical properties obtained for GO-based composites were found to be greater than those 

of pure GO. This enhancement is suggested to be an indication that stable bonds were formed 
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between individual GO sheets (via cross-linking) which changed the mechanical behaviour at 

different stress levels.  

• The tensile strength and tensile modulus of the GO-CTS and GO-AL composites exceeded those 

of pristine GO by 74 % and 33 % (for both composites), respectively. As the cross-linker content 

increased, the tensile strength and modulus increased up to a maximum of 146 % and 64 % (for 

both composites), respectively.  

5.2 Recommendations for future work 

• Based on the present Ph.D. research, promising preliminary results for potential removal of 

positively charged dyes (MB) using GO-based composites were obtained. Additionally, GO has 

been shown to have high adsorption capacity toward some heavy metals as a result of oxygen-

containing functional groups on the GO surfaces. Therefore, additional research would have to 

be done to evaluate adsorption properties of GO and GO-based composites for potential removal 

of heavy metals such as Co(II), Cd(II), Cu(II), Ni(II), and Pb(II).  

• According to obtained results, it was shown that the GO-based composites membranes can 

hinder the passage of ions of NaCl and CaCl2 aqueous solutions. Moving forward, work with 

GO-based composite membranes would have to be focused on determining membrane 

properties (such as flux and durability over a period of time) under an applied force. Also, the 

membrane properties can be further modified through changing the GO and cross-linker (e.g. 

CTS or metal ions) composition (e.g. GO to cross-linker concentration ratio (to above 0.6 w/v 

%), increasing reaction time, etc.) or using supported membranes onto a suitable porous 

substrate to afford the required mechanical properties. This may improve mechanial properties, 

required for membranes under pressure and resolve difficulties of applicability of these 

materials in practical large-scale desalination processes in the future.  

• The results indicated that GO can be effectively cross-linked by means of either CTS or Al3+ 

ions. Future work can focus on further modification of GO which could be done through cross-

linking of GO using other types of cross-linkers. This modification would further affect the 

strength of the GO-based membranes, as well as the permeability of ions through the membrane. 



 

90 
 

• The results of mechanical properties of GO-based composites were measured in dry-state and 

found to be greater than that pure GO. It may be beneficial to measure the mechanical properties 

of these materials in wet-state to obtain some insights for applications which requires strength 

in wet conditions.  

• The results revealed that GO-based composites cross-linked with CTS and/or Al3+ ions formed 

a 3D-framework with greater accessible SA, porosity and gas uptake properties toward nitrogen 

and water vapour. It may be beneficial to explore gas adsorption properties of these materials 

toward greenhouse gases (such as CO2) and a mixture of gases (such as N2/H2) to investigate 

gas selectivity properties of GO-based membranes.  

• The results presented in this work provided new information about the microstructure, 

mechanical and thermal behavior of GO-based composites. The results indicated that these 

materials have great potential for wastewater treatment applications. Further work  can  explore 

other areas of applications such as electronic devices, sensors, hydrogen storage, drug delivery, 

etc.  

5.3 Significance of the thesis results 

5.3.1 limitations of current adsorbents/membranes  

• The current adsorbents commercially used in industry for wastewater treatment include mineral, 

organic or biological sorbents. The applicability of these adsorbents has been limited due to 

their low adsorption capacity, cost and regenerability issues.  So, the goal is to replace the 

current sorbent materials in long term. 

• On the other hand, there are various types of membranes available for treatment of wastewater 

that enables the passage of different species, depending on the relationship between the physical 

and chemical properties of the species and the membrane. Membranes for treatment of 

wastewater are classified according to the nature of the material used to fabricate the membrane 

[1]. The current membranes includes microfiltration (MF), ultrafiltration (UF), and reverse 

osmosis (RO) as summarized below: 
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Table 5.1. Current membranes characteristic use for wastewater treatment. 

Process Separation Mechanism Pore Size (Å) 

Microfiltration (MF) Size Exclusion 500 - 50,000 

Ultrafiltration (UF) Size Exclusion 20 - 500 

Reverse Osmosis (RO) Diffusion < 10 

 

• Polymer-based membranes such as polyvinylidene fluoride (PVDF), polyacrylonitrile (PAN), 

and polyethersulfone (PES) are known as the most widely used types of membranes for water 

treatment according to their good separation performance. However, the applicability of 

polymeric membranes is restricted by their limited thermal and physiochemical properties and 

lack of biological degradation [256]. The other issues associated with use of current membranes 

mainly includes poor stability of water flux in long-term, high cost of membrane replacement 

and limited size and scaling [257]. Therefore, the success of novel adsorbent/membrane 

materials required for field conditions seems to be a factor of interdisciplinary research which 

needs collaboration of chemistry, mechanical engineering and material science using novel 

composite materials. 

5.3.2 Advances of GO-based composites  

• GO-based composite membranes fabricated in this research have promise to reduce some of the 

current membrane limitations and therefore impact on the efficiency of water treatment. These 

advances include improving the mechanical, physiochemical and thermal stability by 

processing into large-scale membranes that have limited the application of membrane processes 

in water treatment. 

• In this work, two types of GO-based composites were synthesized by employing a solution-

mixing method that was systematically examined using various techniques. The advances in the 

properties of GO-based composites reported in this thesis contribute new knowledge about these 

materials and practical applications relevant to chemical separations, nanofiltration, dye 

removal, etc. This work suggests that when forming GO-based composites from solution, the 



 

92 
 

formation of cross-links between GO sheets is advantageous for achieving good physiochemical 

and mechanical properties. Based on the work presented in this thesis, the formation of GO-

based composites with chitosan or Al3+  revealed significant differences when compared against 

colloidal GO in aqueous media. The uptake of a model cationic dye (methylene blue; MB) 

revealed that the sorption properties for GO-CTS and GO-Al composites were superior to that 

of GO. This indicates that the composites had unique textural properties and surface chemistry 

that favour uptake of MB over that of GO materials without modification. This improvement in 

adsorption capacity of GO-based composites over available sorbents can be found in Table 2.1 

and 2.2.  

• The tensile strength of the GO-based composite membranes achieved in this work compare well 

with the values reported in the field for advanced materials in wastewater treatment such as 

polymeric membranes, CTS, and carbon nanotubes (CNTs). The following table highlights the 

advancement in the improved mechanical properties of GO-based composites (GO-CTS and 

GO-AL) over currently available membranes. 

Table 5.2. Literature comparison of the mechanical properties of available membranes and GO-

based composite membranes. 

 

Membrane material 
Mechanical 

test 

Tensile 

strength 

(MPa) 

Tensile 

modulus 

(MPa) 

Elongation at 

break (%) 

 

Ref 

Polyethylene glycol 

(PEG)-Carbon nanotubes 

(CNTs) 

Uniaxial 

tensile test 
(7-15) - - [258] 

polyvinylidene fluoride 

(PVDF) 

Uniaxial 

tensile test 
(8-11) - (20-90) [259] 

PVDF 
Uniaxial 

tensile test 
(6-7) - (5-118) [260] 

polyacrylonitrile (PAN) DMA (10-17) (60-140) (20-100) [261] 
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PAN 
Uniaxial 

tensile test 
(2-4) (135-205) (4-14) [262] 

Membrane material Mechanical 

test 

Tensile 

strength 

(MPa) 

Tensile 

modulus 

(MPa) 

Elongation at 

break (%) 

Ref 

polyethersulfone (PES) 
Uniaxial 

tensile test 
(1-5) (57-138) (9-58) [263] 

PES 
Uniaxial 

tensile test 
(2-3) (107-138) (29-43) [264] 

Polysulfone (PSF) 
Uniaxial 

tensile test 
(4-5) - (12-20) [265] 

CTS 
Uniaxial 

tensile test 
(2-7) - (8-23) [266] 

CTS 
Uniaxial 

tensile test 
(6-17) - - [267] 

GO-PVDF Uniaxial 

tensile test 

(2-5) - (12-92) [268] 

PSF-GO - (152-204) - [269] 

GO-CTS DMA (30-36) (650-690) (1.6-1.7) This 

Study GO-Al DMA (26-27) (560-580) (0.4-0.6) 

 

• An additional advantage of the GO-CTS and GO-AL composites over the single component 

precursor materials (i.e. GO and CTS) is the superior adsorption, thermal and structural stability 

of this material. The improved properties make it much more suitable for practical applications 

in the wet-state and under high temperature and pressure (e.g., water flux) for adsorption-related 

applications as well as other applications such as sensing mechanical deformation and 

applications at higher hydrostatic pressures. 

• One potential area of application for mechanically strong GO-based composite membranes is 

for the desalination of saline water. As a proof of concept and to show the applicability of GO-

based membranes as potential water desalination membranes, a simple conductivity 

measurement was demonstrated by placing a GO-based composite membrane in between two 
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stationary reservoirs of fluids and measuring the permeability (and hence ion rejection) 

performance of the membrane material as it was placed in between a salt solution and water. 

Despite the intrinsic brittleness and instability of pure GO membranes in a wet state, the GO-

based composites membranes undergo more elongation before they break.  

• As these materials are solution-processible, this technique may offer advantages from an energy 

balance perspective and therefore can be potentially used to scale up the fabrication for practical 

applications. 

• Proficiency of GO-based composites in adsorption and removal of MB from water, as a 

widespread, water soluble cationic dye, along with their mechanical properties in the form of 

advanced materials as membranes, sorbents, or as a coating layer and other technologies such 

as wearable sensors, biocompatible actuators, and biodegradable circuits. 

• It should be noted that the relevant applicability GO-based composite membranes reported in 

this study are dependent on the feed water source, pre-treatment, system design and operation 

conditions at variable pressure, temperature, etc. 

5.4 Contributions to original knowledge 

The outcomes of this Ph.D. research contribute towards using a stable chemical cross-linking 

between adjacent GO sheets to obtain thin yet robust GO-based membranes. This approach holds 

promise for innovative developments of GO-based membranes for adsorption-based applications. 

New knowledge obtained in this field are listed below. 

5.4.1 Synthesis of GO-based composites  

• Synthesis of GO-based composites using new weight contents of CTS and Al3+ (e.g. 0.3 and 

0.6 w/v %) represents novelty that was not reported prior to the completion of this thesis study.  

• The process of making freestanding GO and GO-based membranes using polystyrene substrates 

is novel.  
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5.4.2 Characterization of GO-based composites membranes  

• Characterization of GO-AL composites (using 0.3 and 0.6 w/v %) was novel  and had not been 

reported elsewhere at the completion of this thesis research. This includes surface charge 

studies, spectroscopy studies (FTIR, Raman and XRD), adsorption measurements (in liquid and 

gas phases), physical properties (swelling and TGA up to 500 °C), ion permiability and 

mechanical properties (using DMA).   

• The kinetic of adsorption of GO-based composites were investigated for the first time using a 

novel kinetic adsorption assay using the one-pot method developed at Dr. Wilson’s research 

group [223]. 

• The swelling properties of GO-based composite membranes in water is yet unreported apart 

from this research.  

• Ion permeability determination of GO-based composites (GO-CTS and GO-AL) toward CaCl2 

by conductivity meter was not reported previously and represents  a unique contribution.    

• The instrument used to measure water vapour adsorption of GO and GO-based composites (i.e., 

IGA-002 system) signifies novelty and the obtained results were presented for the first time.  

• Characterization of GO-based composites using the DMA instrument (with strain rate of 10-5 

s-1) was novel. 

• The effect of different interface bonding between organic and inorganic materials (CTS and 

Al3+ ions) on the mechanical properties of GO had not yet been systematically compared prior 

to the completion of this thesis research. 
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APPENDIX A 

Copyright permissions for the figures presented in chapter 2 and 3. 
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APPENDIX B 

ACS Author Choice License terms of use and Elsevier’s Author Rights for content presented 
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