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ABSTRACT 

Development of Graphene Oxide Based Membranes for Liquid Separations 

Dinesh Mahalingam 

  

Several attempts have been made to combine the unique characteristics of graphene oxide 

(GO) and commercial polymers for successfully designing and fabricating next-generation 

membranes in filtration and separation technologies.  

The first part of the work develops a high flux polyethersulfone ultrafiltration membranes, 

by embedding GO sheets, starting from the polymer/GO solutions in ionic liquid and N, N 

dimethylformamide as co-solvents and promoting the pore formation via non-solvent 

induced phase separation. In the second part of the work, a protic ionic liquid was 

introduced as a solvent to disperse GO sheets and fabricate GO liquid crystal membranes 

for nanofiltration. The third part addresses the stability enhancement. GO membranes 

frequently disintegrate in aqueous environments due to swelling. Ethylenediamine was 

then used as a crosslinker, and the membranes were tested for organic solvent 

nanofiltration. Additionally, overcoming the permeation-rejection trade-off is challenging. 

Hence, the fourth work involved the intercalation of silica nanoparticles to form dual-sized 

nanochannels. In the final work, GO membranes were fabricated on the surface of hollow 

fibers to overcome scalability issues, by using a feasible spray coating method for efficient 

nanofiltration. Hollow fibers were crosslinked with hexamethylene diamine and GO was 

spray-coated on the crosslinked polymeric fibers for organic solvent nanofiltration. 

Overall, this study demonstrates the potential of GO in developing high-performance 
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membranes for liquid separations relevant for industrial applications, such as wastewater 

treatment, food, chemical, petrochemical, and pharmaceutical processing.  
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Chapter 1: Introduction 

1.1 Background  

The population growth, industrialization, urban development, contamination of available 

water resources, environmental pollution, climate change, and global water shortages have 

increased worldwide the demand for freshwater introducing severe challenges to 

humankind in recent times. Several technologies have been implemented to address the 

water scarcity and alleviate stresses related to the water supply. One of the possible routes 

is the emergence of membrane-based separation technologies, which have made successful 

contributions and advancements to address some of the critical problems. Membrane-based 

processes have revolutionized the large scale treatment of water and have now a growing 

application for organic solvent-based processes in the chemical and pharmaceutical 

industries. In general, the separation and purification processes are achieved by isolation, 

purification, and analysis of individual components, by understanding their physical 

properties such as size, mass, and density, and molecular characteristics, such as chemical 

affinity, molecular size, and chemical properties [1]. Thermal-based separation processes, 

such as distillation is an energy-intensive process which accounts for 10-15 % of the 

world’s total energy consumption associated with separations [2]. Membrane-based 

separation processes for the separation of solid from liquid, depending on the molecular 

size and molecular weight of the components can be classified into microfiltration (MF), 

ultrafiltration (UF), nanofiltration (NF), reverse osmosis (RO), membrane distillation 

(MD), pervaporation and gas separation. The emergence of synthetic membrane materials 

excites real industrial applications worldwide. Membrane-based separation methods are 

more energy-efficient than thermally driven distillation process and could in principle save 
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up to 90% energy than distillation [3]. Integrally skinned asymmetric cellulose acetate 

membranes were first commercially developed as novel advanced materials by Loeb and 

Sourirajan in the 1960s [4]. The world-scale water purification produces 320,000 m3 of 

pure water every day [2]. Synthetic commercial membranes such as polyamides, 

polysulfone, poly(vinylidene fluoride) (PVDF) have dominated the separation technology 

ever since cellulose acetate membranes were introduced. Polymeric membranes have the 

advantage of flexibility, involve straightforward preparation process and relatively low 

cost. However, some of the polymeric membranes suffer from poor chemical stability, 

aging (limited lifetime), and membrane biofouling [5]. Additionally, selected sectors of the 

industry demand using the membranes at harsh and extreme conditions, such as high 

temperature, high solvent stability, high acidity, and alkalinity. Ceramic membranes were 

introduced and have the advantages of thermal and chemical stability, organic solvent 

resistance, high strength, and better lifecycle. However, the fabrication process of ceramic 

membranes is highly complicated, expensive and suffer from brittleness [6]. Carbon 

nanotubes (CNTs) were considered as a promising material for membranes with its one 

dimensional (1D) structure providing the needed ceramic-like stability and polymer-like 

flexibility with possible processability [7]. The nanoscale diameters in CNTs act as 

nanochannels for high water transport and solute rejection rate supported by theoretical 

calculations predicting very high permeation of water [8, 9]. However, the practical 

application has prevented the use of CNTs from issues related to the high cost of CNTs, 

complicated fabrication steps to achieve vertically aligned tubes with high density and 

upscaling [10, 11]. More recently, graphene, as two dimensional (2D) carbon nanomaterial, 

emerged as an exciting membrane material for water transport as its thickness could be as 
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thin as only one carbon atom and it holds outstanding thermal and chemical stability, 

flexibility and even solution processability [12, 13]. Graphene oxide (GO), a derivative of 

graphene is an exciting 2D material and an excellent candidate for membrane synthesis 

that possess superior mechanical, optical, and chemical properties [13]. Additionally, the 

decorated oxygen functional groups at the edges and the basal plane offer interesting 

characteristics and tunable properties.       

Although there have been significant contributions and breakthroughs regarding graphene 

and GO membranes, there are still some bottlenecks to be addressed to employ these 

membranes in industrial scale. Some of the issues in this respect involve the synthesis of 

thin membranes, regular orientation of graphene flakes, highly stable supports to help the 

membranes withstand harsh conditions, like operation in organic solvents. Though flat 

sheet membranes have been successful in many applications, the ratio of surface area per 

volume could be higher to address the industry demand, which in some cases require 

surface area up to 1 million square meters. Hence, when developing advanced materials 

for membranes, the possibility of scaling-up to systems with high area/volume ratio is 

necessary. Hollow fiber membranes possess high packing density (10,000 m2/m3) that suits 

process intensification in industries.  

In this work, GO has been synthesized using a modified Hummer’s [14] methods for 

fabricating all GO-based membranes. GO flat sheet membranes were made using 

commercial nylon porous supports. Additionally, GO membranes have been fabricated on 

hollow fiber supports. The versatility of GO membranes was explored by employing 

functionalizations and different coating procedures. The membranes were tested for 

applications involving aqueous systems, organic dyes, and organic solvents. Overall, the 
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microstructure, transport and separation mechanism, mechanical strength, the stability of 

the membranes are appropriately understood and discussed. 
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1.2 Research Objectives 

Graphene has been widely regarded as an emerging membrane material. However, the 

much-hyped trade-off relationship between permeance and selectivity is still a concern for 

most of the reported membranes. Besides, the morphological structure, separation-

permeance trade-off, water transport mechanism, modification, the robustness of GO 

membranes in an aqueous environment and organic medium, membrane fabrication on a 

flat sheet or hollow fiber supports are not fully explored to provide expected characteristics 

for scalable membranes. Thus, the main objective of this work is to address some of the 

aforementioned research gaps to develop stable GO membranes for liquid separations 

(aqueous and in organic solvents), study the performances of flat sheet and hollow fiber 

geometries and provide an insightful discussion on the separation and transport 

mechanism. The main objectives could be accomplished by fulfilling some of the specific 

following aspects:   

 

i. To investigate the trade-off relationship for PES ultrafiltration membranes containing 

GO as nanofillers, prepared from GO dispersions in ionic liquid 

The interaction of GO sheets with ionic liquids and the organic solvents is crucial to obtain 

high flux composite membranes, by incorporating GO as nanofillers into a 

polyethersulfone (PES) matrix. Different concentrations of GO were introduced to get 

ultrathin selective layers. The hydrophilicity of the membranes was studied before and after 

the incorporation of GO. The composite membranes offered high flux ultrafiltration 

membranes and increased mechanical properties. The overall performance of the 
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membranes was just above the much-discussed trade-off relationship. PES membranes 

with GO were proposed for liquid separations in the ultrafiltration range.   

 

ii. To investigate GO liquid crystals as selective layers for nanofiltration membranes 

GO membranes are promising for nanofiltration. However, obtaining defect-free GO 

coatings with well-aligned nanosheets is not always straightforward. Hence, the research 

gap is addressed by investigating the dispersion of GO in protic ionic liquid and therein the 

formation of liquid crystals, as well as their use as a coating for the membrane preparation. 

The membranes obtained from these dispersions were tested for nanofiltration and in 

treating organic dyes with high water permeance.  

 

iii. To study the permeation-rejection trade-off creating 2-Dimensional-dual-spacing 

channel membranes 

Two-dimensional membranes are expected to be exceedingly beneficial in processes 

involving molecular separations. However, simultaneously enhancing permeance and 

selectivity is a considerable challenge. As a way to overcome this trade-off, GO membranes 

with alternating dual-spacing channel were designed by constructing in-situ intercalation 

of silica nanoparticles and therein as a crosslinker to achieve high permeance, superior 

rejection, and better stability. The performance of the GO membranes was studied for 

organic solvent nanofiltration.    
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iv. To address the stability of GO membranes by using crosslinker for organic solvent 

nanofiltration 

GO-based membranes are useful in transporting water and other solute molecules. 

However, their disintegration in aqueous environments poses considerable difficulty to be 

used in industries or water treatment plants. GO membranes containing oxygen groups can 

be effectively crosslinked to overcome this limitation, by compounds containing other 

functional groups such as amines that can stabilize GO membranes in an aqueous 

environment and organic medium. The performance of the modified GO membranes was 

investigated to study organic solvent nanofiltration experimentally.  

 

v. To investigate the stability of spray-coated GO on hollow fiber membranes for organic 

solvent nanofiltration 

To address the issues related to stability and conventional membrane fabrication process, 

GO dispersion was spray-coated on a fully crosslinked hollow fiber support. The support 

membrane was stable in a range of organic solvents. In this study, the new method of GO 

spray-coating on crosslinked membranes was demonstrated for the nanofiltration of 

solutions in an organic solvent. The membranes consisted of thin selective layers that can 

transport molecules and also provides stability for applications involving organic solvents 

relevant for the chemical industry.  
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1.3 Thesis Scope 

The thesis comprises eight chapters, addressing various aspects of developing GO 

membranes, their performance tests, and possible scalability for different liquid 

separations. Flat sheet and hollow fiber were the two types of support membranes used 

during the work.  

Chapter 1 briefly introduces the fundamental background and main objectives of the work, 

combined with the structure of the thesis.  

Chapter 2 revised the literature and presents the necessary understanding, as well as an 

overview of the current findings and knowledge regarding graphene oxide-based 

membranes used in separations.  

Chapter 3 describes the preparation of PES membranes with GO dispersed as nanofillers. 

They were obtained from GO suspensions in solutions containing ionic liquid and DMF. 

High flux ultrafiltration membranes were fabricated, and the mechanical properties and 

trade-off relationship between permeance and selectivity were demonstrated.  

Chapter 4 explores the feasibility of dispersing GO in protic ionic liquid and further 

obtaining liquid crystal GO membranes. Performance of membranes for nanofiltration is 

studied while explaining the polarized optical microscope and rheological properties for 

the formation of liquid crystals.  

Chapter 5 demonstrates the construction of two-dimensional spaced graphene oxide 

membranes via in-situ intercalation of nanoparticles. The performance of the 

corresponding membranes for nanofiltration involving water and organic solvents is 

thoroughly studied and reported.  
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Chapter 6 investigates the crosslinking of GO membranes to address the stability issues for 

application in organic solvent nanofiltration. The stability of GO membranes before and 

after the modification was compared, and the crosslinking mechanism that assists in the 

transport of solvents is systematically explained.  

Chapter 7 describes a novel method of spray coating GO dispersions on hollow fiber 

membranes. The membranes were crosslinked with amines to be able to withstand the 

operation in an organic solvent medium. The nanofiltration performances were 

investigated.  

Chapter 8 is finally a summary of the conclusions drawn from this work, covering crucial 

discoveries from Chapters 3 to 7, followed by future perspectives that shall be interesting 

concerning this subject.  
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CHAPTER 2 

Literature Review 

2.1 Membrane-Based Molecular Separation Processes 

Biological membranes contain channels made of proteins and are made up of finely tuned 

pore dimensions, well-defined chemical functionalization, and well-balanced 

hydrophilicity/hydrophobicity. They play a significant role in living cells for performing 

several biological processes such as blood filtration in kidneys. The intuition of using 

biological membranes inspired membrane scientists and technologists to develop high-

performance synthetic membranes for applications involving drug delivery, biosensors, 

protein separation, and water purification [15]. One interesting example of the biological 

membrane is aquaporins which are integrated chains of proteins in three-dimensional 

structure acting as natural water channels for separation processes [16]. Biological 

membranes are seldom used in industries. On the other hand, synthetic membranes are 

generally made of polymers that have excellent mechanical stability, flexibility, pore 

tunability. Inorganic materials or the combination of both polymer and inorganics have 

become increasingly crucial for a range of separation applications. Synthetic membranes 

have been mostly used in separation and purification processes to remove salts from 

seawater, treating wastewater to potable water, and separate gases. A real transformation 

of synthetic membrane separation from lab to industry was developed in 1960s by Loeb 

and Sourirajan who reported a defectless, superior flux, anisotropic reverse osmosis 

membrane [4]. Membranes are widely classified into microfiltration (MF), ultrafiltration 

(UF), nanofiltration (NF), and reverse osmosis (RO) depending on physical and chemical 

properties, difference in solute’s particle size and pore structure [17]. These membranes 
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typically work on pressure-driven processes for applications involving purification and 

separations. An ideal membrane should afford greater permeance values combined with 

superior selectivity and enhanced stability by precisely controlling the pore size and shape. 

Polymeric membranes can be readily processed into the high surface area, defect-free, thin 

films leading to high throughput [18]. The main advantage of involving membranes as 

separation materials is that they require less energy than distillation demanding relatively 

limited space and can operate in a continuous fashion. Figure 2.1 briefly summarizes the 

types of membrane processes based on membrane pore diameter and related water 

permeance expressed in L/m2 h bar.   

 

Figure 2.1. Application range of membrane separation processes based on membrane pore 

diameter and obtained pure water permeance.  

 

Depending on the molecular homogeneity/heterogeneity, uniform internal composition, 

porous/nonporous structure, membranes can be classified as symmetric, asymmetric 

(anisotropic) membranes. Symmetric membranes consist of uniform structure throughout 

their cross-sections with randomly distributed, interconnected pores. Based on the pore size 
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distribution, they can be grouped into symmetrically porous and nonporous (dense) 

membranes. Porous membranes mainly separate by molecule’s size. Microfiltration and 

ultrafiltration are some of the examples. Nonporous membranes comprise dense film in 

which a mixture of components is transported via diffusion phenomenon driven by the 

influence of pressure, concentration, or electrical potential gradient. These dense 

membranes might separate molecules with similar sizes if their solubility in the membrane 

varies drastically. Operations involving gas separation, pervaporation, and reverse osmosis 

membrane use dense membranes. Anisotropic membranes comprise of an extremely thin 

skin layer supported by a thicker porous substructure that acts as a support layer. The active 

layer determines the separation properties while the support layer delivers the mechanical 

stability to the membrane. In the case of composite membranes, the layers consist of 

different polymers. The majority of the currently used membranes are vastly polymer-

based [4, 19-30]. However, many polymeric membranes suffer from low tolerance to harsh 

conditions, such as high acidity, high alkalinity, high-temperature specifications, or organic 

solvents exposure. There is a growing interest to fabricate polymeric membranes that can 

withstand harsh operating conditions. Recently, membranes that are less conventional have 

become interesting and increasingly considered when thermal stability and solvent 

resistance are required. This is the case for instance of inorganic or ceramic membranes 

[31-37]. Though they are more chemically resistant, the main disadvantages of inorganic 

membranes include high cost, complex membrane fabrication procedures, and brittleness. 

Moreover, the constraint of the trade-off relation between permeability and selectivity is a 

significant hurdle for the performance of membranes in general.   
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More recently, zeolites, metal-organic frameworks (MOFs) have been considered 

favorable candidates as material for gas separations owing to their high surface area, pore 

size tunability and controllable properties [38-41]. Other two dimensional materials such 

as MXenes [42], boron nitride (BN) [43], carbon nitride (C3N4) [44], tungsten disulfide 

(WS2) [45], covalent organic frameworks (COFs) [46, 47] have been used as membrane 

materials, and processed as porous layers and/or stack of multilayers with excellent 

separation capabilities [48]. On the other side of the spectrum, carbon-based nanomaterials 

like CNTs and graphene are curiously explored as potential next-generation membrane 

materials for molecular separation. Their mass-transport properties are provided by their 

sp2 hybridized carbon atoms packed like a honeycomb structure. The unique one 

dimensional graphitic channels in CNTs act as nanofluidic platforms, allowing an ultra-

fast transport of molecules combined with excellent mechanical strength required for 

membranes [9, 49, 50]. For graphene-based membranes, the two dimensional structure and 

the one atom thick layer facilitates the fabrication of ultrathin selective barriers required 

for the solvent transport providing maximum flux with desired separation properties 

[51]. Additionally, chemical robustness coupled with cost-effective fabrication process of 

graphene motivates graphene-based membranes applicable for practical applications 

[52]. Thus, there are still plentiful opportunities in studying this outstanding material with 

regards to its membrane properties.  
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2.2 Graphene as Membrane Material 

2.2.1 Graphene  

Graphene, the Nobel prize-winning material was first isolated and discovered in 2004 by 

Geim and Novoselov [53, 54]. It was first fabricated using a ‘Scotch tape’ method to 

exploit in applications involving electronics and optoelectronics. Graphene is constituted 

by two-dimensional single-atom-thick sheets bound together by sp2-hybridized carbon 

atoms, packed in a hexagonal honeycomb lattice forming an extended polyaromatic array 

(Figure 2.2) [54]. Graphene serves as a building block for all other carbon materials with 

various dimensionalities. Graphene could be wrapped into zero-dimensional buckyballs 

(fullerene), rolled into one-dimensional nanotube (carbon nanotubes) or stacked into three-

dimensional graphite. Graphene is regarded as one of the thinnest and most durable 

materials [52]. Besides this, graphene offers other combinations of properties such as 

sizeable intrinsic mobility of electrons (200 000 cm2 v-1 s-1) [55, 56], zero effective mass, 

massive surface area (~2600 m2 g-1), chemical inertness, record thermal conductivity 

(~5000 W m-1 K-1) [57], high Young’s modulus (~1.0 TPa) [58], can tolerate high current 

densities several orders of magnitude better than copper, can stretch as much as 20% than 

any other crystal, can display a breaking strength of ~40 N/m and optical transmittance of 

~98% [59]. Interestingly, one-atom-thick graphene sheet is known to be impermeable to 

helium gas [60]. The remarkable flatness of graphene provides an opportunity to fabricate 

devices containing multiple layers of graphene by tailoring the processing conditions. 

Applications of graphene include field-effect transistors [53], sensors [61], transparent 

conductive films [62], clean energy devices, etc [63].  
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Figure. 2.2 Interlayer channels of graphene laminates where L denotes the lateral width of 

the nanosheet, and d refers to the interlayer spacing between individual nanosheet.  

 

2.2.2 Graphene Oxide  

Graphene oxide (GO) is a derivative of graphene and offers new properties similar to it. 

The synthesis methods of GO involve oxidation of graphite at different levels. Graphite 

oxide and GO are chemically identical, but they are structurally different, i.e., rather than 

stacked structure, GO is exfoliated into monolayers and few-layered stacks. More 

commonly, GO is synthesized using Brodie [64], Staudenmaier [65], Hummers method 

[14], or the improved Hummers method [66]. The degree of graphite oxidation process can 

be quantified by the oxygen/carbon atomic ratio, which is mostly related to the oxidation 

extent, synthetic techniques, and oxidizing agents. Brodie’s [64] discovery involved 

potassium chlorate (KClO3) and fuming nitric acid as strong oxidizers. Staudenmaier’s 

[65] method included the use of concentrated sulfuric acid (H2SO4) to the mixture of 

Brodie’s method by performing the reaction in a single reaction vessel. Hummers 

[14] demonstrated an alternate process by oxidizing graphite with potassium permanganate 

(KMnO4) and addition of concentrated H2SO4. Whereas the improved Hummers method 

L

d
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excludes sodium nitrate (NaNO3) used previously, and thereby increasing KMnO4 

concentration and performing the oxidation reaction in a 9:1 mixture of H2SO4 and 

phosphoric acid (H3PO4) to improve the effectiveness of the process. Graphite oxide 

obtained during the synthesis exfoliates into platelets of GO. As a result of oxidation, GO 

consists of oxidized graphene sheets such as, epoxide and hydroxyl groups on their basal 

planes and carbonyl and carboxyl groups at the edges (Lerf-Klinowski model) (Figure 2.3) 

[13]. In other words, GO sheets are chemically oxygenated graphene. The oxidation 

process facilitates in breaking up the sp2 hybridized carbon structure of laminated graphene 

sheets, that generates defects and manifests wrinkles, extending the interlayer distance 

between adjacent layers [67, 68]. The pristine atomically flat graphene sheet has a 

thickness of ~0.34 nm, while GO is much thicker than pristine graphene ranging from ~0.6 

(dry GO) to 1.2 nm (hydrated GO) owing to covalently bound oxygen functional groups. 

The chemically oxygenated GO exhibits high mechanical properties, functionalization 

capability and very high surface area providing the versatility for covalent and non-

covalent interactions [69]. Numerous oxygen functionalities decorated on GO surface 

promote themselves for further chemical functionalization. These functional groups 

provide reactive sites to develop functionalized GO or graphene-based materials. The 

presence of oxygen functional groups renders GO layers its hydrophilicity allowing water 

molecules to intercalate into the interlayer galleries. Furthermore, the chemical 

functionalization allows controlling the microstructures and chemical properties of GO 

membranes or GO-based hybrid membranes.   
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Figure 2.3. Structure of GO sheet containing various oxygen functional groups. It is 

adopted from Lerf-Klinowski [70] model. 

 

The hydrophilic nature of GO makes the sheets easily exfoliate in an aqueous media 

forming a stable colloidal suspension of thin sheets in water [71]. Suitable ultrasonic 

treatment of colloidal suspension produces clear, homogeneous, a stable dispersion of thin 

GO sheets in water [72]. It is worth noting that sonication causes substantial damage to GO 

platelets, where mean size of the platelet diminishes from order of several microns to 

several hundred nanometers [73]. On the other hand, solvents to disperse reduced GO or 

graphene can be classified according to their “dispersing power,” based on solubility 

parameters [74]. In other words, Hansen solubility parameters are instrumental in 

providing a piece of valuable information for evaluating which solvents or mixtures of 

solvents can be employed. Solvents which are having the sum of 𝛿! +	𝛿" ( 𝛿!-polarity 

cohesion parameter, 𝛿"- hydrogen bonding cohesion parameter) ranging from 13 to 29 lead 

to good dispersion of reduced GO. Stable distribution of GO can be prepared from highly 

polar organic solvents, such as dimethylformamide (DMF), ethanol, dimethyl sulfoxide 
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(DMSO), N-methyl-2-Pyrrolidone (NMP) and acetonitrile, while dispersion with less polar 

organic solvents like acetone, THF, and toluene lead to agglomeration [74]. It has been 

established that the higher the polarity of the surface, the better is the dispersibility of GO 

in solvents. Modifiers and surfactants such as isocyanates [75], quaternary amines [76], 

diazonium salts [77], ionic liquids [78], and single-stranded DNA [79] have been employed 

to obtain stable dispersions in either aqueous or organic medium. The surface modification 

provides easy means to disperse GO in organic solvents, but the presence of additives can 

complicate the processability and affect the mechanical and electronic properties. GO 

sheets can be laminated under the influence of directional flow via vacuum filtration of GO 

colloidal dispersion resulting in a free-standing GO paper with thickness ranging from 1 to 

30 μm and lateral dimension 1 μm [69]. The physicochemical properties of GO dispersion 

can be tailored. Additionally, the oxygen-rich sheets act as a negative center that aids in 

processing and stacking of GO sheets. A spectrum of novel materials can be processed with 

both GO and graphene to produce distinct morphological features serving as a platform for 

thin films, papers or as nanofillers in organic and inorganic nanocomposites. GO sheets 

containing thousands of stacked sheets or nanometer-thick films with mono-, bi-, and 

trilayers can be fabricated by tuning the dispersion concentration. Drop-casting [80], dip 

coating [81], spin-casting [82], and templating [83] are some of the other methods to realize 

high quality sheets and patterned GO films. Additionally, GO sheets can be chemically 

functionalized through various chemical reactions providing either covalent or non-

covalent attachment. Carboxylic groups decorated at the edges and chemically reactive 

epoxy groups decorated on basal planes involve in functionalization. For instance, the most 

common method of covalent functionalization is the addition of nucleophiles, such as 
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amines or hydroxyls that react with a carboxylic acid to produce covalently attached 

functional groups on GO sheets forming amides [84]. Likewise, epoxy groups undergo 

ring-opening reaction under suitable reaction conditions [78, 85]. It is also possible that 

multiple reactions might co-occur such as strong hydrogen bonding between -OH and -

COOH groups of GO and -OH and -NH2 groups. On the other side, non-covalent 

functionalization of GO involves physical binding via stacking, cation-, van der Waals or 

hydrophobic interactions on sp2 networks of GO that are not oxidized or not involved in 

hydrogen bonding [86].     

 

2.2.3 Graphene-Based Composites  

Nanocomposites of graphene-based materials as fillers embedded in a polymer matrix or 

an inorganic matrix offers many highlighting properties. One of the possible routes to 

harness the extraordinary properties of graphene for various applications is to incorporate 

graphene sheets into various matrices homogeneously. GO sheets can be intimately mixed 

with many organic polymers [59].  Solution mixing, melt blending, or in-

situ polymerization are some of the techniques used; of these methods, in-

situ polymerization offers higher dispersion of graphene-based filler [87]. Polymers are 

attached to the surface of GO by means of grafting-onto or by means of grafting-from 

approaches. The high surface-to-volume ratio of GO in conjugation with its ability to 

disperse well in aqueous medium and organic solvents and its surface-bound reactive 

functional groups prevents agglomeration. This facilitates the processability and improved 

interaction between polymers and fillers. One interesting example has been the growth of 

polymer chains from GO using atom transfer radical polymerization to graft polymers that 
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improved the solubility of GO in organic solvents [88]. Addition of graphene nanofiller 

dispersed in the polymer matrix directly correlates with this effectiveness to dramatically 

improve the electrical, thermal, mechanical and other potential properties even at lower 

GO volume loadings (0.1-5 vol%) in comparison with lamellar clays [89]. This can be 

attributed to the large interfacial area and high aspect ratio of the graphene sheets, which 

requires small amounts of filler for percolation [90]. Similar to graphene-polymer 

composites, GO as fillers for polymer composites have recently attracted exceptional 

interests, owing to their chemical tunability. Graphene-based filler has been introduced in 

the following polymer matrices: polystyrene (PS) [91-93], polymethylmethacrylate 

(PMMA) [90], polyvinyl alcohol (PVA) [94], poly (acrylic acid) (PAA) [95], 

polypropylene (PP) [96], epoxy [97], polyester [98], silicone foam [99], polyurethane 

[100], poly(vinylidene fluoride) [101] and polycarbonate [102]. To demonstrate the 

reaction, isocyanate-functionalized GO was mixed with polystyrene in a solution that 

enhanced electrical properties yielding conductive nanocomposites comparable with 

nanotube-polymer composites [59]. Increased loading of GO nanofillers established a 

percolation threshold as low as 0.1 vol.% (conductivity 10-5 S m-1) and a conductivity of 

1 S m-1 at 2.5 vol.%. Similar to enhanced electrical properties, an unmatched 30 °C increase 

in glass transition temperature (Tg) of PMMA was achieved by adding only 0.05 wt.% of 

graphene [90]. Remarkably, 0.01 wt.% graphene loading increases Young’s modulus of 

PMMA to 33% whereas 1 wt.% graphene loading increases Young’s modulus to 80% than 

pure PMMA.  
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2.2.4 Graphene-Based Liquid Crystals  

Liquid crystals (LCs) are anisotropic molecular structures bearing liquid-like fluidity and 

crystal-like ordering, as shown in Fig. 2.4 [103]. LCs exhibit structures and properties that 

are intermediary between anisotropic crystalline solids and isotropic liquids. It can also be 

called as anisotropic fluids. These materials show mesomorphism, an intermediate phase 

between the anisotropic solid phase and the isotropic liquid phase. The unique 

characteristic feature of liquid crystals is that it retains high degree of mobility during 

regular ordering. Tschierske et al. [104] defined LCs as a condensed state of matter when 

there is orientational as well as positional long-range order in at least one direction with a 

fixed position for individual molecules. The isotropic (I) phase is the least ordered phase 

similar to liquids. Various LCs phases that could be formed are nematic (N), smectic, 

cholesteric (chiral nematic) and columnar phases [105]. The nematic phase is assigned to 

the LCs phase with particular orientational order and no positional ordering, whereas the 

smectic phase is formed along one direction with positional ordering. Long-range 

periodicity along two directions forms a columnar phase, which is typically shown in disc-

like objects. Additionally, in an orientational order, molecules with long-range order align 

parallel to minimize the excluded volume effect and maximize attractive intermolecular 

interactions.   
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Figure 2.4. The molecular structural arrangement of liquid crystals compared with the 

orientation of solids and liquids.    

Several two-dimensional colloids have been reported to possess a liquid crystalline 

property. Among them, graphene-based materials have received substantial attention. 

Graphene features giant anisotropy, atomic thickness, size tunablity and surface properties 

which envisages graphene fluid to form graphene LCs. Pasquali et al. [106] first reported 

the discovery of graphene LCs by experimental evidence. In their study, single-layer 

graphene was formed by spontaneous exfoliation of graphite in chlorosulphonic acid. 

Graphene was dispersed at the isotropic concentration at 2 mg/ml without subjecting to 

sonication or any surfactant stabilization and covalent functionalization. Herein, liquid 

crystalline phases were spontaneously obtained at very high levels around 20-30 mg/ml 

exhibiting birefringence, which was attributed to graphene undergoing protonation in 

chlorosulphonic acid that induces repulsion between layers. Graphene dispersion exhibited 

birefringence with the formation of typical nematic texture when subjected between 

crossed polarizers. The obtained liquid crystalline phases from spontaneous high 

concentration dispersion were promising for many potential applications, including 

nanocomposites, films, coating, and high-performance fibers and flexible electronics.   

Solid   Liquid crystal Liquid 
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In 2011, Kim et al. [107] first reported GO Liquid Crystals (GOLCs) behavior from 

aqueous dispersions of GO platelets by mild sonication. In this demonstration, acidic and 

ionic impurities were removed by dialysis, which was considered to be a crucial step for 

lyotropic nematic liquid crystal formation. GOLCs with nematic schlieren texture 

consisting of dark and bright brushes were obtained when observed under polarized optical 

microscopy. The resultant dark chocolate-milk like dispersion with wavy appearance 

indicated the nematic LC phase. Isotropic to nematic LC phase transition appeared at 

concentrations as low as 0.05 wt. % of GO dispersion. 

Interestingly, it was reported that external fields could be applied to induce GOLC 

formation. For instance, the magnetic field (0.25 T) or mechanical deformation and electric 

field were used to orient GOLCs macroscopically. However, when the electric field was 

applied, the negatively charged GO sheets migrated and accumulated towards cathode 

reducing electrochemically. Later on, the electric field switching of GOLCs’ formation was 

successfully reported in their second attempt by Kim et al. [107, 108] under direct current 

(DC) condition. It was demonstrated that GO liquid crystalline property could be well 

preserved in polymer matrix by synthesizing poly(acrylic acid) (PAA)/GO 

nanocomposites. The authors proved that the prepared nanocomposites successfully 

managed a birefringent schlieren texture under crossed polarizer. 

Ultrasonication breaks down GO sheets into smaller entities that affect the phase transition 

of LCs. In addressing some of the issues above, Aboutalebi et al. [109] reported the 

exfoliation of graphite flakes to synthesize ultra-large single-layer GO sheets. Monolayer 

sheets with ultrahigh aspect ratio, greater than 30000 were obtained in the absence of 

sonication, and lyotropic nematic liquid crystals were observed whose critical 
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concentration was as low as 0.1 wt. %. This was the lowest concentration ever reported for 

any liquid crystalline colloids. Hence, the LC phase transition was considerably related to 

the aspect ratio of GO nanosheets. In a similar work, Dan et al. [110] observed lyotropic 

liquid crystalline behavior of giant graphene oxide (GGO) flakes in aqueous suspension 

with aspect ratio above 10000. GGO dispersions undergo a transition from the isotropic 

phase to a biphasic phase and then to a nematic phase as the concentration of GGO 

increases. In this study, GGO aqueous dispersions form gel-like liquid crystals, unlike fully 

fluid nematics that were previously reported. Concentrations above 0.1 wt. % of GO 

produced birefringence under crossed polarizers displaying single-phase LCs. In a very 

recent study, Akbari et al. [111] demonstrated large-area graphene sheets for nanofiltration 

applications by shear aligning discotic nematic liquid crystals of GO. The authors showed 

that highly oriented shear aligned thin films of GO could be obtained on a support 

membrane. Shear aligned membranes exhibited higher permeability than membranes 

prepared through vacuum filtration while rejecting organic molecules and ions. The high 

rejection was obtained due to molecular sieving and electrostatic repulsion.  

 

2.2.5 Synthesis of Graphene  

Graphene can be fabricated in bulk quantities in a wide range of distinct processable forms 

as new materials using mechanical and chemical routes. Generally, graphene can be 

produced in different ways: (1) micromechanical exfoliation from graphite to single sheet 

of graphene employing Scotch tape [112], (2) epitaxial growth of graphene films [113], (3) 

chemical vapor deposition (CVD) of graphene monolayers [114], (4) longitudinal 

“unzipping” of carbon nanotubes (CNTs) [115], (5) exfoliation of graphite in solvents, 
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chemical exfoliation of graphite [116], (6) chemical reduction of graphene derivatives such 

as GO and graphene fluoride which is obtained from exfoliation [117, 118], (7) microwave 

plasma reactor [119], (8) arc-discharge synthesis [120]. Epitaxial growth of graphene 

involves CVD growth on an epitaxially matched metal surface such as silicon carbide (SiC) 

wafer surface using an ultra-high vacuum or atmospheric pressure [113, 121]. Epitaxial 

growth can yield high quality graphene but demands high vacuum conditions and 

sophisticated fabrication conditions to provide small area films. Mechanical exfoliation of 

graphite typically results in a few isolated sheets, or stack of sheets. Micromechanical 

exfoliation generates high-quality graphene that can be isolated and applied for 

fundamental studies of transport physics and other properties [122]. However, scalability 

is a concern for fabricating large area films. GO dispersions can be obtained by exfoliating 

graphite in organic solvents, which is typically done by exposing graphite as precursors in 

DMF or NMP applying high-intensity ultrasonication [123]. Large-area high-quality 

graphene films comprising greater than 95% monolayer graphene were developed on 

copper foils by the CVD method using methane [124]. Graphene sheets can be prepared 

by the basic strategy involving complete chemical exfoliation of graphite oxide into single 

GO sheets following in-situ reduction process producing individual graphene-like sheets 

[117]. Out of all aforementioned methods, chemical reduction of GO derivatives stands out 

to be the primary strategy to obtain a high yield of graphene-like sheets. Reduction of 

GO/graphene derivatives allows the production of graphene in large scale. Chemical 

reduction methods of GO colloidal dispersion to obtain graphene or commonly referred to 

reduced GO (r-GO) is accomplished using various reducing agents such as hydrazine 

monohydrate [117], hydroquinone [125], sodium borohydride (NaBH4) [126], ascorbic 
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acid [127], hydroxylamine [128], hydroiodic acid (HI) [129], thermal [130], gaseous 

hydrogen (after thermal expansion) [131], strong alkaline solutions [132], electrochemical 

reduction [133] and UV-assisted [134]. Based on other possible organic reactions, NaBH4 

is the most effective strategy to reduce C=O, while having low to moderate efficiency in 

reacting with epoxides and carboxylic acids. Hydroquinone and alkaline solutions are 

known to be less effective when compared to hydrazine and NaBH4 from results based on 

the semiquantitative analysis. Graphene materials preparation through chemical processing 

method invoking oxidation of graphite, followed by exfoliation and reduction of GO 

platelets, may help in producing a large amount of low-cost graphene. GO can be reduced 

by thermal exfoliation, where stacked structure peels off during the extrusion of carbon 

dioxide (CO2) gas produced by heating GO at 1050 °C [67]. Inevitably defects are created 

causing damage to the platelets due to CO2 release allowing additional vacancies and 

topological defects throughout the planar surface of reduced GO [130]. The oxygen 

functionalities in GO can be reduced via an electrochemical reduction in which thin films 

of GO were deposited on substrates including plastics, glass, ITO, etc. The electrodes were 

positioned at opposite ends of the thin film, while linear sweep voltammetry was applied 

in a solution of sodium phosphate buffer [133]. However, this method suffers from 

scalability, which is difficult on a preparative scale. Other methods such as molecular 

templates [83], Langmuir-Blodgett assembly [135, 136], and direct CVD [114] have been 

employed to produce graphene-based materials on selected substrates. Large area graphene 

thin films are conveniently produced by reduction of pre-fabricated thin films of GO.  
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2.3 Graphene-Based Membranes  

Recent research has mostly focused on developing a high-water throughput membrane 

along with molecular sieving characteristics, which are rigid and contain clear size-

selective pores. Due to their lamellar structures and tunable physicochemical properties, 

graphene-based materials have become an essential building block for membranes in the 

separation technology [137]. Monolayer graphene can be regarded as one of the thinnest 

membranes reported so far. Reducing the membrane thickness assists in maximizing its 

flux, improving membrane performance [18]. Graphene-based materials refer to graphene 

and graphene oxide. The permeance of atoms, molecules, and ions was tested for a 

membrane made of a graphene monolayer. Bunch et al. [60] evaluated the permeance 

performance of various gases such as helium and reported that the gas was impermeable 

through the monolayer graphene. This is because of the fact that the pi orbitals of graphene 

form a dense, delocalized cloud of electrons, shielding the graphene sheet by blocking the 

gap within its aromatic rings. Herein, a monolayer graphene sheet was obtained using 

mechanical exfoliation by the Scotch tape method. Nair et al. [138] were the first to 

demonstrate GO as a membrane material and published a pioneering work reporting 

submicron-thick GO membranes showing impermeability to vapors and gases, including 

helium. Interestingly, these GO membranes allowed water permeation. A fundamental 

understanding of the molecular transport in GO membrane was demonstrated in this work, 

paving the way to explore graphene-based membranes further. GO nanosheets, due to their 

laminar structures can provide fast and selective nanochannels for transporting molecules. 

The water permeation was at least 1010 times more rapid than helium. The ultra-fast water 
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transport was ascribed to the frictionless flow of a monolayer of water through two-

dimensional capillaries created by tightly stacked graphene sheets. 

Graphene-based separation membranes can be classified into three distinctive forms: 

porous graphene layers, assembled graphene laminates, and graphene-based 

nanocomposites [139]. They are described in detail in the following sections. It is essential 

to fabricate separation membranes with well-defined nanostructures that lead to ultra-fast 

permeation and highly-selective rejection properties. The separation mechanism of 

graphene-based membranes involves the effect of inter-layer nanochannels existing 

between the GO sheets, defects or pores and oxygen functional groups that aids the 

molecular transport. In addition to the fascinating properties mentioned above, graphene 

and GO minimizes the transport resistance and enhances the permeate flux, which is due 

to the nearly frictionless surface that enables them to behave as membranes [52]. Similar 

review was recently reported, regarding graphene-based membranes in various membrane 

separation processes [140, 141].  

Therefore, the oxygen atoms covalently bonded to the carbon atoms in GO is beneficial in 

two important ways, besides providing molecular transport [139]: (1) oxygen atoms can 

readily form hydrogen bonding with water or gases or CO2 and can interact electrostatically 

with ionic components improving permeation properties of GO membranes. (2) The 

decorated oxygen functional groups at the edges and on basal planes play a role as spacers 

in GO (about 0.7 to 1.0 nm distance between two graphene sheets), while the pristine (non-

oxidized) regions in the sheets provide frictionless two-dimensional nano capillaries 

allowing water to flow through the areas similar to water transport in carbon nanotubes. 

This helps in transporting small molecules among lamellar GO sheets.  
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2.3.1 Porous Graphene Membranes  

A perfect single-layer graphene membrane which is devoid of defects is impermeable to 

any molecules, including helium gas, because of closely packed arrangement of carbon 

atoms in the lattice and the electron density of its aromatic rings, which repels atoms and 

molecules attempting to pass through these rings [60, 142]. The impermeability and 

robustness of graphene monolayer inspired theoreticians and experimentalists to study 

porous graphene membrane as selective barrier for separation applications. Perforated 

graphene membranes are obtained by drilling holes on graphene sheets. Because of its high 

mechanical strength, porous graphene can be considered as a potential membrane for 

molecular sieving and/or water filtration. Small pores can allow ultra-fast water flow 

through well-defined channels. Irradiation with high energy particles, for instance, 

electrons and ions, can create atomic-scale defects in graphene layers, and therefore form 

nanopores with various diameters [143]. Monovacancies or atoms multi vacancies are 

some of the typical stable graphene defects created by the high energy particles. There have 

been successful theoretical studies demonstrating the selective passage of water [144], ions 

[145], and gases through perforated graphene membranes [146]. For instance, molecular 

dynamics simulation studies revealed that graphene monolayers with functionalized 

nanopores aid the diffusion of ions, such as Li+, Na+, K+, Cl-, and Br-. Graphene membranes 

with pores terminated by negative or positive charge respectively highly favor the passage 

of cations or anions. The influence of nanometer pore sizes on the water transport through 

nanoporous graphene membranes was investigated in detail [12]. Cohen-Tanugi et al. 

[144] evaluated the desalination performance of nanometer pores in single-layer graphene 

as a function of pore size, functionalization, and pressure. They discovered that hydrogen-
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terminated pores showed better selectivity, while the chemical functional groups, such as 

hydroxyl group bonded to the edges of graphene pores, doubled the water flux because of 

their hydrophilic nature. As a consequence, tailored pore diameter allowed water flow 

transport of up to 66 L cm-2 day-1 MPa-1, while reverse osmosis membrane offers water 

transport of ~0.01-0.05 L cm-2 day-1 MPa-1 with similar > 99% salt rejection. This 

successful desalination and the fast flow rate of water is attributed to the atomic thickness 

of graphene. Simulation studies predict extreme molecular sieving properties of porous 

graphene membrane for liquid and gas purification. Monolayer graphene membranes are 

produced via Scotch tape technique or a CVD method. However, it is necessary to avoid 

intrinsic pores arising from boundary and point defects by carefully controlling the CVD 

process. Experimental studies have shown the importance of using perforated graphene 

sheets. Ultraviolet-induced oxidative etching creates angstrom-scale pores over predefined 

5 µm-diameter-sized graphene membrane, and the resulting membrane was used as 

molecular sieves [147]. Pores were introduced into pristine graphene obtained from Scotch 

tape method. The results obtained were in agreement with theoretical models constructed 

on free molecular transport (effusion) through angstrom sized pores with atomic sized 

channel length. In another report, porous graphene was employed as a desalination 

membrane, by creating nanometer-sized pores (0.5-1 nm) employing graphene monolayer 

by means of oxygen plasma etching process [148]. Here, graphene was synthesized by the 

CVD process on a copper foil as a catalyst. The membranes exhibited a nearly 100% salt 

rejection rate and exceptional rapid flux of up to 106 g m-2 s-1 applying transmembrane 

pressure as a driving force. The water flux obtained via osmotic pressure as the driving 

force was lesser than 70 g m-2 s-1 atm-1, which is orders of magnitude lower than the 
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transport measured from saturated water vapor as driving force. This significant difference 

in water flux is due to the fact that ions binding to nanopores termination groups block the 

water flux. The membranes exhibited both high salt rejection and exceptional water 

transport properties, proposing that graphene is suitable for membrane distillation and 

reverse osmosis. Scaling up these membranes for practical use in the industry and 

commercial processes are however significantly challenging. The challenge of fabricating 

leak-free, single layers, not limited to a micrometer area porous graphene membrane has 

been addressed by different means. A simple technique to perforate large area and sub-

nanometer pores were attempted by creating isolated, reactive defects into the graphene 

lattice through ion bombardment. Selective ion transport through controlled, high density 

(1012 cm-2), sub-nanometer diameter pores (0.40 ± 0.24 nm) on large areas of monolayer 

graphene was synthesized by a CVD method while preserving the structural integrity of 

the graphene membrane. The ion transport across these pores is highly selective and 

tunable by simply controlling the etching time, emphasizing the potential of the nanoporous 

graphene membrane in water purification. Celebi et al. [149] prepared physically 

perforated bilayer graphene with a few million pores (~103 to 106 per membrane) and 

narrowly distributed size ranging from < 10 nm to 1 µm. These porous bilayer graphene 

membranes, developed by CVD growth, and further using a focused ion beam method, 

showed permeances of gas, liquid, and water vapor exceeding state-of-the-art membranes. 

Other methods to fabricate nanopores in graphene are lithography [149], ion-bombardment 

followed by acid etch [150], oxygen plasma etching [151], ion bombardment followed by 

oxygen plasma etching [152], and oxide nanoparticle-induced etching [153]. Nanosized 

defects ( 2 - 3 nm) formed in the graphene lattice produced by CVD (area 5 cm2) lead to 
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size-selective diffusive transport and efficient separation of small molecules with potential 

for dialysis applications. Defects in graphene membranes can contribute to more 

permeation gates with shorter transport pathways resulting in higher flux [154]. Tailoring 

precise defects is, however, still a huge challenge.   

 

2.3.2 Graphene-Based Laminated Membranes  

Single-layer porous graphene membrane has raised expectations as potentially useful for 

desalination, water purification, gas separation, and other relevant processes. However, 

large area, precise, and high-density pores with practical modular design remains elusive. 

Alternatively, graphene-based derivatives can offer a more practical solution. They can be 

self-assembled or assembled under a driving force to obtain well-ordered laminated 

macroscopic structures as thin films or as fillers [155]. Membranes can be fabricated in 

processable forms by taking advantage of the chemical and mechanical properties of 

graphene sheets. Additionally, stronger interactions such as hydrogen bonding and van der 

Waals forces between GO sheets can inhibit the complete delamination from the porous 

substrates [156]. Molecular dynamics studies give an indication of stacked layers holding 

promise for water filtration controlling the transport of molecules [157]. Synthesized GO 

membranes have an interlayer spacing of 0.8 to 1.1 nm. Water diffusion across GO layers 

is one order slower than bulk water due to hydrogen bonding interactions. Several 

experimental studies have shown the water transport extensively through inter GO layers 

in laminated GO membranes. Highly ordered selective layers of GO sheets would favor 

efficient molecular separation performance of GO membranes. Self-supporting GO 

membranes containing micrometer-sized stacked layers and nanometer-thick thin films 
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containing mono-, bi-, trilayers of GO sheets can be fabricated. Mono-, bi- and trilayers 

are prepared from the CVD process.  

The varying driving force for GO membrane formation plays a significant role in 

determining the GO assembly layer microstructure arrangements. Membranes from GO 

dispersion can be assembled via pressure-assisted, vacuum-assisted and evaporation 

assisted techniques on porous polymer supports. The orientation and the arrangement of 

GO sheets by the aforementioned techniques can be highly ordered, random, and highly 

random with loops, respectively [158]. The film uniformity, surface morphology, 

thickness, and surface coverage of membrane depend on the coating methods and 

parameters. The flow-directed filtration of GO aqueous dispersion forms brown-black 

freestanding, paper-like thin-film membranes resulting in tightly packed interlocking 

sheets. The thickness of the membranes can be tuned from a few nanometers to tens of 

micrometers by varying the amount of GO in the filtered dispersion [69]. Nair et al. [159] 

studied molecular sieving behavior through GO membranes. Micrometer-thick GO 

membranes assembled by a vacuum filtration method operate as molecular sieves blocking 

solutes with hydrated radii > 0.45 nm. The reported GO laminates were completely 

vacuum-tight in a dried state but performed as sieves when immersed in water. 

Additionally, as humidity increases, the interlayer space between individual GO sheets 

increases accordingly. The resulting membranes permeate smaller solutes such as ions, 

which are a thousand times faster than what it was assumed for simple diffusion. The 

observed high permeation is due to the capillary-like high force acting on ions within 

graphene nanochannels. While the permeation of small ions is caused by a network of 

nanochannels that open up in the hydrated state thus enlarging d spacing, providing large 
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and two-dimensional nanochannels for transporting small molecules. Similar ionic sieving 

combined with ultrahigh charge selectivity was investigated for graphene-based 

membranes [160].  

Mi et al. [161] proposed that GO membranes made by the proper spacing between GO 

nanosheets through appropriately sized spacers enable precise, ionic and molecular sieving 

membranes for water purification, wastewater treatment, pharmaceutical and fuel 

separation, biomedical applications. This can be achieved by introducing rigid chemical 

groups or soft polymers chains, such as polyelectrolytes or nanoparticles or nanofibers 

between GO nanosheets. Active sites are provided by oxygen functional groups for further 

chemical functionalization to enrich surface charges and significantly improve specific 

interactions with ions and/or molecules. These membranes can be obtained by layer-by-

layer or vacuum filtration methods. Besides these mentioned fabrication methods, laminar 

GO membranes can be assembled via other methods such as spin coating [162], spray 

coating [138], drop-casting [163], spray-evaporation [164], layer-by-layer assemblies 

[165], shear alignment [111], and dip-coating [166]. The spray coating adopted in 

reference [138] uses GO dispersion sprayed on to a copper substrate with further etching 

with nitric acid to peel off the sample. GO sheets laminate together via layer-by-layer from 

the above coating methods with strong interlayer hydrogen bonding between GO sheets, 

providing them sufficient mechanical strength. The spin-coating process involves two 

strategies: directly contacting the substrate surface on to the interface of GO dispersion and 

vice versa. Sun et al. [163] prepared freestanding GO membranes by a drop-casting method 

with selective ion permeation. They demonstrated the fast permeation of sodium ions, 

across GO membranes, whereas heavy metal ions permeated very slowly. The separation 
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mechanism of selective-ion penetration properties was attributed to nanochannels existing 

between GO laminates and chemical coordination between oxygenated GO and heavy 

metal ions responsible for the selective passage of ions. In a similar work, Han et al. [154] 

constructed ultrathin, robust graphene nanofiltration membranes, using chemically 

converted graphene (CCG) on microporous substrates. The membranes prepared by 

filtering extremely diluted reduced GO had pure water flux around 22 L m-2 h-1 bar-1 and 

rejected greater than 99% of organic dyes and 20-60% ionic salts. The dominant sieving 

mechanism was attributed to direct absorption, physical sieving, and electrostatic 

interaction.  

Qiu et al. [167] reported permeation-tunable nanofiltration membranes using corrugation 

controlled CCG by hydrothermal treatment. The existence of sp3 hybridized carbon atoms 

and topological defects makes CCG vulnerable to corrugation. Ridges can have a 

significant effect on the chemical stability, electron mobility, and electrochemical 

properties. CCG sheets in water became corrugated when subjected to higher temperatures 

by hydrothermal treatment, increasing the water permeation rate. The intrinsic corrugation 

of graphene sheets was found to originate from thermal fluctuation and thermally generated 

strain. To have a highly ordered GO sheet, Akbari et al. [111] reported membranes with 

continuous films of GO, demonstrating ultrafast water transport and molecular sieving 

properties, prepared by shear aligning liquid crystals of GO nanosheets. Liquid crystals are 

mesomorphic particles, bearing liquid-like flow and crystal-like regular order [168]. The 

prepared GO membranes with thickness around 150 nm had stack periodicity and structural 

order, with enhanced flux (71 L m-2 h-1 bar-1) and high rejection (> 90%) of organic probe 
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molecules with a hydrated radius greater than 0.5 nm when compared to commercial 

membranes, being promising for nanofiltration.  

 

2.3.3 Graphene-Based Composite Membranes  

Multifunctional graphene-based composite membranes is a topic of considerable interest 

in water treatment. The physicochemical properties of graphene nanocomposites depend 

on the homogeneous distribution and the interfacial bonding between its laminates and the 

polymer matrix, which dictate the final properties of nanocomposites [169]. However, 

graphene can be hardly homogenously distributed in a polymer matrix, due to their 

incompatible dispersion. GO, on the other hand, due to its oxygen-bearing groups can alter 

the interactions with organic polymers, increasing the compatibility. Ironically, GO has 

excellent dispersibility in water, while most of the polymers are not. Therefore, it is vital 

to optimize the amount of graphene or GO in the polymer by carefully choosing the 

solvents. The essential prerequisite to fabricate GO-composite membranes is the 

homogenous dispersion of GO sheets in aqueous or non-aqueous solvents. Therefore, 

surface modification of graphene and GO is necessary to obtain molecular level dispersion 

with non-aqueous solvents in polymer hosts. Additionally, polymers with various 

functional groups can consolidate in strengthening the GO membrane for preparing 

modules and for stability purposes, enabling practical use. Graphene or GO are added to 

organic polymers or inorganic materials as nanofillers to improve the water transport 

and/or the antifouling properties of the membranes.   
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Figure 2.5. Inter-layer nanochannels of randomly laminated GO sheets, incorporated in a 

polymer matrix, forming GO composite membranes.  

 

Peng et al. [170] reported composite ultrafiltration nanostrand channeled GO membranes, 

containing a number of nanochannels with diameters 3-5 nm, exhibiting ultrafast water 

permeation (695 ± 20 L m-2 h-1 bar-1) and superior rejection. Membranes were developed 

by filtering a mixture of positively charged copper oxide (CuOH2) nano strands and 

negatively charged GO sheets. The permeation rate was ten times higher than unmodified 

GO membranes and 100 times than that of available commercial ultrafiltration membranes 

without compromising rejection rate of dye molecules. GO membranes were covalently 

crosslinked with dicarboxylic acids containing various lengths by esterification reaction to 

enlarge interlayer spacing resulting in a substantial increase in water flux [171].  

Numerous researches have been done on GO-polymer composite for membrane separation 

[172-179]. Hu et al. [180] prepared membranes for water purification, by using a layer-by-

layer assembly process with negatively charged GO on porous poly(acrylonitrile) (PAN) 

support. Positively charged poly(allylamine hydrochloride) (PAH) are interconnected 

between the sheets via electrostatic interaction. Similar hybrid membranes were reported 

L

d
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by Cao et al. [181], based on pristine GO and reduced GO blended into sodium alginate 

matrix. The membranes exhibited brick and mortar architecture with enhanced separation 

performance and unusual change in permeation flux. The transport mechanism was 

ascribed to the increased number of water channels with higher selectivity, which was 

controlled by the GO structure. Free volume cavities, structural defects, and edge-to-edge 

gaps between GO sheets together contributed to form continuous water channels.  

The main advantage of achieving GO-polymer composite membranes is that GO laminates 

are randomly stacked in a polymer matrix, and this drives the inter-layer channels 

providing straight pathways, as in Fig. 2.5 [182]. Reports demonstrated the formation of 

hydrogen bonding between GO nanosheets and polyether-block-polyamide (PEBA), a 

commercialized block copolymer with -N-H-, H-N-C=O, and O-C=O groups [139, 

183]. This enabled the GO sheets assembly into stacks of layered GO. It is worth noting 

that mechanical strength and chemical robustness of graphene/GO provides an excellent 

opportunity to exploit them for composite separation membranes. Since the thickness can 

correspond to just one atom, it could have a low flow resistance [18, 184]. Noticeably, the 

sieving characteristics of GO membranes are convincingly dominated by the interlayer 

spacing, intrinsic defects, and functional groups.  

As mentioned earlier, GO could be employed as effective nanofillers in the polymer matrix 

that prevents biofouling of membranes, and the same effect should be observed when 

applying it as a continuous surface layer [175]. The biofouling properties are ascribed to 

oxygen-containing functional groups that bestow high surface hydrophilicity and high 

surface zeta potential and thus inactivate bacterial growth. The incorporation of GO in 

porous membranes has yielded significant results to mitigate antifouling in water 
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purification applications. Jin et al. [172] reported polyethersulfone (PES)-based high-

performance ultrafiltration (UF) membranes, adding GO as nanofillers. The GO 

incorporation enhanced the mechanical and thermal stability, and the existence of 

hydrophilic oxygen functional groups of GO improved the wetting properties of 

hydrophobic polymer membranes. The thin layer contained ultrafine and regularly 

arranged channels, playing a vital role in the ultrafiltration function, whereas the bottom 

layer acted as mechanical support for the selective layer. They reported a very high flux of 

1844 L m-2 h-1 with the addition of 10 mg GO per mL of DMF operated at 1.5 bar with 100 

% bovine serum albumin (BSA) rejection. This performance could be attributed to the 

following reason. GO-bonded hydrophilic functional groups, such as hydroxyl group, tend 

to be naturally placed at the water-membrane interface and the more hydrophobic GO part 

tends to be in contact with the PES matrix. As a consequence, the surface of the composite 

membranes exhibited enhanced hydrophilicity.  

Increasing surface roughness increases the surface area, enhancing the permeation of 

polyvinylidene fluoride (PVDF)-GO membranes [177]. Increase in overall porosity can be 

explained from the fact that the addition of low dimensional carbon materials intensifies 

the solution thermodynamic instability in the non-solvent bath. This facilitates a rapid 

phase demixing, resulting in higher porosity at the selective membrane layer.   

In another report, Tsou et al. [158] explored the effect of the microstructure of GO 

fabricated by various techniques, such as pressure; vacuum or evaporation assisted self-

assembly. GO was deposited on a modified PAN polymer. Different methods resulted in 

different GO layer microstructures, as indicated by the d-spacing values, which were in the 

range of 8.3 to 11.5 A°. Additionally, Transmission Electron Microscope (TEM) results 
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revealed that the GO layer’s orientation was respectively ordered, random and highly 

random, when applying pressure, vacuum, or evaporation assisted self-assembling 

techniques. In addition to increasing d-spacing by several methods, it was also found that 

defects existing in graphene and GO inevitable. These defects could be detrimental for 

electronic applications [52], but could also provide opportunities for membranes. The 

sieving mechanism could be explained, by considering the mass flow across porous 

materials per unit area for fluids behaving as classical liquids, as described by the Hagen-

Poiseuille equation [138]. Additionally defects in graphene sheets could be another 

possible explanation for the higher flux that provides shorter pathways in GO laminates 

[154]. 

 

2.4 Graphene-based membranes for organic solvent nanofiltration (OSN) 

Most of the reactions performed in chemical and pharmaceutical industries involve organic 

solvents, and high-value products have to be separated from reactants, catalysts, or other 

by-products [185]. The separation using solvent-resistant membranes could be a feasible 

alternative, compared to other conventional purification processes [186]. Membranes for 

OSN operations are strategically used for product purification and concentration, solvent 

replacement and recycling, and recovery of catalysts. Therefore, fabricating graphene 

membranes for OSN is principally necessary because polymer-based membranes are 

identified to be unstable. Graphene-based membranes have been more investigated for 

filtration applications involving aqueous solutions; however organic solvent nanofiltration 

(OSN) has drawn limited attention. 
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Additionally, preparing robust graphene membranes to preserve membranes from 

disintegration and swelling in organic solvents and improve the stability, permeance, 

rejection in general. Shi et al. [187] reported 1-µm-thick GO membranes with tunable 

molecular sieving properties in organic solvents, synthesized by vacuum filtration. 

Membranes were found to be physically stable in acetone, ethanol, toluene, and n-

hexane. p-Xylene dissolved in ethanol was chosen as feed solution for permeation tests, 

and thermal annealing was performed to tune the semi permeability of GO membranes. 

However, the d-spacing of GO membranes soaked in various organic solvents varied as a 

result of solvation. In another similar study, the same group investigated multipurpose OSN 

membranes that are workable in multiple organic solvents by assembling layers of solvent 

solvated reduced GO (S-rGO) on microfiltration membranes via vacuum filtration 

[187]. GO membranes were found to be stable in a range of organic solvents including 

methanol, acetone, and DMF and strongly acidic, basic and oxidative media. The 

negatively charged pristine S-rGO membranes rejected small molecules with a similar 

negative charge, because of the ionization of GO carboxyl groups and rejected neutral 

solutes with size larger than the interlayer nanochannels. Functionalizing S-rGO with 

hyperbranched polyethyleneimine (HPEI) enabled them to switch its surface charge to be 

positive and rejected positively charged small solutes. Hence, the molecular rejection was 

based on charge-specific separation rather than physical size sieving.  

Very recently, Nair et al. [188] reported 8-nm-thin membranes synthesized from large GO 

flakes (10-20 µm) via vacuum filtration leading to precise molecular sieving properties and 

an ultrafast organic solvent permeation. The permeation of organic solvents and sieving 

properties was attributed to randomly scattered pinholes, interconnected by small graphene 
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channels with 1-nm-width. Additionally, the highly laminated GO membrane used in this 

experiment had an ultra-sharp sieving cut-off, impeding ions with hydrated radii > 0.45 

nm. The permeance test for organic solvents as a function of inverse viscosity (1/	𝜂) 

exhibited a linear dependence on the inverse of the viscosity, explaining that the solvent 

viscosity is a vital parameter for the transport through GO membranes. The results 

indicated that polar solvents increase the d-spacing intercalating between GO layers, while 

non-polar solvents did not affect the interlayer distance. The solvent transport behavior 

through membranes includes surface tension, polarity, swelling, hydrophilicity, and 

hydrophobicity [189]. From the above results, one can conclude that the molecular size of 

the solute is not the only parameter to determine permeance. The interaction between solute 

and the membrane is also critical. The traditional vacuum, pressure-assisted filtration, dip-

coating, film, and drop-casting methods suffer from some disadvantages, such as high-

pressure requirement, long-duration caused by higher mass transfer pressure, thickness 

control, a longer time for solvent evaporation. Chen et al. [190] demonstrated a facile and 

scalable electrospraying method to fabricate GO nanofiltration membranes for wastewater 

treatment and OSN. The solvent flux investigation revealed that organic solvents transport 

is inversely proportional to viscosity, which follows the Hagen-Poiseuille theory. In 

addition to the viscosity, other dominant factors facilitating liquid transport are the polarity, 

size, and interfacial force.      

Robust composite membranes, based on polybenzimidazoles and GO, were fabricated for 

OSN via a conventional phase separation method, where GO covalently anchors to the 

hydroxyl groups present in the polymer using diisocyanate crosslinker [191]. The 

incorporation of GO in the polymer matrix increased the membrane performance with 
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acetone flux at least five times higher than in the case of the unmodified membrane without, 

compromising the solute rejection. The permeance of the commonly tested solvents 

increased with their dielectric constant. This can be accounted for to higher affinity of polar 

solvents with the highly hydrophilic membrane surface. Another GO membrane, with 

boronic acid polymer (BA) as a crosslinker, for application in organic solvents, was 

reported [192]. In addition to imparting stability, BA interacts with GO sheets via hydrogen 

bonding and pi-pi interactions. The authors reported that the solvent permeance of the 

membranes was heavily influenced by the viscosity of the solvent in addition to its size, 

structure, and interaction with the membrane.      

A new class of sandwich-like thin film nanocomposite membranes for OSN was fabricated 

via interfacial polymerization on polyimide support and further functionalizing the surface 

by crosslinked GO layers [193]. The defect-free polyamide barrier layer was thin ( 15 nm) 

with a surface roughness of 2 nm. The nanocomposite membrane demonstrated a high 

DMF flux of 102 L m-2 h-1 MPa-1 and rejection > 99 % for solutes with a molecular weight 

of 479 g mol-1, dissolved in ethanol. Non-polar solvents hardly permeated through the 

crosslinked GO-interlayered membranes, because of the considerable hydrophilic nature 

of the surface, exhibiting weak affinity to the membrane. In a similar report, 

GO/crosslinked polyimide composite membranes featuring > 90% rejection for Rose 

Bengal sodium salt (molecular weight: 1018 g mol-1) accompanying high solvent 

permeance were reported for OSN [194]. With increasing amount of GO dispersion into 

the composite membranes, the rejection rate increases continuously, while the permeance 

of solvents followed an opposite trend, signifying the importance of the thickness and 

tortuosity of membranes.    
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2.5 Graphene-Based Hollow Fiber Membranes  

It is essential to consider also other configurations to employ GO membranes for practical 

applications. Most of the fabricated membranes are flat sheet and suffer from a low packing 

density. Commercially available membrane modules involve not only flat sheet 

membranes, but also polymeric hollow fibers, and other inorganic tubular membrane 

modules. Among them, hollow fibers offer beneficial features, such as high packing density 

(membrane surface area/volume ratio > 1000 m2/m3), large active membrane area per unit 

module volume, excellent mechanical support, self-supported structure, low-demanding 

pre-treatment, ease of handling during the course of membrane module fabrication, process 

intensification and process operation [195, 196]. Hollow fibers fabrication may provide a 

better configuration from the industrial perspective. They might improve the separation 

performance, with an ultrathin skin layer. Nonetheless, the hollow fiber formation is 

considerably more complex than in the case of flat sheet membranes. Several factors, 

including dope formulation, spinneret design, rheology of solution within the spinneret, 

air-gap distance, fluid flow rate, etc. significantly control the final membrane structure and 

determine the performance of the membranes. On the other side, it is well known that GO 

membranes with thin separation layers on a porous support membrane provide advantages 

over other synthetic membranes. Hollow fibers bestow benefits of high packing density, 

comparative cost-effectiveness, and self-supporting structure. It is crucial to transform the 

properties of GO flat sheet membranes into useful hollow fiber membranes to take 

advantage of their separation potential, providing better membrane configuration for 

industrial-scale-up. GO laminates can be fabricated on a curved surface with hollow fibers 

possessing high curvature and elongated shape [197]. GO membranes, using polymeric 
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hollow fibers as membrane support, could be particularly beneficial due to their efficient 

way of assembling in a module-level for separation applications.  

GO membranes were coated on hollow fiber support as a top skin layer for enhancing the 

performance of membranes. Ceramic supports, stainless steel and polymeric hollow fibers 

have been used to deposit GO nanosheets [197-201]. GO can act as a selective barrier on 

modified poly (amide-imide)-polyethyleneimine hollow fiber membrane for treating water 

and removal of heavy metals [202-204]. Reduced GO layers as interfaces help in 

fabricating ultrathin metal-organic framework hollow fiber membranes for substantially 

enhancing gas permeance and selectivity [205]. Negatively charged GO were 

electrostatically immobilized onto the positively charged membrane surface whereas 

boron, piperazine, ethylenediamine were used as crosslinkers to functionalize GO 

membranes for constructing hollow fiber membranes [204, 206, 207]. In another report, 

GO/polysulfone, or polyethersulfone (PES) hollow fiber mixed-matrix membranes were 

developed, by adding GO into a polymer matrix to develop an integrated skin layer 

changing membrane substructure layer [208-210]. GO was added as an additive to prepare 

loose nanofiltration hollow fiber membranes employing air as a bore fluid for treating 

textile wastewater [211]. Similar composite poly(vinylidene fluoride-co-

hexafluoropropylene)/GO hollow fiber membrane showed a better desalination 

performance, by direct contact membrane distillation (DCMD) [212]. GO loading has been 

promising in developing pressure retarded osmosis thin-film composite membranes, using 

PES hollow fibers to improve the hydrophilicity [213]. PVDF hollow fiber membrane 

fabrication can be extended by blending silver loaded with GO as a dope, via phase 

inversion technique for fabricating membranes with high permeabilities and antifouling 
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abilities [214]. GO/Polyimide membranes fabricated by direct spinning via a coaxial two-

capillary spinning strategy leads to robust membranes for desalination of seawater by 

pervaporation [215]. The poor compatibility issue between GO and polyamide can be 

mitigated by introducing amino GO to fabricate nanofiltration composite hollow fiber 

membranes via interfacial polymerization resulting in improved permeate flux and 

antifouling properties operated at low-pressure conditions [216]. To address the swelling 

phenomenon of GO in aqueous environment, a concept of three-dimensional sandwich 

hollow fibers was introduced to restrain swelling of GO via coating and immersion 

precipitation method [217]. The confined interlayer spacing exhibited high rejection for 

mono and multivalent salts. PVDF membranes doped with sulfonated GO followed with 

perfluorosulfonic acid exhibited membranes with improved chemical resistance from 

membrane degradation under frequent oxidative cleaning [218].  

Integrated and continuous GO-laminated membranes on ceramic hollow fiber support were 

demonstrated using a vacuum filtration method [197]. The GO hollow fiber membrane 

demonstrated excellent selective water permeation for dimethyl carbonate/water mixtures 

in a pervaporation process. It is crucial to ascertain the interfacial adhesion between GO 

sheets and the support hollow fiber membrane which can assist in studying the stability of 

membranes. Although ceramic hollow fiber is an excellent candidate exhibiting excellent 

mechanical robustness and chemical inertness, the greatest disadvantage of using ceramic 

hollow fibers is its complex fabrication process, high cost and brittleness [6]. To address 

this issue and to surface deposit GO on a polymeric hollow fiber membrane, GO 

membranes were dip-coated by carefully tailoring the surface charge by polyethyleneimine 

(PEI) crosslinking on polyamide-imide (PAI) hollow fiber [202]. Instant dip-coated GO 
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membranes acted as selective barriers achieving 86% water permeability without 

compromising membrane selectivity. Most of the above-mentioned fabrication procedures 

involve depositing GO on the shell side of hollow fiber substrates via vacuum suction or 

using the dip-coating technique [204, 219, 220].    

 

2.6 Stability of Graphene-Based Membranes     

The typical interlayer spacing (d) of a dried GO membrane is reported to be 0.9 ± 1 nm 

while the d-spacing of reduced GO is 0.4 nm, and the space’s width (pore size) is estimated 

to be around 0.5 ± 1 nm, which is enough for one monolayer of water to transport within 

the nano capillaries [138]. When GO membranes are soaked in water, the d-spacing 

enlarges to more than 1.3 nm, facilitating the water transport [159]. The stability of GO 

sheets in the aqueous environment has become very critical for applications involving 

water because GO membrane soaked in water disintegrates over time [221]. GO sheets on 

hydration become negatively charged and overcome van der Waals attraction or hydrogen 

bonding to separate from each other thus disrupting its structure. Hence, crosslinking as 

shown in Fig. 2.6 has been one of the most adopted approaches to increase the stability of 

GO membranes. Taking advantage of the oxygen functional groups and to enhance the 

stability of GO, several chemical crosslinking by ions (Na+, K+, Li+, Mg2+, Ca2+, Al3+) 

[221-224], dicarboxylic acids [171], amines [225, 226], polydopamine 

[227], polyethyleneimine [228], 1,3,5-benzenetricarbonyl trichloride (TMC)  

[165], isophorone diisocyanate [229], polyols [171], tannic acid [230], theanine amino 

acid [230], porphyrin [231], and boronic acid polymer [192] were employed. Mi et al. 

[165] synthesized GO-based water separation membranes via a layer-by-layer process by 
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crosslinking TMC on a polydopamine coated polysulfone support. Stacking the 

membranes and crosslinking renders necessary stability, fine-tuned charge, functionality, 

and spacing between GO nanosheets. As a consequence, the membranes exhibited 4-10 

times higher water flux than commercial nanofiltration membranes. Additionally, changing 

the number of deposition cycles vary the thickness of GO layers. The spacing (estimated 

to be 1 nm) between GO layers and surface charge on GO laminates dominate the rejection 

performance of GO membranes. The oxidized group in GO membranes act as spacers 

widening individual sheet for more water to intercalate in a hydrated state, and the pristine 

group facilitates the frictionless flow of water in a network of capillaries.    

 

Figure 2.6. Enlarged d-spacing of GO laminates with a crosslinker to address the stability 

of membrane in aqueous and non-aqueous solutions  

Composite membranes based on GO were synthesized by a crosslinking strategy to obtain 

GO framework membranes with varying d-spacings [225]. Diamine monomers were 

chosen to crosslink GO via pressure-driven self-assembly process. X-ray diffractions 

revealed that crosslinking GO with diamine could effectively tailor the interlayer d-spacing 

from 0.87 to 1.04 nm, which showed an excellent pervaporation performance. This could 

be explained by the fact that hydrogen bonds and pi-pi interactions were destroyed. In all 

L

d
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the above cases the functional groups open up reactive sites for modifications to control 

the microstructures and chemical properties. The in-situ treatment of GO paper with 

divalent cations (Mg2+ or Ca2+) enhanced Young’s modulus by 10-40% and the tensile 

strength by 10-80%, since they coordinate with the carboxylic acid groups [224]. Similarly, 

exposing GO films to amines crosslinks via a ring-opening reaction between the epoxide 

groups available on the basal plane, increasing tensile strength to 68% and Young’s 

modulus to 35% of the GO sheets, when compared to unmodified GO film [232].  

 

2.7 Transport and Separation Mechanism of Graphene-Based Membranes 

Nair et al. [138] explained the permeation of water molecules across graphene-based 

membranes, by attributing it to two-dimensional graphene nano capillaries that permit the 

frictionless flow of a monolayer of water. A single sheet of GO contains two types of 

regions: oxidized (functionalized) and non-oxidized (pristine). It is observed that oxidized 

zones in GO sheets act as spacers, allowing water to intercalate between GO layers, while 

non-oxidized regions afford a network of nanochannels for the low-friction flow of a 

monolayer of water to permeate, similar to CNTs [159]. For GO membranes immersed in 

water, the interlayer spacing increases to 1.2 nm and allows two or three water layers to 

transport.  

The permeation of ions through highly laminated graphene membranes can be explained 

by two pathways [188]. 1) permeation through pinholes and 2) permeation through 

graphene nano capillaries. Randomly distributed pinholes originate from assembling 

stacked individual GO flakes. Hence, thin films with random pinholes allow a relatively 

easy diffusion without involving the atomic-size cut off seen for thicker membranes. The 
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second pathway of engaging nano capillaries experiences enhanced water permeation of 

three orders of magnitude due to considerable slip length hence reducing the flow 

resistance. Therefore, the sieving mechanism of molecules and ions in graphene-based 

membranes is primarily size-exclusion promoted by the interlayer spacing between GO 

laminates. These interlayer spacing can be tailored through functionalization and reduction 

of oxygen-containing GO sheets. Within the network of nano capillaries between GO 

laminates, ions and molecules transport in the direction parallel to GO sheets, while ions 

and molecules diffuse in the direction perpendicular to GO sheets, through holes, defects, 

and cracks, present at the edges of non-interlocked neighboring sheets [159]. The oxidized 

regions in GO not only act as spacers, separating individual GO sheets but also impede the 

fast transport of water molecules, because of the hydrogen bonding occuring between water 

molecules and the oxygen groups in GO [233].  

Han et al. [154] also explained the high flux in graphene-based membranes by the slip flow 

theory. The fast transport in CNTs is attributed to low friction between water and non-

oxidized carbon wall (hydrophobic) and hydrogen bond formed by a monolayer of water 

molecules. Similarly, graphene membranes have two-dimensional nanochannels with 

frictionless hydrophobic carbon walls, which are responsible for the high flux. However, 

the imperfections provide straight pathways for molecules passing through the membranes. 

Li et al. [234] even speculated that, in ultrathin GO membranes, the selective structural 

defects in GO sheets are the major transport pathways, instead of interspacing between GO 

laminates. Therefore, besides the transport through graphene-like nanochannels, water 

might also permeate through the defects generated in the GO sheets, thus leading to 

small L and high flux, which can be calculated from equation (1). The equation is adapted 
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from Hagen-Poiseuille’s, to explain the water flow through laminar sheets assuming water 

inside channels behaves as a classical liquid:   

                           𝐹𝑙𝑢𝑥 = 𝛿# 1 $
$%&
2 1$

'
2 1∆)

*
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where 𝛿 is the width from interlayer d-spacing between sheets, L is the capillary length of 

GO sheets,	𝑙 is the total length of each effective channel, ∆𝑃 is the applied pressure 

difference, η is the solvent viscosity, 𝜌 is its density. Hagen-Poiseuille equation is 

commonly employed for laminar flow and not slip flow (liquid flow without zero velocity) 

at the boundary level. Therefore, the high flux of membranes can be explained by an 

increase of the d-spacing, small lateral length of GO sheets, and thinner GO membranes. 

From the slip flow theory, a lower flux is obtained for more hydrophobic organic solvents, 

such as isopropanol, ethanol, hexane, cyclohexane, and toluene, than for water, because of 

the more extensive interaction between the graphene walls and the hydrophobic liquids. 

Additionally, hydrophilic edges and unfamiliar defects in GO sheets lead to smaller L, 

resulting in higher water flux. In the case of organic solvents, the flux obtained is inversely 

proportional to the viscosity, i.e., the solvent flux decreases as viscosity increases, 

following the Hagen-Poiseuille equation. This has also been proven by MD simulation 

studies [235]. Simulation studies showed that the flow enhancements for solvents within 

nanochannels follow the order of ethylene glycol > butanol > ethanol > hexane > toluene 

> water > acetone.  

In summary, the separation of molecules and ions by graphene-based membranes can be 

attributed to various phenomena, as shown in Figure 2.7 : (i) size exclusion by the interlayer 

spacing between GO nanosheets, (ii) electrostatic interaction (attraction or repulsion) 

between negatively charged GO, (iii) ion adsorption occurring as a consequence of 
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electrostatic binding, cation - pi interaction, and metal coordination to GO sheets [236]. In 

addition to the size exclusion principle, different anions and cations can differently 

penetrate the GO membranes [163]. Sodium salts with different anions penetrate with 

different mobilities, with the following order: NaOH > NaHSO4 > NaCl > NaHCO3. This 

is because, in a NaOH solution, the OH- ions intensively interact with the carboxyl and 

hydroxyl groups in GO sheets. This increases the electrostatic repulsion and interlayer 

spacing, enabling faster permeation of Na+ and OH— through GO membranes. In contrast, 

in the case of NaHCO3 solution, CO2 gas is generated through the reaction between HCO3— 

and carboxyl groups. The produced gas within the nano capillaries results in a reversed, 

compression suppressing, permeation of ions. Hence, electrostatic interactions, chemical 

interactions, and hydrated ions contribute to the penetration properties of GO 

membranes.     

 

 

Figure 2.7. The selectivity of graphene-based membranes representing various separation 

mechanisms involving ions and water.  
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The functional groups attached to graphene influence the molecular transport mechanism 

in two different ways which are as follows; Firstly, the decorated oxygen functional groups 

on GO sheets interact with water molecules through hydrogen bonding and eventually 

reduce the mobility of water through the nanochannels in GO membranes [233]. Secondly, 

negative charges on GO surface electrostatically interact with charged species and promote 

salt rejection [180].  Therefore, the sieving capabilities of GO membranes are formidably 

influenced by their inter-layer spacing, presence of intrinsic defects, and functional groups 

[139]. The size of molecules and ions, the charge of the ions, interactions (both electrostatic 

and cation-pi), metal coordination between ions and GO sheets are all crucial for the 

separation performance of GO membranes.  

The transport in graphene-based composite membranes takes place in two phases since the 

homogenous dispersion of graphene nanosheets, and the chemistry of the polymer matrix 

determine the flow of solvents, ions, and molecules. It is demonstrated that small molecules 

permeate through defects and nano capillaries in GO laminates. However, in 

nanocomposite membranes, GO sheets are assembled into stacks of sheets in random 

directions in a polymer environment [182]. Besides the tortuous pathways in stacked GO 

laminates, straight and upright channels are also provided by the inclined and vertical GO 

sheets in the polymer matrix.  

 

2.8 Characterization of Graphene and GO  

The structure of graphene and GO can be investigated in detail by different methods of 

spectroscopy and microscopy. Raman spectroscopy is an essential non-destructive 

technique to study the structural information about carbon-based materials and also the 
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method to investigate the presence of graphene and GO, where the D band correlates with 

the order/disorder of the system, and G band indicates the stacking structure [237]. The 

ratio of intensities of two peaks (ID/IG) is referred to as a means of elucidating the order 

and disorder of the system and its overall stacking behavior. The ratio is an extensive 

measure to examine the integrity of graphene. The peaks obtained for 2D ( 2700 cm-1) and 

G ( 1600 cm-1) bands correspond to high-quality graphene with an absence of the D peak ( 

1350 cm-1) [238]. However, a distinct increase in the D peak and D’ peak ( 1645 cm-1) 

indicates the defects and dangling bonds in the hexagonal graphene lattice.   

The C/O ratio in GO sheets indicating the extent of oxidation and reduction can be 

quantified from elemental analysis or X-ray photoelectron spectroscopy (XPS). The XPS 

analysis identifies distinctive carbon-oxygen bonds existing in GO. The typical epoxy: 

hydroxyl: carbonyl: carboxyl ratio in GO is 3-8: 0.4-5: 1-4: 1 [239]. Reports from high-

resolution transmission electron microscopy (HRTEM) of GO structure demonstrated that 

the oxidized regions, pristine regions, and holes contribute to 82%, 16 %, and 2% 

respectively [240]. Atomic force microscopy (AFM) of samples deposited on a solid 

substrate, such as silicon wafer or mica in a dried form, provides information on the 

topology of individual GO sheets. X-ray Diffraction (XRD) measures the d-spacing 

between two nanosheets in GO and graphene. 

 

2.9 Summary of Molecular Transport Through GO Membranes 

In review, the molecular transport properties of water or organic solvents and molecular 

solutes through GO membranes are governed by the synergistic effects of the following 

factors: 
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• Inter-layer spacing between individual GO nanosheets in a laminar structure 

• Selective defects or intrinsic pores of GO membranes    

• Oxygen-containing functional groups of GO  

 

The particular defects and oxygen-containing groups of GO sheets provide preferential 

interaction sites for transporting molecules and ions. The oxidized and non-oxidized 

regions in GO laminar structure provides fast and selective nanochannels. In addition to 

tortuous pathways provided by stacked GO membranes, selective defects and pores can 

serve as a shortcut for the transport of molecules having a tiny transport path (equals to L). 

Water or other organic solvents traveling through the membranes have a preferential 

interaction with oxygen-containing functional groups and then rapidly diffuse in the 

frictionless walls of the graphene-like nanochannels. Now considering the rejection 

performance, the d-spacing between neighboring GO sheets and the surface charge on GO 

layers are the significant factors.   

 

2.10 Challenges and Opportunities for GO membranes  

In recent years, the research on graphene-based membranes showed encouraging properties 

responsible for the solvent permeation with fast transport of water and other organic 

solvents. The one-atom-thick structure with tunable interlayer spacing affords precise 

molecular sieving that could transcend the performance limitation of conventional 

membranes. Graphene-based membranes offer the following advantages in real 

applications.    

1. Easy fabrication process  
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2. Tunable physical and chemical properties  

3. Ultrathin layered membranes  

4. The tunable thickness of laminated microstructure  

 

Despite advantages like high water permeation, there are challenges and opportunities that 

need to be addressed by membrane scientists, particularly when considering the application 

of graphene and GO membranes on a large scale. Developing large area, scalable graphene 

membranes with sub-nanometer sized pores, narrow pore size distribution and tunable 

interlayer spacing, maintaining structural integrity at low cost, is a challenging factor in 

commercial applications. Aging test, robustness, biofouling over time challenge the real 

efficiency of graphene-based membranes under actual operating conditions. Designing 

new membrane modules that can assist in easy cleanup and rapid removal of solute 

concentration on the feed side will address some of the critical queries related to cost and 

to upscale.      

 Some of the persistent challenges include:  

1) Controlling size, functional groups, and surface charge of GO sheets 

2) Tunability of membrane microstructure and chemistry 

3) Large-area, leak-free, cost-effective membrane fabrication method 

4) The trade-off between permeability and selectivity of membranes  

5) Stability of the membrane in a solution 

6) Vertically arranged inter-layer channels for ultra-fast permeation 

7) Preventing membrane fouling for long term usage  
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8) Robust membranes to operate in extreme conditions, for instance, chlorine resistant 

membranes for desalination  

9) Mechanical and chemical robustness.  

10) More specific and accurate transport models  

 

2.11 Conclusion 

 In conclusion, graphene, and GO-based membranes are expected to provide water flow 

enhancements for water purification and organic solvent separations, compared to the state-

of-the-art conventional membranes. Graphene and GO membranes could be fabricated, 

tailoring the thickness with various fabrication techniques. GO-polymer composite 

membranes pave the way for extended manipulation for several permeation properties. 

GO-polymer-based membranes exhibit high mechanical strength and thermal stability. 

Membranes prepared during this Ph.D. work address the trade-off of permeability and 

selectivity with higher mechanical tensile strength. 

The stability of GO membranes was investigated to employ the membranes in chemical 

industries. GO membranes with a hollow fiber geometry was made possible by using spray 

coating as a technique to be used for nanofiltration and organic solvent nanofiltration. High 

water permeation and good selectivity were obtained for the reported membranes. From all 

the above explanations, the transport mechanisms in graphene and GO-based membranes 

could be driven by the synergistic effect of three factors, namely: inter-layer nanochannels, 

pores/holes/defects and oxygen functional groups. Thus, GO membranes exhibit great 

potential in water treatment applications, in removing toxic ions and organic molecules 

from polluted water or from industrial processes with harsh solvents. The size of the GO 
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sheets, the thickness of the membranes, the GO membrane structure significantly 

influences the desired separation performance. Finally, the fundamental understanding and 

the processability of graphene-based membranes are contributing to the rapid progress of 

two-dimensional membrane technology for liquid separations.   
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CHAPTER 3 

 

Polyethersulfone/Graphene Oxide Ultrafiltration Membranes from Solutions in 

Ionic Liquid 

 

This chapter was published as:  

Mahalingam, D.K., D. Kim, and S.P. Nunes, Polyethersulfone/Graphene Oxide 

Ultrafiltration Membranes from Solutions in Ionic Liquid. MRS Adv., 2017. 2(46): p. 

2505-2511. 

 

This chapter briefly describes the method of fabricating novel high flux polyethersulfone 

ultrafiltration membranes by incorporating different amounts of graphene oxide sheets to 

PES as nanofillers. The authors performed fundamental characterizations for 

understanding the composite membranes. Furthermore, the performance of the modified 

membranes and rejection of humic acid and bovine serum albumin were demonstrated.  
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Abstract 

Novel high flux polyethersulfone (PES) ultrafiltration membranes were fabricated by 

incorporating different amounts of graphene oxide (GO) sheets to PES as nanofillers. The 

membranes were prepared from solutions in 50/50 1-ethyl-3-

methylimidazoliumdiethylphosphate/ N, N-dimethyl formamide. It was observed that the 

water permeance increased from 550 to 800 L m-2 h-1 bar-1, with incorporation of 1 wt. % 

GO, keeping a molecular weight cutoff (MWCO) of approximately 32-34 kg mol-1. Cross-

sectional scanning electron microscopy images of GO/PES membranes showed the 

formation of ultrathin selective layer unlike pristine membranes. Contact angle 

measurements confirmed the increase of hydrophilicity, by increasing the GO 

concentration. The rejection of humic acid and bovine serum albumin was demonstrated. 

The mechanical properties were improved, compared with the pristine membranes. The 

performance was just above the trade-off relationship between permeance and separation 

factor for PES membranes reported in the literature. 

 

3.1 Introduction  

The use of ionic liquids as solvent or co-solvent for the preparation of membranes has been 

explored by our group [1-4] and others [5], motivated by two aspects: (i) their low toxicity 

[2] and low vapor pressure, compared to solvents currently used in the industry for 

membrane manufacture, and (ii) their capacity of inducing different morphologies, guided 

by hydrogen bond and electrostatic interactions [6]. We prepared flat sheet cellulose 

membranes by in 1-ethyl-3-methylimidazolium acetate ([EMIM]OAc) [1], hollow fiber 

membranes of polyacrylonitrile from solution in dimethyl sulfoxide/([EMIM]OAc [4] and 
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of cellulose acetate in acetone/([EMIM]OAc [3], and hydroxyl-polytriazole in dimethyl 

carbonate/[EMIM]OAc [7]. PES is one of the most common membrane materials in the 

membrane industry for ultrafiltration and as support for reverse osmosis [8] with 

application in desalination, waste water treatment, biotechnology and pharmaceutical 

industries, oil-water separation, protein mixture separation, food industry and other 

filtration processes. While being an attractive material in membrane filtration, PES is 

known to be a hydrophobic polymer and is highly susceptible to fouling, without surface 

modification. We recently prepared PES membranes from solutions in 1-ethyl-3-

methylimidazolium diethylphosphate ([EMIM]DEP) [2] with molecular weight cut-off 

(MWCO) varying from 1.3 to 30 kg mol-1 and permeance values from 20 to 140 L m-2 h-1 

bar-1, respectively. So far, we only used ionic liquid for membranes fully constituted by 

organic polymers or block copolymers. However, there is a large potential to explore 

casting solutions containing nanofillers such as graphene oxide (GO), which could be 

dispersed and eventually aligned under the influence of ionic liquids. GO, as two-

dimensional carbon nano sheet decorated with oxygen containing functional groups, such 

as hydroxyl and carboxyl groups, has growing interest for membrane application [9], as 

thin selective layer for water transport or as additive to improve mechanical properties, 

reduce fouling [10] or add further functionalization to the membrane [11, 12]. Preparation, 

structure and reactivity of GO were reviewed in detail by Dreyer et al. [13]. Herein, we 

used ionic liquid based solvent mixtures to dissolve polymers and disperse GO to obtain 

hybrid membranes. We demonstrate it for GO/PES and anticipate that ionic liquids could 

be a useful solvent for tuning morphology of other 2D-nanofillers/polymer mixed-matrix 

membranes. 
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3.2 Experiment 

3.2.1 Materials 

Polyethersulfone (PES) (Ultrason®, BASF, average Mn = 75000), 1-ethyl-3-

methylimidazolium-diethylphosphate ([EMIM]DEP, ≥ 98.0 %, Sigma-Aldrich) and 

N,Ndimethylformamide (DMF) (≥ 99.8 %, Sigma-Aldrich) were used for membrane 

fabrication. Polyethylene glycol (PEG) from Sigma-Aldrich with molecular weights of 0.3, 

1.5, 6, 10, 35, and 100 kg mol-1 were used for the solute rejection test and the calculation 

of the molecular weight cut-off (MWCO, minimum molecular weight with 90 % rejection). 

Graphite flakes were purchased from Sigma-Aldrich and used as received. Sulphuric acid 

(H2SO4, 97 %), hydrochloric acid (HCl, 35 % in water), hydrogen peroxide (H2O2, 30 % 

in water), potassium permanganate (KMnO4) were procured from Sigma Aldrich. Bovine 

serum albumin (BSA) was supplied by Sigma Aldrich. 

 

3.2.2 Graphene oxide (GO) synthesis 

GO was prepared from natural graphite flakes by a modified Hummer’s method [14]. In a 

typical procedure, 2 g of graphite flakes were mixed into a round-bottomed flask containing 

250 ml of H2SO4 and the resulting mixture was stirred for 1 hr. at 25 °C. About 10 g of 

KMnO4 were added to the mixture under stirring until a viscous dark-green mixture was 

obtained and stirring was continued for 24 h at 25 °C. The mixture was transferred into an 

ice bath and a mixture containing 100 ml of H2O2 and 500 ml of deionized (DI) water was 

added slowly. The color of the solution mixture turned to golden yellow after the addition 

of H2O2 and DI water. The resulting mixture was stirred for 2 h and centrifuged at 10000 

rpm to remove impurities. Thereafter, the solution was treated with 10 % HCl and 
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centrifuged thrice with 10 % HCl. Subsequently, HCl treated oxidized exfoliated graphite 

particles were washed and centrifuged with DI water until the solution pH turns ≥ 5. The 

obtained dark brown GO paste was freeze dried and stored dry. 

 

3.2.3 Fabrication of asymmetric GO/PES membranes 

GO nanosheets were homogeneously dispersed in DMF and [EMIM]DEP via 

ultrasonication. The following concentration was chosen for membrane fabrication: 18 wt. 

% PES, different GO concentrations (0; 0.5; 1; and 2 wt. %, relative to the polymer) in 

50/50 DMF/[EMIM]DEP solvent mixtures. Thereafter, PES was dissolved in the 

homogeneously dispersed solution containing GO at 90 °C for a day. The obtained polymer 

solutions were then cast on a glass plate using a casting knife with a 200 μm gap and 

immersed into DI water to induce phase separation. 

 

3.2.4 Membrane Characterization 

The surface and cross-section morphologies were analyzed using Field Emission Scanning 

Electron Microscope (FESEM, FEI Nova Nano). The membranes were freeze-dried to 

avoid pore collapse and sputter-coated with iridium.  

Water permeance and rejection of neutral solutes (PEG) were investigated using a stirred 

dead-end ultrafiltration cell set up under 2 bar pressure, as reported before.  

The MWCO was measured by filtering a mixture of PEG molecules with different 

molecular weights dissolved in water. Then, the feed and permeate concentrations were 

analyzed by Gel Permeation Chromatography (GPC) with PL aquagel-OH 40 and 60 
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columns, (1260 infinity GPC/SEC, Agilent technologies). The rejection of humic acids was 

estimated by measuring solute absorption at 254 nm using UV-vis spectroscopy.  

The strain-stress curves were investigated by Dynamic Mechanical Analysis (DMA, TA 

Instruments DMA-Q800) equipped with a film tension clamp. Experiments were carried 

out at 25 °C with controlled force ramp of 0.05 N min-1 and a preload force of 0.001 N. 

The membrane thickness was measured with a Mitutoyo-Absolute micrometer and 

ProMax-Fowler caliper.  

Contact angles (θ) were measured by Attension Theta optical Tensiometer (KSV 

instruments) at room temperature. Each sample was measured at 5 different spots and the 

average value was reported. 

 

3.3 Results and Discussion 

Figure 3.1 shows the surface and cross-section morphologies of prepared GO/PES hybrid 

membranes with 0, 0.5, 1 and 2 wt. % GO from solutions in DMF/[EMIM]DEP. The cross-

section of pristine membranes exhibited a thick dense sponge-like top-layer over a porous 

supporting layer with finger-like macro voids. GO incorporation into polymer matrix 

changed membrane sub layer by practically eliminating the dense sponge layer. A very thin 

skin layer was obtained.  

The surface morphology was devoid of microscopic defects with smooth surfaces and not 

much change was detected after GO modification in the membranes. The only difference 

was the change in porosity after the addition of GO. The cross section of the pristine 

membranes exhibited a thick dense top-layer followed by a porous supporting layer with 

finger-like macro voids. On the other hand, the GO incorporation into the polymer matrix 
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changed the membrane sub layer by eliminating the dense layer and thus a very thin skin 

layer was obtained. The exchange between solvent and non-solvent during phase inversion 

process becomes rapid with the addition of hydrophilic fillers in the matrix of the 

membranes. This is because of the presence of hydrophilic groups decorated on GO edges 

and basal planes.  

A homogeneous casting solution was prepared to cast all membranes. The addition of GO 

into polymer gradually changed membrane color from white to dark brown. This is an 

indication that GO is dispersed in polymer matrix homogeneously. Additionally, 

introduction of GO involves in structural changes, which is revealed in cross sectional SEM 

images. 

It was shown that oxygen containing groups, structural defects, edge-to-edge slits and non-

oxide regions of GO nanosheets provided channels with higher selectivity and transport 

rate towards water molecules [1]. 

 

 

Figure 3.1. SEM images of surfaces and cross-sections of GO/PES hybrid membranes with 

different GO weight fractions: (a) 0, (b) 0.5, (c) 1, (d) 2 wt. %. 

 

The water permeance of GO/PES membranes was measured as shown in Figure 3.2. It can 

be seen that the water permeance for hybrid membranes increased with increasing GO 
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concentration up to 1 wt. %. The maximum water permeance was 803 L m-2 h-1 bar-1 for 

the membrane with 1 wt. % GO loading. The water permeance decreased with further 

loading of GO. The increase in the water permeance can be explained on the basis of 

enhanced membrane hydrophilicity and decrease of the skin layer thickness. The maximum 

water permeance can be correlated with the contact angle results, shown in Figure 3.2b, 

which is inversely proportional to the hydrophilicity. Functional groups such as hydroxyl, 

carboxyl, carbonyl in the GO surface are responsible for improving the hydrophilicity. The 

membranes with 2 wt. % GO might have suffered aggregation, not having GO as dispersed 

as in the case of 1 wt. %. 

We did not find any appreciable chemical change. Imidazolium-based ionic liquids might 

exchange cations with negatively charged COOH groups in GO and interacts through weak 

π-π stacking interactions with GO, enhancing compatibility between GO and ionic liquid. 
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Figure 3.2. Properties of GO/PES membranes: (a) pure water permeance at 2 bar and 400 

rpm, (b) contact angle, (c) permeance and rejection of aqueous solutions containing humic 

acids, (d) stress-strain curves. 

 

The MWCO’s of GO/PES membranes were similar, varying from 32 to, 38, 34 and 31 

kg/mol, as the GO wt. % increases from 0 to 0.5, 1 and 2 wt. %. All membranes rejected 

almost 100 % albumin (66.5 kg/mol) and could be useful to separate it from solutes with 

molecular weight lower than 30 kg/mol.  

The permeance and rejection of humic acid solutions depended on the amount of GO, as 
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shown in Figure 3.2c. The permeance was 90 L m-2 h-1 bar-1, 50 % higher than for the 

pristine membrane. Further addition of GO did not increase the flux. The thin selective 

layer of the membranes, containing ultrafine channels with regularity, greatly influences 

ultrafiltration performance. The incorporation of GO changes the membrane 

microstructure. The removal efficiency of humic acid and BSA increased substantially with 

the incorporation of GO, which, is ascribed to the negative charge behavior of hybrid 

membranes. Due to the addition of GO, membranes become negatively charged that 

involves in the electrostatic repulsions between negatively charged membrane and humic 

acid and BSA. Additionally, enhanced hydrophilicity on the resultant membrane surface 

through polar interactions suppressed hydrophobic interactions between BSA and 

membrane surface. 

The BSA selectivity was evaluated and compared to other PES membranes reported in the 

literature, as shown in Figure 3.3, in analogy to the selectivity – permeance trade-off curve 

published by Mehta and Zydney [15]. The separation factor was calculated from the 

equation 3.1. 

Sa = S0 / (1-S0) exp (Jv/k) + S0     (3.1) 

 

where, Sa is the separation factor or selectivity for the membrane, S0 is the sieving 

coefficient calculated from (S0 = Cfiltrate / Cfeed), Jv is the volumetric filtrate flux (volume 

flow rate per membrane area) and k is the mass transfer coefficients. To avoid highly 

polarized conditions Jv/k was considered to be less than 10 [15]. The GO/PES membranes 

have high separation factors, compared to other available membranes and have permeance 

at least as high as the best values reported for the range of 30 kg mol-1 MWCO. 
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Figure 3.3. Separation-permeance trade-off for ultrafiltration membranes using BSA as 

model protein. 

The mechanical stability of GO incorporated PES membranes was evaluated from stress-

strain curves in Figure 3.2 d. The values of stress and strain at break were maximum for 1 

wt. % GO. Duan et al. [11] performed similar studies for graphene-immobilized enzyme 

and PES membranes prepared from solutions in dimethylacetamide and obtained similar 

results, but with permeation lower than 185 L m-2 h-1 bar-1. 

 

3.4 Conclusion 

GO/PES ultrafiltration membranes were successfully fabricated from solutions in 

DMF/[EMIM]DEP. The modified membranes exhibited enhanced water permeance, due 

to high hydrophilicity and thin skin layer, confirmed by FESEM, MWCO of 34 kg/mol and 

improved mechanical properties. The positions of the GO/PES membranes are just above 

the trade-off curve reported in the literature for PES and polysulfone membranes. 
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CHAPTER 4 

Graphene Oxide Liquid Crystal Membranes in Protic Ionic Liquid for 

Nanofiltration 

 

This chapter was published as:   

Mahalingam, D.K., S. Wang, and S.P. Nunes, Graphene Oxide Liquid Crystal Membranes 

in Protic Ionic Liquid for Nanofiltration. ACS Applied Nano Materials, 2018. 1(9): p. 

4661-4670. 

The author’s contribution in this particular work involved in studying the formation of 

graphene oxide liquid crystals in protic ionic liquid and therein fabricating membranes via 

phase separation method. The author contributed to the synthesis, characterization of 

graphene oxide, concentration optimization, and finally preparation of nanofiltration 

membranes.   
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Abstract: 

Graphene oxide (GO) liquid crystals are of great interest for membrane preparation. 

Vacuum filtration has been frequently adopted as small-scale manufacturing method. The 

main challenge is to obtain thin and robust layers with high permeation and selectivity by 

methods that could be applied in large scale. GO liquid crystals are mostly formed by 

dispersion in water. For the first time, we demonstrate that GO can form lyotropic liquid 

crystalline nematic phase dispersions in protic ionic liquid and be fabricated as membranes 

for nanofiltration. The well-balanced electrostatic interaction between ionic liquid and GO 

promotes and stabilizes the alignment of GO nanosheets even when concentrations as low 

as 9 mg GO /mL are used, providing the ideal rheology for the dispersion casting and 

membrane preparation. Robust membranes with GO layers as thick as 1 µm with high 

permeance (37 L m-2 h-1 bar-1) and 99.9 % rejection of dyes with molecular weight 697 

g/mol were obtained. We confirmed the liquid crystal formation by the detection of 

birefringence and the rheological behavior and explained the liquid crystal formation as an 

interplay between hydrogen bonding and electrostatic interactions.   

4.1 Introduction  

The growing demand of drinking water and the need of water reuse in the agriculture and 

industrial processes is stimulating the development of new materials for membrane 

manufacture. There are large expectations on the separation performance of membranes 

based on graphene. These membranes can exist in three different forms: a porous graphene 

layer, assembled graphene laminates and graphene-based composites [1]. GO is an 

important chemical precursor of graphene, possessing pendant functional groups such as 

hydroxyl, carboxyl and epoxy groups [2]. The presence of oxygen functionalities allows 
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GO to form stable aqueous dispersions owing to electrostatic repulsion. Unlike graphene, 

GO can easily disperse in water and other organic solvents, forming uniform single layers, 

and keeping them stable even at high concentration (≈80 mg/mL) with strong mechanical 

properties and excellent chemical inertness [2, 3]. 

When preparing GO nanofiltration membranes, regularly stacked GO sheets with nano 

channels and amphiphilic domains are important to provide tighter molecular sieving 

feature resulting in high permeation flux and rejection [4-11]. The two-dimensional 

channels between the stacked GO nanosheets allow the water to permeate serving as 

molecular and ionic sieving membranes, while rejecting unwanted solutes by size 

exclusion process [12, 13]. The recent reports of GO liquid crystals formation brought new 

and unique opportunities for diverse applications [14-22]. GO liquid crystals with lamellar 

structure might provide the desired regularly ordered sheets for filtration applications [23]. 

Besides their potential application in membrane manufacture, GO liquid crystals are 

considered excellent for the development of novel materials in optoelectronic devices, 

electro-optical switching, graphene-based fibers, energy storage devices, polymer 

nanocomposites, and oxygen reduction catalysis [14, 16, 21, 24-29]. GO, being an 

amphiphilic molecule self assembles under specific temperature (thermotropic) and 

concentration (lyotropic) and forms liquid crystals owing to long range orientational 

ordering. The giant anisotropy and good dispersibility of GO promote the formation of 

liquid crystals in water and organic solvents such as ethanol, acetone, tetrahydrofuran, 

dimethylformamide (DMF) and N-methylpyrrolidone (NMP) [18, 23, 30]. The material 

self-assembles at atomic level via π-π stacking between GO sheets and hydrogen bonding 

interactions [31]. Self-assembled GO nanosheets have highly enhanced physical and 
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mechanical properties [23].  Graphene liquid crystals have also been reported using 

chlorosulfonic acid [17]. The self-assembly process forming liquid crystals can be easily 

recognized by birefringence, which results from the orientational order alongside a 

preferred direction, designated as director field [32]. The transition from isotropic (dark 

between crossed polarizer) to nematic (Schlieren texture) phase in a GO suspension on an 

optical polarized microscope principally depends upon GO concentration, the average 

aspect ratio (width/thickness) and the solvent environment, such as pH and ionic strength 

[14, 20, 33, 34]. The formation of nematic liquid crystals is a fully “entropy driven” 

process.  

While the majority of reports on GO liquid crystals are in water, the use of organic solvents 

is interesting, because it allows the incorporation of additives and crosslinkers or blending 

with polymers that are insoluble in water. By using ionic liquids as solvent, the advantages 

of organic solvents can be combined with low volatility and therefore low organic vapor 

emission.  Moreover, particularly for membrane preparation by casting the dispersion in 

ionic liquids brings an important rheological advantage. The GO dispersions in water or 

organic solvents have low viscosity. High GO concentration is needed to reach a reasonable 

viscosity for casting well-ordered nanosheets leading to a defect free membrane selective 

layer.  GO dispersions in ionic liquids are much more viscous. Diluted GO dispersions in 

ionic liquids can be easily cast with the expected liquid crystal order. Stable and defect free 

layers can be easily formed. 

We report for the first time GO liquid crystals dispersed in ionic liquids. We chose 

ethylammonium nitrate (EAN), a protic ionic liquid, as an example, due to its similarity 

with water in terms of its protic nature and solvent properties such as polarity and self-
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assembling capability [35]. We demonstrate the formation of GO liquid crystals with 

viscosity adequate for casting using GO concentrations as low as 9 mg/mL. At lower GO 

concentration in EAN the birefringence was not observed. The rheological experiments 

and membrane preparation were then performed at this concentration both in EAN and 

water.  We believe that hydrogen bondings between GO nanosheets and EAN lead to a 

stable, homogeneous dispersion, that can self-assemble to form nematic phase. To fully 

exploit the self-assembled GO sheets, membranes were cast on a polymer support by a 

simple doctor blade tool and were characterized for nanofiltration as illustrated in Scheme 

4.1. Our findings should facilitate new routes for achieving GO liquid crystals from ionic 

liquid, help to understand the interactions leading to their formation and offer opportunities 

for new applications in the separation field.  

 

 

Scheme 4.1. GO liquid crystal dispersion in EAN, cast on a polymer support using a doctor 

blade and immersed in acetone to obtain nanofiltration membranes.   
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4.2 Materials and Methods 

All the chemicals were commercially available and were used as received, unless otherwise 

specified. Graphite flakes, sulfuric acid and 3-aminopropyltriethoxysilane were purchased 

from Sigma-Aldrich; nitric acid and hydrogen peroxide (H2O2) were supplied by VWR 

Chemicals; potassium permanganate (KMnO4) was from Fisher Scientific. 

Ethylammonium nitrate (EAN) was purchased from Iolitec GmbH. Porous nylon 

membranes (0.2 μm pore size, 45 mm diameter) was supplied by GVS Filtration Inc. 

 

4.2.1 Synthesis of GO 

The synthesis of GO followed a literature method [23]. Dry graphite flakes and 

concentrated sulfuric acid were mixed in a round-bottomed flask and kept under stirring at 

200 rpm for a few hours and concentrated nitric acid was then added into the mixture. The 

mixture was stirred for 1 day under constant stirring. The mixture was washed thoroughly 

with deionized water three times, centrifuged and dried at 60 °C to obtain graphite 

intercalated compounds. They were then thermally expanded at 1050 °C for 15 seconds to 

obtain expanded graphite. In a typical experiment, 1 g of expanded graphite was mixed 

with 200 mL of sulfuric acid and stirred in a three-necked flask. 10 g of KMnO4 was slowly 

added to the mixture and further transferred to an ice bath and stirred over a day to 

completely oxidize the expanded graphite. 200 mL of deionized water and 50 mL of H2O2 

were slowly poured to the mixture. A color change to yellowish brown was observed. The 

obtained mixture was washed and centrifuged with HCl solution (9:1 water: HCl by 

volume), again washed with deionized water till the pH of the mixture becomes greater 
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than 5. The resultant GO suspension was then exfoliated and diluted accordingly by gentle 

shaking without the aid of sonication. 

 

4.2.2 Preparation of GO/ionic liquid suspension  

The GO aqueous suspension obtained from the previous steps was used to form a GO/ionic 

liquid suspension via solution mixing process. The desired volumes of GO were added to 

deionized water and EAN in a 1:1:1 ratio and mixed well using vortex mixer. The mixture 

containing GO/EAN/H2O was then transferred to a round bottomed flask and distilled 

using a rotary evaporator under 230 mbar vacuum at 60 °C for 8 hours to remove water. 

The water content of EAN used here was lower than 0.1 wt%, as determined by the Karl-

Fischer titration method. The GO/EAN dispersion reported here formed liquid crystals.  

 

4.2.3 GO membrane fabrication 

The GO/EAN suspension was cast on a porous nylon support membrane (0.2 μm pore 

diameter) using doctor blade with a gap of 150 μm, immersed in an acetone bath and further 

dried to prepare GO membranes. The GO layers were then reduced by thermally heating 

at 100 °C under vacuum for 24 hours. 

 

4.2.4 Characterization of GO sheets  

Atomic Force Microscopy (AFM) and Scanning Electron Microscopy (SEM) analysis were 

performed by depositing the GO dispersion on a pre-cleaned and silanized silicon wafer. 

For that, 3-aminopropyltriethoxysilane was mixed with deionized water (1:9 v/v) and 1 

drop of concentrated HCl was added to the mixture. The silicon substrates were then 
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immersed in the as prepared aqueous silane solution for 30 minutes and later thoroughly 

washed with deionized water. Now, the silanized silicon wafer was immersed into aqueous 

GO dispersion (50 μg mL-1) for 5 seconds and then into deionized water in a second 

container for 30 seconds. The resultant substrate was air-dried over night for AFM (Bruker 

Dimension Icon SPM microscope) and SEM (FEI Nova Nano microscope) 

characterization. The AFM was carried out in tapping mode under ambient conditions. X-

Ray Diffraction (XRD) studies were carried out using a powder XRD system (Bruker D8 

advance) with CuKα (λ = 0.154 nm), operating at 40 keV with current of 20 mA.  

The chemical analysis was performed using Attenuated Total Reflectance (ATR) Fourier 

Transform Infra-Red Spectroscopy (FTIR) (FTIR-iS10) in the wavenumber range of 500-

4000 cm-1 at an average of 32 scans with 4 cm-1 resolution. The absorption spectra of GO 

were analyzed using UV-Vis Spectroscopy (UV-VIS) on a Cary 100 equipment. The 

Raman (Horiba-Aramis) spectrum was investigated using 633 nm HeNe laser. X-ray 

Photoelectron Spectroscopy (XPS) on an Amicus equipment was chosen to measure the 

surface elemental composition of the synthesized GO.     

 

4.2.5 Characterization of EAN 

The chemical structure of EAN was confirmed using Nuclear Magnetic Resonance 

Spectroscopy (NMR) on a 400 MHz liquid ICON NMR instrument (Figure A4.5). The 

water content of EAN was measured using the Karl-Fischer titration method.  
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4.2.6 Characterization of GO/ionic liquid  

The birefringence study of the GO/ionic liquid dispersion was examined by polarized 

optical microscopy (Olympus BX61 Materials Microscope). Briefly, 9 mg/mL of aqueous 

GO dispersion was used to examine the birefringence. The dispersion was left stationary 

in a vial for one week. Similar procedure was conducted for the GO/ionic liquid dispersion. 

Drops of the GO dispersion was transferred on a glass slide for the measurement to obtain 

the image. Rheological properties of aqueous GO and GO/ionic liquid were investigated 

using a rheometer (AR1500ex Rheometer TA instruments) with a conical shaped spindle 

(angle 2°, diameter 40 mm). The shear viscosity was measured at shear rates from 0.01 to 

1000 s-1 and storage and loss modulus were measured at 0.01 to 10 Pa.  

 

4.2.7 Characterization of GO liquid crystal membranes  

The uniformity and continuity of the cast GO membranes were analyzed by SEM. The 

water permeance and rejection tests were performed using a filtration cell operated at 1 bar 

pressure.  

 

4.3 Results and Discussion 

GO was prepared from expandable graphite, as detailed in the experimental section. The 

aspect ratio of the resulting single layered GO sheets was preserved without the aid of ultra-

sonication. This helped in producing large GO sheets and ensuring no breakage of GO 

sheets. The stable suspension, which exhibits anisotropic textures, facilitated the formation 

of liquid crystal at low concentration of GO aqueous dispersion. Figure 4.1a shows the 

SEM micrograph of large GO flakes obtained from aqueous dispersions confirms the 
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lateral size of tens of micrometers. A minor part of the GO sheets is smaller than 10 μm. 

Wrinkling occurs owing to the large GO platelet size and high density of functional oxygen 

groups on GO plane, which facilitate the hydrogen bond formation [36]. GO nanosheets 

with high aspect ratio can align parallel to each other by maximizing the packing entropy 

[37]. AFM was studied to assess the number of layers and quality of GO nanosheets in the 

aqueous dispersion. Confirming the observation by SEM, the AFM images indicate a sheet 

size of more than tens of micrometers in Figure 4.1b. The thickness profile measured is 

~1.2 nm, indicating a monolayer exfoliation. The prepared GO sheets are therefore single-

layered and individually dispersed in water. In this case, there is no restacking or 

aggregation of individual GO platelets, suggesting good exfoliation with giant lateral size 

of the sheets. The XRD characterization of the obtained GO and the original graphite is 

shown in Figure 4.2a. The interlayer spacing is proportional to the degree of oxidation. The 

XRD patterns of graphite represents a fully graphitic system with a sharp 002 peak at 2θ = 

26.4° and corresponding d-spacing of 0.34 nm, according to Bragg’s law. The as prepared 

expandable graphite displayed similar peak with slightly expanded layer, after acid 

intercalation. On the other hand, the synthesized GO had a distinct peak at 2θ = 9.1° with 

corresponding d-spacing of 0.97 nm. The d-spacing values are similar to those reported 

elsewhere for GO dry sheets, also obtained from dispersions in water [38-40]. The FTIR 

spectrum of GO sheets and the correspondent functional groups were identified and 

reported in Figure 4.2b. The FTIR spectrum reveals the O-H stretching vibrations (3100-

3400 cm-1), C=O stretching vibration (1720-1740 cm-1), C=C from unoxidized C-C bonds 

(1610 cm-1), C-O stretching vibrations (1040 cm-1). This confirms that GO sheets are 

decorated with oxygen functional groups, following the oxidation. The UV-Vis spectrum 
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exhibits two characteristic features, as shown in Figure 4.2c.  The absorption peak, 

indicating a red shift at 231 nm, illustrates π-π* transitions (conjugation), and a shoulder, 

observed around 300 nm, is attributed to the n-π* transition of the carbonyl groups. The 

Raman spectroscopic measurement revealed two typical peaks seen in Figure 4.2d. The D 

and G band at ~1590 cm-1 and ~1340 cm-1 confirms the lattice distortions. XPS 

measurements in Figure 4.2e and 4.2f gave information on the chemical composition of 

GO sheets. The spectrum indicates both the C1s and O1s peaks for GO sheets with atomic 

concentration of 69.22 % and 29.04 %, respectively. The apparent peak at ~287 eV 

corresponds to graphitic carbon of GO and the peak at ~534 corresponds to oxidized 

carbon. This is a direct measurement of the oxygen content and the degree of oxidation 

obtained in the GO synthesis. The oxygen content reported here corresponds to a highly 

oxidized material [38]. These characterization results confirm the successful preparation 

of single layer exfoliated GO nanosheets in water.   
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Figure 4.1. (a) SEM and (b) AFM tapping mode images of GO sheets collected from 

dispersions in water (inset is the height profile of GO sheet).  
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Figure 4.2. (a) X-ray diffraction (XRD) patterns of graphite, expandable graphite and GO; 

(b) FTIR spectrum of GO nanosheets; (c) UV-Vis spectrum of GO nanosheets; (d) Raman 
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(633 nm laser excitation) spectrum of GO nanosheets; (e) and (f) XPS of GO sheets 

showing C 1s and O 1s peaks. 

We first consider here the GO dispersibility in different media. Besides the comprehensive 

investigation of GO systems in water by different groups, only relatively limited studies of 

GO or reduced GO exfoliation and dispersion have been previously reported in another 

medium, such as selected organic solvents [39, 41, 42]. A close matching between the 

surface energies of GO and solvents is important for an effective exfoliation. The surface 

energies of convenient solvents for exfoliation lie in the range of 40-50 mJ/m2.  The surface 

tension of ionic liquids such as 1-butyl-3-methylimidazolium tetrafluoroborate is 43.9 

mJ/m2 at 25 °C, which is slightly higher than that of conventional organic solvents such as 

N-methyl pyrrolidone (40.1 mJ/m2) [39]. Additionally, Hansen’s [43] solubility and 

Kamlet-Taft’s[44] solvent parameters have been used to rationalize the stability of reduced 

GO in organic solvents [39, 42]. A good dispersion of GO in organic solvents is expected 

to occur if the sum of the solvent δp + δh (δp, Hansen’s polarity cohesion parameter; δh, 

hydrogen bonding cohesion parameter) is in the range of 13~29 MPa1/2, or if the solvent 

polarity parameter, ET(30) [45], is in the range of 39~53 kcal·mol-1.  ET(30) indicates the 

solvating ability of a liquid and is related to Kamlet-Taft’s parameters π*, the polarizability 

of solvent, and α, the solvent’s hydrogen-bond donator acidity, according to Equation 4.1 

[45]. 

 

ET (30) / kcal.mol-1 = 31.2 + 11.5p* + 15.2a     (4.1) 
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Herein, the protic ionic liquid EAN is the dispersion medium. The ET(30) and Kamlet-Taft 

parameters of water and EAN are similar, which suggests that EAN would be able to easily 

disperse GO nanosheets, as shown in Table 4.1. Indeed, a homogeneous GO dispersion 

was obtained in EAN.  The exfoliated GO nanosheets after dispersion in EAN were 

characterized by XRD. As shown in Figure 4.3, the d-spacing of GO nanosheets after 

dispersion in EAN shifted to higher values, compared to those dispersed in water. A larger 

interlayer distance is then promoted by the ionic liquid.  

 

Table 4.1. ET(30) and Kamlet-Taft solvent parameters for water, EAN and selected organic 

solvents at 25 °C 

Solvents 
ET(30) 

(kcal.mol-1) 

Kamlet-Taft parameter 
Reference 

α β π* 

Water 63.1 1.17 0.18 1.09 [39] 

EAN 60.8 1.10 0.46 1.12 [46] 

DMF 43.2 0 0.69 0.88 [39] 

NMP 43.8 0 0.77 0.92 [39] 
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Figure 4.3. XRD patterns of a GO film prepared in water, an analogous film prepared in 

ionic liquid on a nylon porous support and the non-coated nylon support. 

An effective dispersibility is essential but not the only condition for liquid crystal 

formation. It is important to evaluate the GO proneness to self-assemble. GO sheets have 

an amphiphilic character with a largely hydrophobic basal plane and hydrophilic edges 

[47]. GO can behave as a surfactant, having the ability to adsorb on interfaces, thus 

lowering the surface or interfacial tension and undergoing a self-assembly process. The 

amphiphilicity can be size dependent. The high degree of anisotropy and high aspect ratio 

of GO nanosheets render them the ability to align in a specific direction. The influence of 

the solvent molecules greatly impacts the structural formation of GO liquid crystal 

dispersion, as the solvent molecules disturb the particles interaction as a consequence of 

electrostatic repulsion forces [48]. Polarized Optical Microscopy is a useful 

characterization technique to detect anisotropy, which is indicated by birefringence [32]. 

Schlieren brush-like birefringence patterns have been previously seen as an indication of 

nematic liquid crystal phase formation in GO aqueous systems [14, 30].  A Schlieren 
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texture was observed with various disclinations, which is a reflection of GO platelets, 

orienting in a preferential direction. The representative optical polarized micrographs 

shown in Figure 4.4a and 4.4b are an evidence of the birefringent lyotropic liquid crystals 

of GO in water and in EAN observed in this work. For the EAN system, the residual water 

content of EAN was determined by the Karl Fischer titration method.  A water content 

lower than 0.1 wt% was detected. This is a good indication that the water is not the driving 

agent for the GO liquid crystal formation. A concentration of 9 mg GO/mL was chosen for 

our experiments in water and EAN. This is higher than the reported value (0.25 mg/mL) 

for isotropic-nematic transition in water [18] or dimethylformamide and lower than the 

concentrations previously used for GO aqueous dispersion (>40 mg/mL) for membrane 

preparation [21].  

 

Figure 4.4. (a, b) Polarized optical microscopy images of GO liquid crystal dispersions in 

(a) water and (b) EAN; corresponding photographs of the dispersions, indicating the gel-

like behavior of GO in EAN. 

As previously reported for water and a few organic solvents [18], EAN is expected to 

interact with GO, being confined between sheets and stabilizing the dispersion, leading to 
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a balance of enthalpic forces and entropic contributions.  Ionic liquids in general can act as 

an amphiphilic self-assembly media for block copolymers, leading to micelle and liquid 

crystalline mesophase formation, due to a “solvophobic effect” [49, 50]. Notably, protic 

ionic liquids are tunable solvents and have specific physicochemical properties by 

changing cations and anions. Unlike protic ionic liquids and water, aprotic ionic liquids are 

not capable of donating and accepting hydrogen bonded networks. EAN indeed has greater 

similarity with water, due to its protic nature, high polarity, high cohesive energy, which 

acts as a driving force for aggregation of surfactant molecules and self-assembling 

capability [35, 51-53]. The solvophobic force in EAN can be compared with the 

hydrophobic force in water, which is well dominated by the entropic contribution. The 

hydrophobic effect in water is a driving force for self-assembly [18],[54-56]. The process 

of self-assembly in general is due to the interplay of entropy and enthalpy as given in 

Equation 4.2.  

DG°self-assembly = DH° self-assembly - TDS° self-assembly     (4.2)  

 

where ΔG°self-assembly is the free energy, ΔH°self-assembly is the enthalpy change, T is the 

temperature and ΔS°self-assembly is the entropy change. Besides temperature, factors 

contributing to self–assembly are van der Waals, hydrogen bonding and electrostatic 

interactions. ΔG°self-assembly has strong hydrophobic and electrostatic contributions. In the 

case of protic ionic liquids, the solvent itself is an ion, and so the surface charge of the 

assembling block copolymers or graphene oxide sheets is fully screened.  The electrostatic 

contribution to the self-assembly due to charge in these cases becomes negligible. 

Hydrogen bonding and dispersive hydrophobic forces are therefore the dominant agents in 
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the self-assembly [49]. The tendency to self-assemble can be expressed in terms of Gordon 

parameter, G, which is a measure of solvent cohesiveness as given in Equation 4.3 [57]: 

 

G = g / Vm-1/3        (4.3) 

 

where γ is the air-liquid surface tension and Vm is the molar volume. Higher Gordon values 

are linked to better chances of forming stable liquid crystalline phases [58]. The higher the 

G values, the stronger is the driving force for the self-assembling process. Currently the 

solvent with the lowest Gordon value that can facilitate amphiphilic self-assembly is 

ethylammonium butyrate (EAB), also a protic ionic liquid with G = 0.576 J m-3. The 

Gordon value for EAN (1.060 J m-3) is well beyond the threshold to determine the 

capability to self-assemble, which is an additional indication that EAN can self-assemble 

GO nanosheets to form GO liquid crystals. It is expected that in GO liquid crystals, the 

solvent adopts a more structural arrangement between GO sheets to balance the steric 

forces and repulsive forces [18]. For that, the ability of EAN to form an extensive 

hydrogen-bonding network is particularly important.   

Herein, we compared the rheological behavior of GO in water and EAN, by studying their 

unique viscoelastic behavior, assessing the influence of the shear stress on the solution 

viscosity. A detailed investigation of rheology as a function of shear rates and volume 

fractions for GO liquid crystals in water has been previously reported [37, 59]. Dispersions 

in EAN are much more viscous, having a gel-like character even at a relatively low 

concentration, such as 9 mg/mL, a condition at which the equivalent dispersion in water 

has a predominantly liquid-like flow. The high viscosity of EAN restricts the movement of 
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GO sheets, thus improving the stability of the liquid crystal phase [60]. A typical shear-

thinning flow behavior is shown in Figure 4.5a, suggesting that the anisotropic GO sheets 

are aligned under flow. This is a common non-Newtonian behavior [61]. Gao and 

coworkers pioneered the rheological investigation of GO liquid crystals in water and 

demonstrated that in that case the shear viscosity decreases due to an isotropic-nematic 

transition, which they attributed to the platelets alignment in the flow direction. Similar 

shear-thinning behavior was reported for GO aqueous dispersion by different groups [20, 

21, 62]. An analogous rheological behavior was observed in our system. The viscosity is 

influenced by the GO composition and also by the molecular arrangements in the 

dispersion. The shear effect on GO liquid crystals in water and EAN is further 

demonstrated in Figure 4.5b. As the shear rate increases, a horizontal stress plateau is 

observed for GO in water and EAN until it reaches a constant value. It is believed that a 

GO network breaks down into progressively smaller flocs at high oscillating frequency to 

help maintaining a relatively constant stress. Further increase in shear rate increases the 

stress, which is due to breaking up of the flocs fully into dispersed GO flakes [63]. Similar 

trends were observed and reported for dispersions in water [37, 48]. 
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Figure 4.5. (a) Viscosity of GO dispersion in water and EAN as a function of shear rate. 

(b) Shear rate vs Shear Stress curve of GO in water and EAN (c) Storage and loss moduli 

measurements as a function of oscillation stress of GO dispersions in water and EAN at 10 

rad/s. (d) Yield stress as a function of frequency for GO dispersions in water and EAN at 

0.1% strain amplitude.   

Oscillatory stress sweep measurements are performed to investigate the linear viscoelastic 

regime. The linear viscoelastic regime is defined as the region in which both storage 

modulus (G’) and loss modulus (G’’) are nearly constant and independent of the applied 

stress. The typical oscillatory stress sweep measurements for liquid crystalline GO 
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dispersion in water and EAN are shown in Figure 4.5c. Here, the G’ and G’’ moduli are 

nearly constant up to a critical stress value and, as the stress increases further, the moduli 

begins to decrease. Kim and coworkers [37, 64] attributed the crossover of G’ and G’’ to 

the rupture of the physical GO network. The cross over point is the condition at which the 

dispersion suffers a transition from a solid-like to liquid like behavior. Above this critical 

cross over stress, G’ and G’’ become strongly stress-dependent. At high concentration, the 

crossover point is the transition from a highly interconnected gel to a system with highly 

oriented and aligned GO flakes. The elastic G’ (storage) and viscous G’’ (loss) moduli of 

GO dispersion in water and EAN were investigated as a function of frequency at constant 

strain amplitudes of 0.1 and 1% (see Figure A4.1 in Appendices).  As shown in Fig. A4.1, 

only a minor increase of G’ with increasing angular frequency is observed at the low-

frequency range, below 100 rad/s. G’ is higher than G’’ in this range, characterizing a gel-

like system. The gelation is a result of hydrogen bonding, π-stacking, electrostatic 

interaction and coordination [65]. At higher frequencies, both moduli increase, becoming 

more frequency-dependent.  The increase of G” is more accentuated, suggesting the rupture 

of GO structure and therefore assuming a liquid-like behavior. Compared to a GO 

dispersion in water with analogous GO content, the GO dispersion in EAN exhibits higher 

G’ being even higher than 1000 Pa. The elasticity is high. A nematic order, similar to that 

observed in water is probably occurring in EAN.  Molecular dynamics simulation of an 

ionic liquid confined between graphite walls predict a solid-liquid monolayer, or a local 

network structure close to the graphite surface, with a hydrogen bond structure distribution 

different from the bulk [66]. This immobilization might also contribute to the gel-like 

rheological behavior we observed. As we see in our system, GO liquid crystals starts to gel 
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or vitrify at a critical concentration, which is lower than that observed for an aqueous GO 

dispersion [60]. The reason for that is that changing the ionic strength can effectively screen 

the repulsive electrostatic interactions and promote the gel formation [61].  A rich phase 

diagram with fluid, glass and gel states have been previously reported for GO dispersions 

in water, highly dependent on the GO concentration and of the ionic strength of the 

medium. A nematic phase is connected to the gel condition. The gel and glass states are 

promoted by competing coulombic (at the rim of the GO sheets) and dispersive interactions 

(in the interior). At high salt concentrations the repulsive electrostatic interactions are 

screened and attractive forces predominate, leading to gelation even at low GO 

concentration. The gel-like behavior of the GO dispersion in EAN is therefore stimulated 

by the high ionic strength of EAN. The individual GO nanosheets in EAN form a network 

of hydrogen bonds, mediated by oxygen functional groups and the protic ionic liquid.  

Plots of storage and loss moduli at higher frequencies than reported in Figure 4.5c are 

shown (see Figure A4.2 in Appendices). The oscillation stress corresponding to the G’/G” 

cross over is practically constant (1 to 2 Pa) for GO in EAN until a frequency of 250 rad/s. 

At 500 and 1000 rad/s the G’ and G” curves touch each other, but no crossover is observed. 

The cross over for GO dispersions in water is much more dependent on the angular 

frequency. The stress values decrease from 3 to 2 and 0.8 Pa, as the angular frequency 

increases from 10 to 100 and 250 rad/s. Above 250 rad/s it was not possible to measure for 

dispersions in water. The system was destabilized. When experiments were conducted with 

the same dispersion back to a low frequency condition (see Figure A4.3 in Appendices) 

the moduli values practically repeated the first measurements, confirming that the 

destabilization is not irreversible and caused by degradation. The plot of yield stress as a 
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function of angular frequency is shown in Figure 4.5d, reflecting a similar observation: 

non-dependence of frequency for GO in EAN and a strong dependence for GO in water. 

This indicates that the EAN promotes the formation of a physical network driven by the 

right balance of electrostatic and dispersive forces, stabilizing the GO dispersions even at 

relatively low GO concentration.   

The viscosity, elastic and viscous moduli remain practically constant as the temperature 

increases (see Figure A4.4 in Appendices), at least in the investigated range of 25 to 60oC. 

Above this temperature the moduli in water have a slight increase, while in EAN continue 

to be constant. This is probably a result of the differential changes in the balance of 

electrostatic and dispersive forces in the system.  

High permeate flux and high selectivity with high stability are important prerequisites for 

a good membrane. Our ultimate goal was to exploit the GO liquid crystal phase behavior 

for membrane preparation, by casting the GO dispersion on a polymeric porous support. 

Graphene layers can be extremely thin and have the advantage of displaying nearly 

frictionless surface. This enables them to minimize the transport resistance and maximize 

the permeate flux. Our membranes were cast using a doctor blade and immersed in acetone. 

GO membranes prepared by casting aqueous GO liquid crystals dispersions in water have 

been successfully demonstrated before [21]. In the case of our dispersions in ionic liquid, 

a step of immersion in acetone bath is particularly important to eliminate the remaining 

non-volatile ionic liquid, by diffusion. By using a doctor blade to cast, the GO nanosheets 

are shear-aligned, forming a nematic liquid crystal phase, constituting a dense, continuous, 

uniform layer on the porous nylon support. The SEM images of the pure nylon support and 

that of the GO membrane surface are shown in Figure 4.6a and 4.6b. The thin GO layer (~ 
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1 μm) is clearly seen in Figure 4.6c. The performance of the membranes was evaluated by 

measuring the water permeance and the rejection of small (466-974 g/mol) molecules. 

XRD measurements (Figure 4.3) for GO liquid crystal membranes revealed a sharp peak 

in a region not overlapped by those of the nylon support. The peaks around 2q=12o 

corresponds to d-spacing of 0.84 and 0.98 nm, respectively for membranes obtained with 

GO dispersions in water and EAN. This suggests that some residual protic ionic liquid may 

remain between GO sheets and increase the d-spacing. This seems to contribute to a higher 

water permeance. To improve the stability, the GO layer was partially reduced by thermally 

heating at 100 °C under vacuum for over 24 hours as shown in Figure 4.6d. The membranes 

exhibited water permeance of 37±2 L m-2 h-1 bar-1 (average of 3 measurements). The 

rejection of Rose Bengal, Congo Red, Brilliant Blue, Indigo Carmine was evaluated. 99.9 

% rejection of dyes with molecular weight larger than 697 g/mol were obtained (see Table 

A4.1). The water permeances of the GO membranes were compared to values reported in 

the literature prepared from GO dispersions in water (see Table A4.2). The separation in 

the GO membranes is attributed to the direct retention of dye molecules, by physical 

sieving in the interlayer GO nano channels and electrostatic interaction between the 

negatively charged GO nanosheets [67]. Large organic molecules can be sieved by size 

exclusion, Donan exclusion and adsorption.  
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Figure 4.6. (a, b) SEM surface image of an (a) uncoated and (b) GO-coated nylon porous 

membrane; (c) cross sectional SEM image of a GO layer on a nylon porous membrane; (d) 

photographs of GO membranes before and after thermal reduction.   

 

4.4 Conclusion 

We report for the first time a stable dispersion of lyotropic GO liquid crystals in ionic 

liquids, employing EAN as a solvent. EAN particularly promotes a hydrogen-bonded 

network. The large anisotropy of the GO nanosheets lead to the formation of a colloidal 

liquid crystal phase in EAN, confirmed by polarized microscopy. By avoiding an ultra-
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sonication step, large sheets of GO with liquid crystalline nematic order were obtained with 

a concentration of 9 mg/mL. The amphiphilic character of the GO sheets also contributes 

for the self-alignment process. The GO dispersion exhibited a non-Newtonian shear 

thinning behavior, typical of liquid crystal phases. A gel-like behavior was observed in 

rheological measurements, reflected in the elastic modulus variation with the applied stress. 

We produced membranes with a thin, ordered, continuous, GO selective layer by a simple 

casting technique. Regular structural order and stacking periodicity due to liquid 

crystallinity facilitated the formation of the GO membranes and led to high water 

permeance. We believe that our findings will enlighten the exploitation of ionic liquids as 

alternative solvents to form GO liquid crystals for application in separation processes as 

well as in other fields.   
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4.6 Table of Contents 

 

Graphene oxide (GO) in protic ionic liquid forms liquid crystals. The interaction 

between GO and ionic liquid promotes regular orientation. GO dispersion upon casting 

forms uniform membranes. These membranes are constituted by organized nanochannels 

with increased d-spacing, which enhances the water permeance keeping high organic dyes 

rejection, acting as molecular sieves for nanofiltration applications.  
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APPENDICES 

A4. Graphene Oxide Liquid Crystal Membranes in Protic Ionic Liquid for 

Nanofiltration 

 

A4.1. Rheology 

 

Figure A4.1. Frequency sweep measurements of GO dispersions in water and EAN PIL at 

(a) 1% and (b) 0.1% strain amplitude. 
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Figure A4.2. Oscillatory stress sweep measurements for GO dispersion in water and EAN 

at frequency ranges from (a)10 rad/s, (b)100 rad/s, (c)250 rad/s, (d)500 rad/s to (e)1000 

rad/s. Measurements at 0.1% strain. 
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Figure A4.3. Oscillatory stress sweep measurements for GO dispersions in water at 10 rad/s 

after a cycle of stress sweep measurements.   

An increase in temperature decreases the viscosity of the solution. Temperature ramp 

measurements were performed for GO dispersion to investigate the influence of shear 

viscosity and storage and loss moduli on temperature change. The viscosity curve as a 

function of temperature from 25 to 70 °C is plotted (Figure A4.4a). The viscosity of GO in 

EAN is higher than GO in water at lower temperature, which is due to EAN itself being 

viscous solvent hydrogen bonds with GO. Further increase in temperature decreases the 

shear viscosity and finally attains a constant value. There is no appreciable change in 

viscosity for aqueous dispersion of GO suggesting temperature does not influence much 

on the viscosity. 
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Figure A4.4 (a) Shear viscosity and (b) storage (G’) and loss moduli (G”) as a function of 

temperature for GO dispersions in water and EAN at 0.1% strain. 

A4.2. Ionic liquid characterization 

The EAN was characterized by Proton NMR spectroscopy. The molecular structure of 

EAN as well as the proton NMR spectrum are displayed in Figure A4.5. The results 

confirmed the structure of EAN with chemical shifts at 1.48 (CH3), 3.28 (CH2), 8.35 (NH3) 

ppm, in agreement with previous reported values [1]. 
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Figure A4.5. Proton NMR spectrum of EAN, with each peak assigned to the respective 

hydrogen atoms in the structure.  

A4.3. Membrane Performance 

Table A4.1. Dye solutions used for rejection tests to evaluate the performance of the 

membranes (average of 3 measurements). 

Dye Molecular weight (g/mol) Rejection (%) 

Rose Bengal 974 99.9 ± 0.1 

Congo Red 697 99.9 ± 0.1 

Brilliant Blue 

Indigo Carmine 

826 

466 

99.9 ± 0.1 

30.0 ± 0.5 
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A4.4 Water permeance of membranes in literature 

Table A4.2.  Water permeance of GO membranes 

GO conc. 

(mg/mL) 

Membrane 

manufacture 

Water 

Permeance 

(L m-2 h-1 bar-1) 

Thickness 

(nm) 

Reference 

9 

40-60 

30 

0.01 

0.25 

0.0008 

4 

0.02 

0.05 

- 

0.5 

- 

0.02 

0.015 

- 

- 

0.1 

1.0 

0.2 

Casting 

Casting 

Printing/shearing 

Vacuum Filtration 

Vacuum Filtration 

Vacuum Filtration 

Printing 

Vacuum Filtration 

Vacuum Filtration 

Layer-by-layer 

Vacuum Filtration 

Filtration 

Vacuum Filtration 

Vacuum Filtration 

Phase inversion 

Interf. Polymer. 

Vacuum Filtration 

Layer-by-layer 

Vacuum Filtration 

~ 37 

~ 20 

~ 92 

~ 4 

91.3 

21.8 

~ 80 

~ 71 

~ 135 

8-27 

~ 5 

~ 5 

32 

8 

50 

~ 23 

37 

~ 2 

~ 695 

 

1000 

360 

100 

8 

18 

22 

15 

- 

500 

5-50 

40 

70 

600 

34 

Single layer 

3.5 

20 

33 

2030 

This work 

[2] 

[3] 

[4] 

[5] 

[6] 

[7] 

[8] 

[9] 

[10] 

[11] 

[12] 

[13] 

[14] 

[15] 

[16] 

[17] 

[18] 

[19] 
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CHAPTER 5 

 

2D-Dual-Spacing Channel Membranes for High Performance Organic Solvent 

Nanofiltration 
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Wang, S. F., Mahalingam, D. K., Sutisna, B., Nunes, S. P., 2D-dual-spacing channel 

membranes for high performance organic solvent nanofiltration. Journal of Materials 

Chemistry A, 2019. 7(19): p. 11673-11682. 

 

The author’s contribution in this work involved in designing dual-spacing channel 

graphene oxide membranes by in-situ intercalating and cross-linking scattered sub-5 nm 

silica nanoparticles. The author also contributed in the fabrication and characterization of 

graphene oxide membranes and measuring performances of the membranes.  
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Abstract  

Two-dimensional (2D) lamellar membranes are praised as being highly advantageous in 

molecular separations. However, the permeance-rejection trade-off is always a major 

chanllenge, since the permeant transport mostly occurs in single-spacing channels with 

undesired microenvironments. Inspired by the structure of aquaporins, we design 

alternating dual-spacing channel graphene oxide (GO) membranes, with locally tailored 

chemical microenvironment, that give high permeance, high rejection and high stability in 

organic solvent nanofiltration. This unique structure is easily constructed by in-situ 

intercalating and cross-linking scattered sub-5 nm silica nanoparticles in the GO 

interlayers. The hydrophilic nanoparticles locally widen the interlayer channels to enhance 

the solvent permeance. In the alternating nanoparticle-free areas, the GO layers 

simultaneously bend and the π-π interactions keep the narrow and hydrophobic channel, 

promoting a high solute rejection. With a 10-fold increase in water permeance and 

unaffected rejection, the dual-spacing channel membranes exhibit one of the best 

performances for organic solvent nanofiltration.  The methanol permeance reaches 290 L 

m-2 h-1 bar-1, with more than 90% rejection of dyes larger than 1.5 nm. This new approach 

of designing hierarchical channels in 2D materials can be used for a wide spectrum of 

applications. 

 

5.1 Introduction  

Membranes have a growing impact in water desalination, chemical and pharmaceutical 

industrial separations [1]. A synthetic membrane with nanometer-size channels, 

characterized by high flux, precise size sieving ability and excellent durability, is the key 
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component in these processes. The separation performance of a membrane is largely 

dependent on the dimensions, as well as on the physical and chemical microenvironments 

of the transmembrane channels [2]. The development of advanced membranes with 

engineered nanochannel structures is urgently required to satisfy the industrial demands 

for filtrating large volumes of organic solvents [3, 4]. 

In the past decades, the demands for ultra-thin membranes have been fulfilled by the 

exfoliation of various two-dimensional (2D) materials, including graphene [5], graphene 

oxide (GO) [6-8], Mxene [9, 10], BN [11], C3N4 [12], WS2 [13], 2D metal-organic 

framework, etc [14]. These 2D material membranes, either processed in the form of single 

porous layers, multilayered stacks, or mixed matrix membranes have been featured with 

ultimate separation capabilities [15, 16]. The rational channel construction is of vital 

importance in achieving the high performances. Ideally, drilling uniform pores in a single 

layer or vertically aligning of 2D materials could form the mostly desired channel structure 

[5, 17-19]. However, these preparation processes are challenging and would be hardly 

scalable. Multilayered stacked membranes, referred also as lamellar membranes, offer a 

technically practical pattern for translating 2D materials into membranes. In lamellar 

membranes, the penetrants flow in a tortuous way, first passing through in-plane gaps, then 

through the nanochannels between the adjacent layers. Due to the irregularity of the in-

plane gaps, the interlayer nanochannel becomes the path with predominant control of the 

separation efficiency [20]. With this regard, major efforts have been devoted to increase 

the regularity of these channels by tuning the stacking efficiency [21], adopting rigid 

nanosheets [22], or crosslinking them with different segments [23, 24] to obtain single-

spacing channels that can execute precise size-sieving. However, considering the long and 
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tortuous in-plane channels, a regular and tight channel size weakens the penetrant 

permeance. A widely adopted solution to enhance the permeance of the lamellar 

membranes is to intercalate nano-sized spacers in the interlayers [20], such as copper 

hydroxide [6], carbon nanotubes [25], nanoparticles [9, 26], and organic molecules [27, 

28].  Recently, covalent cross-linking is proved effective in achieving high stability of GO 

membranes in organic solvents [16, 28]. An expanded interlayer spacing always leads to a 

considerably enhanced penetrant permeance. However, in some previous studies, the 

spacer size, varying from 5 nm to even hundred nanometers, are always larger than that of 

the rejected molecules. Also, a high spacer distribution density leads to the entire 

membrane channel expansion to undesired size range, weakening their size sieving ability 

[29]. Therefore, a single spacing channel can hardly provide a solution to overcome  the 

trade-off between permeance and rejection.  

In nature, biological membranes possess delicate hierarchical channels with a perfectly 

tuned chemical microenvironment that provides an ultrahigh permselectivity for molecules 

and ions.  Aquaporins are known for promoting a highly efficient water transport in 

biological membranes. The protein molecules arrange themselves forming a hourglass 

channel with a large and hydrophilic part to confer the high water permeance, and a narrow 

hydrophobic site to confer the high ion rejection [30]. The discovery of aquaporin has 

inspired the design of highly efficient liquid separation membranes [31]. Learning from the 

unique structure of aquaporins, we believe the design of multi-spacing channels with 

locally tuned microenvironments would be a potential solution to overcome the critical 

restrictive permeance-rejection trade-off. While there has been considerable work 

regarding the hierarchical pore construction in polymeric membranes [3, 32], analogous 
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reports on laminate two-dimensional material membranes are quite deficient. Meanwhile, 

though there has been quite a lot work on intercalated two-dimensional membranes, the 

local channel affinity towards targeted penetrants has attracted less attention than the size 

control [23, 33]. The difficulty lies in the lack of effective methods to locally tailor the 

physical and chemical microenvironments in the specific nanospace. Recently, Abozar et 

al. [34] demonstrated that the interactions between the polar groups along the edges of the 

GO sheets and solvent plays a dominant role in the solvent permeance.  

In this study, we propose a novel and simple strategy to fabricate GO membranes with 

alternating dual-spacing channels, enabled by the in-situ generation of silica nanoparticles 

at specific domains between the GO layers. Different from other post intercalating GO 

membranes, the in-situ method could help the formation of small and more scattered 

nanoparticles, which would contribute new structures. The expanded interlayer spacing 

around the hydrophilic nanoparticles contributes to a high permeance. Meanwhile, the 

combination of sub-5 nm spacers and flexible GO sheets [22, 35] lead to the local formation 

of narrow hydrophobic necks, contributing to a high rejection of small molecules (Scheme 

5.1). Compared with unmodified GO membranes, the GO-Si membranes exhibited 10 

times higher water permeance with negligible loss of dye rejection. These membranes show 

excellent performance in organic solvent nanofiltrations, with a high methanol permeance 

of 290 L m-2 h-1 bar-1, and >90% rejection of dyes larger than 1.5 nm. Furthermore, the 

spacers also act as cross-linkers and bring excellent stability to the GO membrane in 

organic solvents. 
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Scheme 5.1. The concept of designing alternating dual-spacing channel with tailored 

chemical microenvironment in 2D material membranes to overcome the permeance-

rejection trade-off. On the bottom: the green colour indicates a hydrophilic domain; the 

yellow colour indicates the hydrophobic sectors. 

5.2 Experimental section 

5.2.1 Synthesis of GO sheets  

All the chemicals were used as received from Sigma-Aldrich without further purification, 

unless otherwise specified. The GO sheets were synthesized according to the improved 

synthesis method reported by Tour et al [36]. with minor modifications. Typically, 3.0 g 

graphite flakes (>100 mesh) and KMnO4 (18.0 g, Fisher Scientific) were added to a three-

necked flask in an ice bath. Subsequently, a 9:1 mixture of concentrated H2SO4/H3PO4 

(360:40 mL) was added to the mixture. The reaction medium was then heated to 50 °C and 

stirred at 300 rpm for 24 h.  The color changed from black to brown. After cooled to room 

temperature, the mixture was poured into a beaker containing 400 mL ice with 30% H2O2 

(3 mL, VWR Chemicals). The mixture was kept undisturbed help the deposition of graphite 
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oxide. After decanting, the bottom deposits were centrifuged (10000 rpm for 1 h) and 

washed in succession with HCl solution (9:1 water: HCl by volume), water and ethanol till 

the pH reached 7. Then the obtained solid was vacuum-dried at room temperature for 48 h. 

The GO sheets were exfoliated in ethanol by sonication in a water bath for 1 h. To obtain 

uniform-sized single layers of GO, the dispersions were further centrifuged at 3000 rpm 

for 10 min, removing the unexfoliated and excessively large GO sheets. The concentration 

of the GO dispersion in ethanol was 0.1 mg/mL. 

 

5.2.2 Synthesis of GO-Si membranes  

The GO-Si membranes were fabricated by the vacuum filtration method. A 5 mL of GO 

dispersion in stock was diluted to 0.01 mg/mL, by adding ethanol. After adding 20 μL (3-

aminopropyl) triethoxysilane (APTES), the mixture was stirred for 20 min at room 

temperature to help the attachment of APTES on GO. Then the mixture was filtrated 

through a nylon microfiltration membrane (0.22 μm pore size, 47 mm diameter, supplied 

by GVS Filtration Inc) or anodic aluminum oxide (AAO) membrane (0.2 μm pore size, 47 

mm diameter, supplied by Whatman). After the filtration, 200 mL NaOH solutions 

(pH=11) was added. The filtration was terminated when about 10 mL solution had passed 

through. In this case, the membrane would be soaked in NaOH solutions. The system was 

maintained in this way for 8 h, and then the filtration continued to eliminate the NaOH. 

The membrane was then filtrated with 100 mL ethanol to wash the unreacted APTES. 

These membranes are referred as GO-Si2 membrane. GO-Si2 membranes with different 

thickness were also prepared, by proportionally increasing the GO and APTES amount. 
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Other membranes were also prepared by following the same procedure without further 

filtration of NaOH, the membranes were denoted as GO-Si1 membrane. 

 

5.2.3 Characterization 

The size of the GO sheets and the cross-sectional morphology of the composite membranes 

were analyzed by scanning electron microscopy, SEM (FEI Magellan™ XHR SEM, 

equipped with energy-dispersive X-ray spectroscopy (EDS)). Samples for cross-section 

images were prepared by freeze fracturing the membranes in liquid nitrogen, and then 

coating with a 3 nm thin film of Ir. Transmission electron microscopy (TEM) images of 

the GO layer were obtained on a FEI Titan G2 80-300 ST, operated at 300 kV. For that, the 

thin layer of GO-Si (~60 nm) was fabricated on an anodic alumina (AAO) porous support. 

After dissolving the support with HCl, the GO layer was gently transferred to a TEM 

carbon grid. The thickness of the GO sheets and membranes was measured by AFM 

(Bruker Dimension Icon SPM microscope). For that, the samples were filtrated on an AAO 

support and transferred to a clean silicon wafer, after dissolving the support with HCl. The 

X-Ray Diffraction (XRD) investigation was carried out using a powder XRD system 

(Bruker D8 advance) with CuKα (λ = 0.154 nm), operating at 40 keV with a current of 20 

mA. The chemical analysis was performed using Attenuated Total Reflectance (ATR) 

Fourier Transform Infra-Red Spectroscopy (FTIR) (FTIR-iS10) in the wavenumber range 

of 500-4000 cm-1 as an average of 32 scans with 4 cm-1 resolution. X-ray Photoelectron 

Spectroscopy (XPS) was performed on an Amicus equipment to measure the elemental 

composition of the surface of the synthesized GO sheets and membranes.  
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5.2.4 Membranes nanofiltration 

The membrane nanofiltration performances were tested in dead-end stainless-steel cells 

with a driving force of 1 bar at room temperature. All the dyes used in this study were 

supplied by Sigma-Aldrich, except for brilliant blue R250, supplied by Fisher Scientific. 

The membranes were pre-soaked in the testing solvents for 1 h before testing. The analysis 

of the dye concentration was conducted with a NanoDrop UV–vis spectrophotometer. All 

the collected data are averages of three parallel tests. The pure solvent permeance (F) was 

calculated by Equation 5.1:  

                                                                (5.1) 

where Δw refers to the permeate weight increase during the filtration time Δt; A is the 

separation area of the cell; ρ is the density of permeate solvent.  

The dye rejection was determined by Equation 5.2, where Cp and Cf represent the 

concentration of the permeate and feed solutions, respectively.  

                                                          (5.2) 

5.3 Results and Discussion 

GO sheets, the building blocks, were synthesized by the exfoliation of graphite oxide 

prepared by the mild improved GO synthesis method. By successive centrifugation steps, 

we removed the large or non-exfoliated GO unities and obtained GO nanosheets with a 

thickness of ~1 nm (Fig. 5.1a) and relatively uniform lateral size, around 500-1000 nm 

(atomic force microscopy (AFM) image in Fig. 5.1b; scanning electron microscope (SEM) 

image in Fig. A5.1). The nano- rather than micrometer-sized GO sheets are expected to 
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lead to membranes with more in-plane pores, which favor a faster solvent transport, as 

reported by Zhu et al. [37], and Wang et al. [9]. The Fourier-transform infrared 

spectroscopy (FTIR) spectra of GO (Fig. A5.2) shows the characteristic peaks of C-O, C-

OH, C=O vibration, confirming the successful oxidation of GO [36]. The C/O ratio 

calculated from X-ray photoelectron spectroscopy (XPS) (Fig. A5.3) is about 7/3, which 

indicates a medium degree of oxidation. The four deconvoluted peaks in Fig. 5.3c show 

the four kinds of carbon bonds and their percentage, which is a good indication of epoxy, 

carbolic and hydroxyl oxygen on the GO. In addition, the X-ray diffraction (XRD) curves 

in Fig. 5.1d demonstrate the interlayer spacing were expanded from graphite 0.34 nm to 

graphene oxide 0.86 nm. All the evidences confirm the successful exfoliation and oxidation 

of GO.  

 

Figure 5.1. Characterization of graphene oxide. (a) AFM image of the synthesized GO 

sheets. The inset shows the corresponding height profile of the green line traced on the 

AFM image. (b) Size distribution of the GO sheets. (c) XPS (C1s) of graphene oxide. (d) 

XRD of graphene and graphene oxide powder.  
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The membranes were prepared by the simple and commonly used vacuum filtration method 

(Fig. 5.2a). In an optimized procedure, we mixed a dilute concentration of GO (0.01 

mg/mL) with (3-aminopropyl)triethoxysilane (APTES). In the mixtures, APTES may 

attach on the GO through hydrogen bonding. Ethanol, rather than water, was applied as the 

dispersing solvent to avoid the APTES hydrolysis. The mixture was filtrated through a 

highly porous nylon support with average pore size of 0.22 μm. The membranes, referred 

here as GO-Si1, have the APTES uniformly distributed through all GO interlayer 

nanochannels. By further treatment with NaOH aqueous solution, the GO-Si2 membranes 

were obtained. In this step, the SiO2 nanoparticles should be produced between the GO 

layers, by hydrolysis and condensation reactions. APTES modified GO have been reported 

in applications, such as thermally conductive materials [38],  reinforcing components [39], 

and gas separation membranes [40]. In our case, APTES modification could greatly 

improve the mechanical stability of the membranes. Moreover, APTES works a silica 

precursor that endows the in-situ formation of nanoparticles. The photographs of different 

membranes are shown in Fig. 5.2b, in which pristine GO membranes shows light brown 

color, the GO-Si1 and GO-Si2 membranes exhibits darker color. The pristine nylon support 

has a highly porous structure (Fig. 5.2c inset and Fig. A5.4 in Appendices). With a GO 

loading of 440 mg/m2, the nylon support is uniformly covered without defects (GO-Si2 in 

Fig. 5.2c). The intercalation of APTES and the further treatment do not affect the integrity 

of the GO membranes (Fig. A5.5a-h). For some characterizations, we also prepared 

membranes by using anodic aluminum oxide (AAO) membranes as the support. As seen 

in the photograph in Fig. A5.6, due to the low thickness of the GO layer, the membrane is 
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transparent. The SEM cross-section image of the composite membranes display a laminar 

structure with the thickness of 180 nm (Fig. 5.1d), which can be confirmed by the AFM 

height profile in Fig. 5.1e and f. The thickness could be feasibly tuned from less than 100 

nm to large than 1μm, by increasing the GO loading amount on the support (Fig. A5.7a-e). 

 

Fig. 5.2. Dual-spacing channel GO membranes intercalated with silica nanoparticles. a) 

Preparation procedure. b) Photograph of different membranes. c) SEM image of the GO-

Si2 membrane surface. The inset shows the surface of the nylon support. d) Cross-sectional 

SEM image of the GO-Si2 membrane, prepared on the nylon support. The inset shows a 
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lower magnification of the whole membrane cross section. e) AFM image of the GO-Si2 

membrane. f) The corresponding height profile of e. 

 

Fig. 5.3 Chemical and physical structures of the membranes. a) XPS (C 1s), b) TEM image 

from the top surface, c) Cross sectional SEM image of GO-Si2 membranes. The orange 

arrows show the SiO2 nanoparticles. d) XRD diffractogram of the membranes, showing the 

different interlayer d-spacings. Peaks from 13-26° are from the nylon support membrane. 

e) Schematic diagram to illustrate the different GO membrane structure. 

 

As for the chemical structures, based on the FTIR spectrum in Fig. A5.8, the newly formed 

C-Si (1354 cm-1) and Si-O-Si (1040 cm-1 and 860 cm-1) bonds reveal the chemical 

functionalization of APTES on GO. The XPS analysis was conducted to confirm the 

completion of the reactions to form the GO-Si2 membrane (Fig. 5.3a; Fig. A5.9). The curve 

for the GO-Si2 membrane has N and Si peaks at 401.3 eV and 102.8 eV, respectively. From 
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the deconvoluted C 1s peaks (Fig. 5.3a), the epoxy C-O ratio is considerably reduced 

compared with pure GO. Therefore, in alkaline conditions, these silane moieties are grafted 

onto the GO sheets via the SN2 nucleophilic displacement reaction between epoxy groups 

of GO and amino moieties of APTES [39, 41].  

For the physical structures, the AFM membrane images in Fig. A5.10 display a wrinkled 

surface, which can be attributed to the in-plane interactions of GO nanosheets during 

stacking [42, 43]. By zooming the flat region of the membranes, it can be observed that the 

GO and GO-Si1 membranes have a smooth morphology. In contrast, the surface of the 

GO-Si2 membrane is decorated with ultra-small nanoparticles. The size of the 

nanoparticles was further estimated by transmission electron microscopy (TEM), for which 

the samples were prepared by peeling off the sample from an AAO support and transferring 

a thin (~60 nm) GO-Si2 film onto a copper grid. As seen from Fig. 5.3b, from the top view 

of the membrane, the particle size is about 3-5 nm. The different darkness of nanoparticles 

is attributed to the different layer location in GO multilayers. The overlap of nanoparticles 

in different layers may lead to the aggregation-like morphology. TEM and SEM images in 

Fig. A5.12 further confirm this. The high-resolution cross- sectional SEM image of the 

GO-Si2 membrane displays scattered white dots, which are attributed to the intercalated 

SiO2 nanoparticles. These evidences prove the successful formation of sub-5 nm SiO2 

nanoparticles between the interlayers. The Si mapping performed by EDS on the membrane 

surface indicates that there is no aggregation of SiO2 particles (Fig. 5.12). Compared with 

the pristine brown-colored GO membrane in Fig. 5.2b, the GO-Si1 and GO-Si2 membranes 

are clearly darker. This is an indication of the progressed GO reduction [44]. The partial 

reduction of GO can be confirmed by analyzing the deconvoluted part of the C1s peak in 
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the XPS spectra that corresponds to C-O-C. The C-O-C ratio decreases from 40.4% in the 

pristine GO to 16.9 % in the GO-Si2 membranes. During the membrane preparation, the 

APTES molecules are first uniformly distributed, presumably occupying the GO interlayer 

spaces. With the NaOH solution treatment, two kinds of reaction take place: the APTES 

grafting on the GO original epoxy sites and the sol-gel reaction around the grafted sites to 

form the SiO2 nanoparticles. Since the interlayer space is confined with only 1-2 nm, the 

formed SiO2 particles are smaller than other intercalated membranes. In addition to their 

role in expanding the layers, the intercalated SiO2 nanoparticles are covalently bonded to 

the epoxy groups in different GO layers, and act as crosslinkers, bringing stability to the 

membranes. 

The interlayer d-spacings govern the separation performances of the membranes. The 

diffraction peaks were obtained by XRD and the d-spacing further calculated by the Bragg's 

law. As shown in Fig. 5.3d, the peaks ranging from 13 to 26° are relative to the nylon 

support membranes [45]. The XRD pattern for the unmodified GO membrane indicates a 

single d-spacing of 0.85 nm. After treating with APTES (GO-Si1 membrane), the high 

content of APTES helped to expand single interlayer d-spacing to 1.03 nm. While, the 

XRD pattern for the GO-Si2 membrane indicates a dual d-spacing, with peaks 

corresponding to d values of 1.31 and 0.89 nm. Although there have been dual d-spacing 

reports for GO membranes before [27, 46], they refer to regions with distinct degree of 

partial reduction. In most of the cases, single d-spacings are observed in the nanoparticle 

intercalated GO membranes [6, 9, 26] relative to narrow original GO interlayers or enlarged 

modified ones. The dual peaks in our study should be assigned to the different flake regions 

with and without nanoparticles. By considering the low atomic ratio of Si (~ 4%), the 
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number of nanoparticles in the membrane is quite small. This explains the low peak 

intensity at d =1.31 nm. Since the uncrosslinked APTES is washed way (confirmed by the 

lower Si content in GO-Si2 compared with GO-Si1 membrane), the silica is formed only 

around scattered GO epoxy sites. Due to the flexible nature of GO nanosheets [35, 47], 

sections of the pristine GO interlayer is preserved with the d-spacing increasing only 

slightly to 0.89 nm (Fig. 5.3e). Therefore, the result is a hierarchical structure containing 

2D channels with dual interlayer spacings. The change in d-spacing also contributes to 

different total membrane thickness with the same GO loading (Fig. A5.13). The pristine 

GO membrane exhibits a thickness of 170 nm. With localized spacers, the thickness of the 

GO-Si2 membrane slightly increased to 180 nm, while the GO-Si1 membrane with 

uniformly distributed molecular spacers has a much thicker GO layer of 216 nm. The 

requirements to achieve such a dual-channel structure are schematically illustrated in Fig. 

A.515.  Besides these factors, the in-situ method helps to reserve the membrane structure, 

which leads to the different structure from other particle intercalated membranes.  

Having the intercalated nanoparticles in the interlayer channels could potentially block 

molecular pathways through the channels. To check whether the intercalated nanoparticles 

could hinder any molecular transport, the permeances of the single gases, N2, CH4 and CO2, 

through the membranes were evaluated (Table A5.1). Due to the expanded channel sizes, 

the GO-Si2 membrane has almost two-fold higher gas permeance than the pristine GO 

membrane. This indicates that the presence of SiO2 nanoparticles create more free spaces 

around the nanoparticles rather than blocking some pathways for molecular transport. The 

membrane performance for liquid separation was then investigated. The water permeances 

and rose bengal rejections (Fig. 5.4a) were tested. Due to the uniform stacking and small 
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interlayer spacing, the pristine GO membrane exhibits a water permeance of 18.7 Lm-2 h-1 

bar-1, and rose bengal rejection of 99.3%. After intercalating APTES, the channel expands 

and the water permeance increases to 225 L m-2 h-1 bar-1, whereas the rose Bengal rejection 

declines to 48.6%. Following Geim and co-workers [48], we used the Hagen–Poiseuille 

equation (Equation 5.3) for 2D laminar membranes to explain the permeation increase:  

                          𝐹𝑙𝑢𝑥 = 𝛿! ' "
"#$
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( '∆'

(
( 𝜌                (5.3)  

where 𝛿 is d-spacing of adjacent layers; L is the average lateral length of sheet; η is the 

viscosity of solvent, ΔP is the applied pressure difference and 𝜌 is the solvent density. 

Considering the frictionless graphite regions and slip flow theory, the tested flux are always 

a few orders of magnitude higher than predicted for GO membranes [6, 46, 48]. However, 

in addition to that, the Hagen–Poiseuille equation shows that the increase in interlayer 

spacing would bring a substantial enhancement of the permeance. Since the interlayer 

channels are responsible for the solute rejection, the enlarged channel would inevitably 

lead to a decreased rejection. In contrast, the GO-Si2 membrane still has a superior 

rejection. The water permeance of the GO-Si2 membrane is 204 L m-2 h-1 bar-1, which is 

more than 10-times higher than that of the GO membrane. In the pristine GO membranes, 

the non-oxidized hydrophobic graphite domains provide a nearly frictionless flow of 

molecules, which helps to greatly promote the molecular transport [23, 48, 49]. Disturbing 

the non-oxidized domains could break the continuous flow and decrease the permeance. 

GO-Si1 and most other membranes are intercalated with uniformly distributed spacers [12, 

26, 50]. In the case of the GO-Si2 membranes, however, the intercalation is rather diluted 

and localized only in certain positions. The hydrolysis and polycondensation of APTES is 

initiated around the GO epoxy groups, nucleating the nanoparticles formation. Their 
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growth continues by reacting with other APTES molecules around without affecting the 

frictionless graphite domains, creating expanded hydrophilic channels and narrow 

hydrophobic channels.  

 

Fig. 5.4 Membrane nanofiltration performance. a) Water permeance and rose bengal 

rejection of GO, GO-Si1 and GO-Si2 membranes. b) Pure solvent permeance as a function 

of their inverse viscosity for GO-Si2 membranes. The used solvents are numbered and 

named on the left. The blue dash line indicates the hypothetical linear relationship. c) Dye 

rejection of the GO-Si2 membranes. The dyes were dissolved in methanol. The dyes used 

were: methyl orange (MO), indigo carmine (IC), congo red (CR), brilliant blue R250 (BB), 

rose bengal (RB), chrysoidine G (CG), methylene blue (MB), crystal violet (CV). The 

corresponding sizes (in nm) are mentioned under their abbreviations.  

By taking advantage of the high stability of GO, our goal is to use the dual-spacing channel 

GO-Si2 membranes for separations in organic solvents. The permeances of various 

solvents were evaluated by using a dead-end filtration setup under a pressure of 1 bar. In 

Fig. 5.4b, we plot the permeance of different solvents as a function of the reciprocal of the 

viscosity (η). For most solvents, as the viscosity decreases, the GO-Si2 membrane exhibits 

an increase of permeance. Notably, the membrane has an acetone permeance of 444 L m-2 

h-1 bar-1 and a methanol permeance of 290 L m-2 h-1 bar-1, which are quite high values 

compared with the pristine GO and other types of membranes [21, 45, 51]. There is a linear 
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correlation between the methanol permeance and 1/thickness of the GO layer in the GO-

Si2 membrane (Fig. A5.15), indicating the uniform structure along the thickness axis. 

Unlike the GO membrane reported by Nair and co-workers [21], for which the solvent 

permeances linearly dependent on 1/η, our GO-Si2 membrane shows some deviation of the 

linear correlations (the dash line in Fig. 5.4b). The solvent properties including the 

viscosity, relative polarity, kinetic diameter, total Hansen solubility parameter are listed in 

Table A5.2 in Appendices. In the GO-Si2 membrane, the SiO2 nanoparticles are distributed 

in the membrane channels with abundant hydrophilic -OH groups. The interaction with 

hydrophilic or polar solvents is therefore favored [52]. Therefore, we assume that while the 

viscosity plays the predominant role, the relative polarity also contributes to the solvent 

permeance. This assumption can be proved by the lower permeance of low polarity 

solvents, such as tetrahydrofuran, dimethylformamide and N-methyl-2-pyrrolidone, being 

located under the dash line, while highly polar solvents, such as methanol, water and 

ethanol, have permeance values well above the dash line. In this regard, the hydrophilic 

nanoparticles domains act like a pump that efficiently gathers the polar molecules and 

promotes the fast transport through the hydrophobic graphite channel sectors. For a channel 

with uniform chemical potential, the single spacing channel could achieve high permeance 

and rejection for molecular separations [22]. But for 2D materials with non-uniform 

chemical potential, such as GO, the synergy of solution and diffusion is more effective in 

achieving high molecular transport. 

Besides the permeance of solvents, molecular selectivity is essential for the application in 

nanofiltration. To evaluate the membranes ability to reject low molecular weight solutes, 

the rejection of different dyes was evaluated in methanol, a commonly applied organic 
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solvent for pharmaceuticals. Both positively and negatively charged dyes with different 

molecular sizes were tested. The chemical structure, molecular weight and molecular 

dimensions of the dyes are displayed in Fig. A5.16, as estimated using a Molecular 

Mechanics 2 method in Chem3D. The values are agree with other previous reports [11] 

[53, 54] and have slight differences with those reported by Shi et al. [45]. The dye 

rejections are plotted in Fig. 5.4c, and the corresponding sizes are mentioned below. 

Colored feed and permeate samples are shown in Fig. A5.17 and the corresponding UV-

vis spectra are shown in Fig. A5.19. Theoretically, three major phenomena could contribute 

to the dye’s rejection: absorption on the membrane surface, physical sieving by the 2D 

nanochannels, and electrostatic interactions. In all rejection tests, we used 80 mL of dye 

solutions with a concentration of 100 ppm (Cf) as feed. After filtering 40 mL, we measured 

the concentration of both permeate and retentate, Cp and Cr, respectively. In Table A5.3, 

we calculated the expected theoretical Cr/Cf values to fulfill the mass balance, assuming 

that the dyes do not absorb on the membranes. For both positively and negatively charged 

dyes the actual and theoretical values are quite close, indicating low dyes absorption. Also, 

the thin membrane thickness will allow only small amount absorption. The channel size is 

therefore the predominant parameter to achieve the dye rejection. 

The GO-Si2 membrane rejects more than 90% of large molecules, such as brilliant blue 

R250 (BB, 2.2 nm×1.7 nm, 99.2% rejection), congo red (CR, 2.3 nm×0.7 nm, 95.8% 

rejection) and rose bengal (RB, 1.5 nm×1.2 nm, 91.9% rejection). In contrast, the rejection 

of dyes smaller than 1.5 nm is quite low. For instance, the rejection of chrysodine G (CR) 

with size of 1.1 nm×0.5 nm is only 23.3%. For methylene blue (MB) with size of 1.4 

nm×0.6 nm, the rejection is 45.8%, and for crystal violet (CV, 1.4 nm×1.3 nm) is just below 
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70%. Therefore, the channels in GO-Si2 membrane are highly size-selective, with a sharp 

limit for permeation of dyes only smaller than 1.5 nm. Nevertheless, charge is also an 

important factor in this size range. For the much higher rejection of rose bengal, compared 

to crystal violet of similar size, the negatively charged carboxylic groups [46] might play 

an auxiliary role, leading to the dye repulsion by the negatively charged GO-Si2 membrane. 

 

 

Fig. 5.5. Comparison of the separation performance of the GO-Si2 membrane versus other 

reported membranes in methanol media. Detailed information can be found in Table A5.4. 

 

By considering the permeance and rejection properties, the alternating dual-spacing 

channel structure of the GO-Si2 membranes, with small-sized GO building blocks, enable 

an excellent performance for nanofiltration in organic solvents. As illustrated in Fig. 5.5 

and detailed in Table A5.4, the performance of our membrane is highly competitive with 

most GO membranes in the literature, being among the best reported data for organic 

solvent resistant ones.  
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The stability of membranes in organic solvents is another major issue for OSN membranes. 

The flux, exemplified for methanol in Fig. 5.6a linearly increases with the applied pressure. 

The permeance, defined by flux/pressure, showed only slight decrease. This indicates that 

the membrane is mechanically stable, does not suffer any compaction and the fluidic 

channels in the GO layer are less affected by pressure, at least up to the tested value of 10 

bar. This is quite different from previously reported GO membranes, which frequently 

suffer an elastic deformation and consequent permeance loss under higher pressure [6, 55]. 

The stability is given by the intercalated and cross-linked SiO2 nanoparticles, which helps 

to maintain a stable channel size and makes the GO membrane quite robust. In a long-term 

test the GO-Si2 membrane demonstrated excellent stability with the different solvents 

permeance being constant after 72 h operation (Fig. 5.6b). For unmodified GO membrane, 

after 72 h testing, the integrity was partially destroyed. This may be because GO 

membranes with highly charged surfaces can be easily re-exfoliated in polar solvents [28]. 

While Si-GO2 membranes kept the uniform structure. (Fig. A5.19). The stability arises 

from the cross-linking and partially reduction in the alkaline treatment process, which 

enhance the covalent force and π-π stacking between adjacent layers. Due to the presence 

of SiO2 nanoparticles, the membranes may not be stable in high pH solvents, which needs 

to be addressed in future work. However, bearing the advantages of high permeance, high 

rejection, and excellent stability, our GO-Si2 membrane shows great potential in OSN.  

In our system, we used vacuum filtration method to obtain flat sheet GO composite 

membranes. Vacuum filtration is the most common and straightforward route for the large-

scale fabrication of GO membranes [56]. Besides flat sheet membranes, a more potential 

scalable configuration may be hollow fiber composite membranes prepared by vacuum 
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filtration method. The challenges may lie in achieving suitable support surface with 

optimized surface roughness and wettability to obtain a homogeneous and highly ordered 

laminate GO membrane. And these issues can be resolved by pre-modification on the 

support membrane surface [22] or more delicate filtration method [51]. 

 

 

 

Fig. 5.6. Membrane stability. a) Methanol flux and permeance of the GO-Si2 membrane at 

different pressures. The blue dash line shows the trend for some other GO membranes, in 

which flux slowly increases as the pressure increases. b) Long-term solvent permeance of 

GO-Si2 membranes. 
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5.4 Conclusion 

In summary, we developed a 2D lamellar membrane with alternating dual-spacing 

nanochannels by intercalating in-situ formed SiO2 nanoparticles, which can overcome the 

well-known permeance-rejection trade-off for nano- and ultrafiltration. The small 

nanoparticles work as spacers that tune both the physical microenvironment, by expanding 

the channel spacing, and the chemical microenvironment, by locally providing rich 

hydrophilic groups, enabling a fast solvent transport. Simultaneously, the channel sectors 

free of nanoparticles maintain a narrow-sized and hydrophobic path, enabling a high 

rejection of small molecules. Notably, a high methanol permeance of 290 L m-2 h-1 bar-1, 

and a rejection of dyes with size larger than 1.5 nm higher than 90% was reported for the 

membrane, making it highly attractive for nanofiltration in pharmaceutical processes. This 

approach of creating hierarchical channels with tailored physical and chemical 

microenvironments in 2D lamellar membranes opens a door for the development of highly 

efficient membranes and other applications, such as adsorption, drug delivery and catalysis. 
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A5. 2D-Dual-Spacing Channel Membranes for High Performance Organic Solvent 

Nanofiltration 

A.5.1. Characterization Results 

 

 

Figure A5.1. SEM images of monolayered GO with different magnifications, showing the 

lateral size of the GO sheets. 
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Figure A5.2. FTIR spectrum of GO. The characteristic peaks, O-H stretching vibration at 

3420 cm-1, C=O stretching vibration of unoxidized sp2 C-C bonds at 1720 cm-1 and C-O 

stretching vibration at 1040 cm-1, confirm the oxidation of graphite, which is in accordance 

with the literature [1]. 
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Figure A5.3. XPS analysis of the pristine GO. The C/O atom ratio is about 7/3. 

 

 

Figure A5.4. SEM images of the surface of the nylon support in different magnifications, 

showing a highly porous structure with uniform pores size ~0.22 μm.  
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Figure A5.5. SEM images of the surface of membranes prepared with GO loading of 440 

mg/m2. a) and b) pristine GO membranes. c) and d) GO-Si1 membranes. e)-h) GO-Si2 

membranes.  

 

Figure A5.6. Photograph of a) Anodic aluminum oxide (AAO) membrane; b) GO-Si2 

membrane on AAO. 
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Figure A5.7. a)-d) Cross-sectional SEM image of GO-Si2 membranes with GO loading of 

265, 440, 706 and 882 mg/m2, respectively. e) Plot of membrane thickness vs GO loading, 

showing a practically linear relationship.  

 

 

Figure A5.8. FTIR-ATR spectrum of the GO-Si2 membrane. 
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Figure A5.9. XPS analysis of GO-Si membranes.  a) Overall XPS spectra of GO-Si2 

membrane; b) C 1s, c) O 1s, d) Si 2p and e) N 1s expanded regions of GO-Si2 membrane. 

The calculated atomic ratio of C/O/Si/N is 66.18/25.45/4.35/4.02 %. f) Overall XPS spectra 

of GO-Si1 membrane. The Si atom ratio is calculated as 8.63%. 
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Figure A5.10. AFM images of the membrane surfaces: a) and b) pristine GO membrane, 

c) and d) GO-Si1 membrane, e) and f) GO-Si2 membrane.   

 

Figure A5.11. Detailed morphology with high magnification electron microscopy images. 

a) TEM image of a GO-Si2 membrane. b) SEM image of a GO-Si membrane. Arrows 

demonstrate the location of SiO2 nanoparticles. 
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Figure A5.12. Nanoparticles distribution. a) Secondary electrons SEM image of the GO-

Si2 membrane surface. b) The Si distribution of image a), by EDS element mapping. 

 

 

Figure A5.13. Cross-sectional SEM of a) GO, b) GO-Si1 and c) GO-Si2 membranes with 

the same GO loading. 
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Figure A5.14. Schematic diagram showing the requirements for achieving the dual-spacing 

nanochannel structure. These requirements may include: using soft 2D materials as 

building blocks, using small size nanoparticles, with diluted distribution.  

 

Figure A5.15. Linear correlation between methanol permeance and 1/thickness of the GO-

Si2 membrane.  
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Figure A5.16. Chemical structures of the dyes used for the molecular separation 

experiments. The molecular sizes were simulated and estimated, using the Molecular 

Mechanics 2 method in Chem3D.  
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Figure A5.17. Photograph of the feed and permeate solutions with different dyes. a) 

Negatively charged dyes. From left to right, feed and permeate of methyl orange, indigo 

carmine, congo red, brilliant blue R250, rose Bengal. b) Positively charged dyes. From left 

to right, feed and permeate of chrysoidine G, methylene blue, crystal violet. 
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Figure A5.18. UV-vis absorption spectra of the feed (black), retentate (red) and permeate 

(blue) of different dye methanol solutions from rejection test.  
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Figure A5.19. Photograph of membranes after 72 h testing in methanol. The red circle 

indicates the testing region.   
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Table A5.1. Gas permeation of the membranes 

Membrane 

Gas Permeance (GPU)* 

CO2 CH4 N2 

GO 1731 1976 1666 

Si-GO1 4297 4125 3981 

Si-GO2 3810 3613 3758 

* GPU, 1 GPU= 10-6 cm3(STP)/cm2 s cmHg 

Due to the large channel size, the transport of gases take place through the membranes by 

Knudsen diffusion. Due to the CO2-philic surface on GO, the CO2 permeance is slightly 

faster than the theoretical values, based only on molecular size. The Si-GO1 and Si-GO2 

membranes have almost the double gas permeance for all gases, which is explained by the 

expanded interlayer spacings. The Si-GO2 membrane the nanoparticles expand only a few 

localized parts of the GO layer. In the Si-GO1 membrane, the APTES molecules are 

homogeneously distributed, expanding the whole interlayer.   
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Table A5.2. Solvent properties: viscosity, relative polarity, kinetic diameter, and total 

Hansen solubility parameter. 

Solvents 

Viscosity at 

25°C (mPa S) 

[2] 

Relative 

polarity [3, 4] 

Kinetic 

diameter (nm) 

[2] 

Total Hansen 

solubility 

parameter [2] 

acetone 0.310 0.355 0.47 14.9 

tetrahydrofuran 0.457 0.207 0.48 19.4 

methanol 0.539 0.762 0.38 29.7 

dimethylformamide 0.816 0.386 0.50 24.8 

water 0.916 1 0.26 47.8 

ethanol 1.081 0.654 0.44 26.6 

N-methyl-2-

pyrrolidone 
1.650 0.36 - 22.9 

isopropanol 2.058 0.546 0.47 24.6 

butanol 2.573 0.586 0.50 23.1 
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Table A5.3.  Rejection and the Cr/Cf values of different dyes. 

Dye Rejection (%) 

Cr/Cf a  

Theoretical value b Actual value c 

Methyl orange 52.7 1.53 1.47 

Indigo carmine 74.5 1.74 1.67 

Congo red 95.8 1.96 1.84 

Brilliant blue R250 99.2 1.99 1.96 

Rose bengal 91.9 1.92 1.85 

Chrysodine G 23.3 1.23 1.15 

Methylene blue 45.8 1.46 1.21 

Crystal violet 65.7 1.66 1.36 

a. Cr, dye concentration of the retentate. Cf, dye concentration of the feed. b. The theoretical 

value is calculated assuming that the dye absorption did not occur. c. Actual value obtained 

from the UV-vis measurement.  
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Table A5.4. Comparison of the filtration performance of various membranes in methanol. 

Membrane 

Thickness 

(nm) 

Probe molecule  

Methanol 

permeance 

(L m-2 h-1 

bar1) 

Rejection (%) Reference 

GO-Si2 180 Brilliant blue 290.1 99.2 This work 

S-rGO 18 Acid fuchsin 78  70.1 [5] 

HPEI/S-rGO 18 Methylene blue 72.5 90 [5] 

MPD-ACT 95 Acid fuchsin 52.22  99.9 [6] 

FBN 2000 Congo red 600  99 [7] 

Acetylene  10 
Protoporphyrin-

IX 
220  >99 [8] 

PBI/HPBI 1500 Methylene blue  2.60  99.2 [9] 

TFC-MPD/PES  - 
Polystyrene 

oligomers (600) 
46.0  >99 [10] 

MXene 230 Reactive black  3563 96a [11] 

TFN-MIL-

101(Cr) 
60 

Polystyrene 

oligomers (500) 
4.2 97 [12] 
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β-CD-2.0 >500 Methyl Orange 5.5 91 [13] 

M-TpTD 104 μm Rose bengal 138 84 [14] 

M-TpBD 290 μm Rose bengal 106 99 [14] 

TETA-TFN - Crystal violet 27.8 92 [15] 

rGO-

TMPyP1.3 
36.2 Evans blue 13.0 93 [16] 

HLGO 8 Brilliant blue 7.5 ~100 [3] 

PAR-BHPF/PI 20 Rose bengal 8 99 [17] 

TFN 50-120 Tetracycline 20 99 [18] 

CMP 42 
Protoporphyrin-

IX 
22 100 [19] 

Tp-Bpy 2.1 μm Brilliant blue 108 94 [20] 

PBI/GO 325 nm Mepenzolate 17 99 [21] 

GO/BA 60 nm Acid fuchsin 3.5 95 [22] 

Porphyrin/MPD - Brilliant blue 32.5 59 [23] 

a Rejection was tested in water. 
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CHAPTER 6 

Stable Graphene Oxide Crosslinked Membranes for Organic Solvent Nanofiltration 
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Abstract 

Graphene Oxide (GO) membranes are well-known materials for water purification, owing 

to their unique molecular transport and sieving properties. However, one of the factors that 

limit their use in aqueous and organic solution for the application in the industry and water 

treatment plants is the tendency to swell, forming an enlarged interlayer spacing, 

disintegrating its structure. Here we report stable ethylenediamine-crosslinked GO 

membranes, which can efficiently permeate water and organic solvents and filter organic 

solutions containing molecular dyes. The prepared membranes with 150 nm thickness 

demonstrated high permeance for water and organic solvents and exhibited >95% rejection 

for small organic dyes dissolved in methanol. A dead-end filtration device was used to 

estimate the performance of the membranes, confirming a pure water permeance of 14 L 

m-2 h-1 bar-1. The spacing between GO sheets enhances the solvent transport, while the 

crosslinker preserves the sheets from disrupting the structure. The combination of stability, 

high performance, and simplicity of fabrication is advantageous for the membrane potential 

application in aqueous and non-aqueous industrial separations.   

6.1 Introduction 

Chemical and petrochemical industries have a massive demand for liquid separations.  

Solvent resistant nanofiltration (NF) membranes, stable in aqueous and organic media, and 

able to withstand harsh conditions with superior permeability characteristics, could be 

highly advantageous in these separation processes. The energy consumption of 

conventional separation and purification processes is high and membrane technology could 

reduce it [1]. For separating products from their residual reactants, catalysts, and 

byproducts, better membranes are required. A main challenge in developing membranes 
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for organic solvent nanofiltration (OSN) is their robustness in organic solvents towards 

swelling and leaching. There is a lack of multipurpose, molecular selective membranes in 

this field. Synthesizing stable membranes with ideal nanostructure combined with 

molecular sieving abilities is crucial for industrial applications. Part of the advanced 

polymeric nanofiltration membranes offer excellent selectivity and reasonable scalability 

of the preparation process, but they often struggle with weak chemical resistance, when 

used in non-aqueous solvents, and membrane fouling, when used for water treatment [2]. 

Furthermore, they might suffer from flux decline due to aging or compaction. On the other 

hand, inorganic ceramic membranes mostly possess excellent thermal and chemical 

stability, they do not compact under pressure, do not swell in organic solvents, but the 

membrane manufacture is costly and avoiding brittleness is also a challenge [3]. Since 

more than a decade ago, 1D carbon nanotubes have been under consideration for membrane 

applications, with the expectation of permeating water extremely fast with nanosized 

transport channel. But vertically aligning the tubes is a complex, expensive and tedious 

process, which is far away from a practical application [4]. As an alternative, free standing 

hard and thin diamond-like carbon nanosheets were reported as membranes to permeate 

organic solvents [3].  

Besides 1D carbon nanotubes, 2D graphene or graphene oxide (GO) based membranes are 

expected to promote high water fluxes with selectivity in the nanofiltration range [5-10]. 

The competition with well-stablished thin-film polyamide membranes is difficult after 

decades of cost, scalability, and performance optimization. However, their application in 

non-aqueous medium might be more advantageous, since the graphene layer can add 

chemical and mechanical stability and NF selectivity, still keeping a high flux.  In this way, 
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the membranes can perform under harsher conditions with high performance. GO 

membranes decorated by oxygen groups offer novel and tunable properties with its unique 

two dimensional and mono atomic thick structure.   

Pristine GO sheets are held together by the combination of van der Waals forces and 

hydrogen bonding, with an interlayer spacing ranging between 0.6 to 1.2 nm, which can 

transport molecules, ions, gases, and fluids [11, 12]. However, the swelling of GO sheets 

in aqueous solution enlarges the interlayer d-spacing, leading to a significant expansion of 

the nanochannels [13]. As a result, a permeation increase in applications such as gas 

separation[14], pervaporation [15, 16] and ultra [17] and nanofiltration is frequently 

observed [18]. The d-spacing of pure GO laminates is estimated as ~0.8 nm, whereas the 

reduced GO laminates have a value of  ~0.35 nm [11, 19].   

Ironically, GO membranes suffer from poor structural stability in aqueous environments 

and are unstable over a period of time. Membranes become negatively charged on 

hydration and eventually disintegrate due to electrostatic repulsion [20]. The reaction of 

GO with water results in C-C bond cleavage forming vinylogous carboxylic acids [21]. 

This makes pristine GO membranes useless for water-based applications. Out of many 

possible ways, crosslinking GO with other molecules can be an effective strategy to ensure 

the GO membranes integrity in water and non-aqueous solvents [22-26]. For instance, 

crosslinking GO films with multivalent cationic metal contaminants during the GO 

synthesis renders significant water stability and higher stiffness. Crosslinking GO sheets 

with amine has been reported to increase stability, leading to highly charged GO 

framework membranes effective for heavy metal removal via nanofiltration [27]. In 

another recent experiment, stable reduced GO membranes were fabricated using theanine 
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amino acid and tannic acid, as reducing agent and crosslinker [28]. Other crosslinkers based 

on diisocyanate, aliphatic terminal diamines, crosslinked polyimides, triethylenetetramine, 

cation intercalation, urea, thiourea, peptides, and functionalization with zwitterionic and 

tannic acid have been used to modify GO, mainly for water related applications [24, 26, 

29-41]. Our group recently tailored the structure of nanochannels by mimicking the 

hourglass shape of biological molecules introducing silicon-dioxide nanoparticles as 

spacers between layers [42]. The structure combined high-solvent permeance with high 

selectivity.  

The most significant difficulty with graphene membranes is how to keep a small channel 

size while maintaining the structural integrity at low cost. Diamines are found to be one of 

the best crosslinkers as it can covalently bind to graphene oxide, creating stable GO 

membranes. GO membranes were earlier reported with various d-spacing using different 

diamine monomers [36, 43-45]. GO membranes crosslinked with diamines were not 

explored to our knowledge for solvent-resistant applications. Herein, we report stable GO 

membranes crosslinked with ethylenediamine (EDA). We opt for short diamine 

crosslinkers, rather than the long-chain ones, since they may occupy less interlayer channel 

spaces to give a high solvent permeance. Moreover, compared with most of the GO 

membranes, which use flakes in the size of a few micrometer or even nanometer, we 

designed large-sized GO in the size of tens of micrometers, aiming to achieve better 

interlocked structure to meet the high rejection requirements for OSN applications. 
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6.2 Materials and Methods 

Graphite flakes, sulfuric acid, and 3-aminopropyltriethoxysilane were purchased from 

Sigma-Aldrich; nitric acid and hydrogen peroxide (H2O2) were supplied by VWR 

Chemicals; potassium permanganate (KMnO4) was from Fisher Scientific. Porous nylon 

membranes (Pore size = 0.22 μm and Diameter = 47 mm) were provided by GVS Filtration 

Inc.  

 

6.2.1 Synthesis of GO  

The synthesis of GO was adapted from previously reported methods [46, 47]. In a typical 

process, dry graphite flakes and concentrated sulfuric acid were mixed in a reaction vessel 

for 3 hours. Afterward concentrated nitric acid was added slowly and stirred for further 24 

hours. The resultant graphite intercalated product mixture was thoroughly washed with 

water, centrifuged, and dried at 60 °C. The expansion of graphite was carried out at 1050 

°C for 15 seconds. During the expansion procedure, about 200 mL of sulfuric acid was 

added to and stirred well followed by addition of KMnO4. The reaction vessel was the 

transferred to an ice bath and stirred for further 24 hours until complete oxidation was 

achieved. After an incubation time of 24 hours, 200 mL of deionized water and 50 mL of 

H2O2 were added to the vessel, which resulted in a change in solution color to yellowish-

brown. Later the mixture is washed with 9:1 ratio of water: HCl (V/V) followed by washing 

with deionized water until the pH of the mixture changed to 5. Finally, the GO suspension 

was shed and diluted by gentle shake. 
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6.2.2 Synthesis of Diamine-GO Suspension 

The synthesis process was based on two previously reported methods [43, 48]. In a typical 

procedure, the exfoliated GO suspension was further diluted to reach GO concentration of 

400 ppm. Ethylenediamine (EDA) was added to the GO suspension to prepare a 0.1 M 

solution concerning the monomer. This mixture was heated at 75 °C for 6 hours in a sealed 

glass vessel followed by cooling down. 

 

6.2.3 Fabrication of EDA-GO Membranes 

EDA-GO membranes were fabricated by a vacuum filtration method, as depicted in Figure 

A6.1. The stock was diluted to form a 0.01 mg/mL EDA-GO dispersion, by adding Milli-

Q water. 20 mL of the 0.01 mg/mL dispersion was typically filtered on a porous nylon 

support membrane. The obtained membranes were further heat-treated in an oven at 80 °C. 

To remove the unwanted diamine monomers, the resulting membranes were soaked in 

methanol for 12 h.  Additionally, the membranes were heat-treated in a vacuum oven at 

100 °C for over 24 h. It is sufficient for the ring opening reaction to occur at this 

temperature to allow unreacted epoxides to react with GO sheets [43]. Additionally, high 

temperature can assist in partial reduction, creating the necessary pressure within stacked 

layers [49]. The membranes obtained here were then characterized.  

 

6.2.4 Morphological and Spectroscopic Characterization of GO and EDA-GO 

Membranes 

Scanning electron microscopy (SEM) (FEI Nova Nano microscope, equipped with energy-

dispersive X-ray spectroscopy (EDS)) was used to image the surface and cross-sectional 
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morphologies of GO sheets and EDA-GO membranes. The thickness of the GO sheets, as 

well as EDA-GO membranes, were imaged by atomic force microscopy (AFM, Bruker 

Dimension Icon SPM microscope). For the thickness measurement of EDA-GO 

membranes, the fabrication step was carried out on anodic aluminum oxide (AAO) 

membrane (0.2 μm pore size, 47 mm diameter, supplied by Whatman).  

X-ray diffraction (XRD) studies were carried out using a powder XRD system (Bruker D8 

advance) with Cu Kα (λ = 0.154 nm), operating at 40 keV with a current of 20 mA. 

Attenuated Total Reflectance (ATR) Fourier Transform Infrared Spectroscopy (FTIR) 

(FTIR-iS10) in a wavenumber range of 500−4000 cm−1 at an average of 32 scans with 4 

cm−1 resolution was used to do chemical analysis. The absorption spectra of GO and EDA-

GO dispersions were analyzed using UV−vis spectroscopy (UV−vis) on a Cary 100 

equipment. The surface elemental compositions were determined using X-ray 

photoelectron spectroscopy (XPS, Amicus equipment). The birefringence study of the GO 

and EDA/water dispersion was examined by polarized optical microscopy (Olympus BX61 

Materials Microscope). 

 

6.2.5 Membrane Nanofiltration Performance 

The membrane performance investigated using a dead-end stainless-steel cell. All the 

experiments were carried out at room temperature and with a pressure difference of 1 bar.  

The concentration of dyes after and before filtration was measured using a NanoDrop UV-

Vis Spectrophotometer. Three measurements were performed, and the average is reported. 

The pure solvent permeance is calculated from the following equation: 

𝐹 = 	 ∆+
r,∆!∆-

      (6.1) 
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where Δw is the increase in weight of permeate during filtration at time Δt, A is the 

separation area of the membrane, ρ is the density of solvent and Δp is the applied pressure.  

The dye rejection was calculated using equation (6.2): 

𝑅 = 1 − .!
."
´	100%    (6.2) 

where, Cp and Cf are the concentration of permeate and feed solutions, respectively.   

 

6.3 Results and Discussion  

Monolayer GO sheets with lateral size larger than tens of micrometers were obtained, as 

shown in Figure 6.1a. Large GO sheets stacked to form membranes have the advantage of 

better blocking leaky paths due to boundaries and weak mechanical properties [50]. Large 

GO sheets are expected to stack better and align when deposited on a porous support [51]. 

A thickness of ca. 1 nm was confirmed by atomic force microscopy (AFM) for the obtained 

monolayer GO sheets, as shown in Figure 6.1b. Herein, an EDA-GO suspension was 

filtered using nylon microfiltration membranes via vacuum filtration, and the thickness was 

controlled by optimizing the volumes of the EDA-GO suspension. A thin laminate of EDA-

GO was obtained as a result of the vacuum filtration. AFM height profiles confirming the 

thickness of ca. 150 nm for freestanding EDA-GO membrane is shown in Figure 6.1c with 

their corresponding thickness measurement area (6.1c inset). The surface morphology of 

the porous nylon support and the EDA-GO layer are shown in Figure 6.1d. The cross-

sectional image of EDA-GO membrane displaying laminar structure with thickness around 

150 nm is further confirmed in Figure 6.1e with detailed high magnification in Figure 6.1f. 
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Figure 6.1. (a) SEM image of a free-standing GO nanosheet. (b) AFM image of GO sheets 

and corresponding thickness measurement. (c) Thickness measurement of the EDA-GO 

coating layer on the nylon support, measured by AFM (inset: AFM image corresponding 

to the measurement area). (d) The surface morphologies of the porous nylon support (left) 

and of the 150 nm thick EDA-GO layer (right). (e) Cross-sectional SEM image of the EDA-

GO/nylon membrane, and (f) cross-sectional detail of the EDA-GO layer at higher 

magnification.   

The interlayer spacing of GO sheets has a dominant effect on their performance. Vacuum-

filtered GO and EDA-GO membranes are shown in Figure A6.2. Results from XRD spectra 

showed that the interlayer spacing increased when GO sheets were crosslinked with EDA, 

as shown in Figure 6.2a. The as synthesized GO membrane has a peak at 9.98° with the 

corresponding d-spacing of 0.88 nm. On the other hand, the crosslinker increased the d-
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spacing value to 1.02 nm, by shifting the 2𝜃 value to 8.68°. The molecular transport through 

the  GO membrane is determined by the d-spacing between neighboring GO sheets and in-

plain voids of the GO sheets [52]. The chemistry between EDA crosslinked GO, and 

unmodified membranes can be explained by the ATR-FTIR spectra, as shown in Figure 

6.2b. The stretching vibration of O-H, carboxyl C=O, aromatic C=C, epoxy C-O, and 

alkoxy C-O are observed at wavenumbers 3100-3400 cm-1, 1720-1740 cm-1, 1610 cm-1, 

~1230 cm-1, ~1040 cm-1, respectively. A new absorption peak at 1554 cm-1 was observed, 

which corresponds to amine N-H. The diamine monomer can be assumed to react with GO 

in three possible ways; (1) hydrogen bonding between oxygen groups of GO and amine 

molecules; (2) ionic bonding between weekly acidic sites of GO and protonating amine; 

(3) covalent bonding from condensation and nucleophilic substitutions reactions between 

amine and oxygen containing GO [43]. Thus the FTIR spectra confirms the generation of 

new N-H covalent bond by a condensation reaction between the amine groups and the 

oxygen groups of  GO sheets and a nucleophilic substitution reactions between amine and 

epoxy of GO sheets [53]. GO framework enhances the stability of the membranes, 

preserving the sheets from disintegration in an aqueous environment. 

The elemental composition of the chemical bonds for GO and EDA-GO membranes was 

analyzed by XPS, as shown in Figure 6.2c. The spectra confirmed that the N1s peak was 

absent in GO membranes, and only the C1s and O1s peaks are present. However, the peak 

for N1s in EDA-GO membranes was observed, indicating that the diamine monomers 

reacted with the oxygen functional groups in GO. The nitrogen content in the EDA-GO 

membrane was 12%, as shown in Table 6.1. Individual XPS peaks for C1s, O1s, and N1s 

were obtained for the membranes, as shown in Figure A6.3. Additionally, the oxygen 
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content in EDA-GO membranes substantially decreased from 27 to 19% compared with 

the GO membranes. This occurred as a result of the crosslinking reaction between the 

oxygen-containing functional groups, and this was consistent with the obtained FTIR 

spectra. Hydroxyl groups were partially consumed in the reaction between the oxygen-

containing groups of GO and the amine molecules. The incorporation of amino-

crosslinking segments led to the nitrogen peak in XPS.  The elemental mapping showed a 

homogeneous distribution of elements such as carbon, oxygen on the GO and EDA-GO 

membranes (Figure A6.4 and A6.5) and additionally a more scattered nitrogen distribution 

on the EDA-GO membranes (Figure A6.5), which reflects the incorporation of nitrogen-

terminated crosslinking segments. The ultraviolet-visible (UV-vis) spectra reported in 

Figure 6.2d indicated two characteristic peaks, representing p-p* (conjugation) and n-p* 

transitions for the GO dispersion. After the reaction, the spectrum for the EDA-GO 

dispersion did not have a shoulder around 300 nm. Large GO flakes leading to a discotic 

nematic phase of GO can be fabricated into membranes, leading to highly ordered, 

continuous, thin top layers as previously reported [47, 54]. The nematic GO dispersion 

taken as a precursor in this work lost its liquid crystalline property as a consequence of the 

EDA crosslinking with inter- and intralayers of oxygenated GO. This indicates that the 

EDA may perpendicularly crosslink two parallel GO sheets or two adjacent sheets [27]. As 

a result, birefringence was observed for GO dispersion and not for EDA-GO dispersion, as 

shown in Figure 6.2e and 6.2f, respectively.  
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Figure 6.2. (a) XRD patterns of the membranes on nylon support, showing the various 

interlayer spacings. (b) ATR-FTIR spectra of GO and EDA-GO membranes. (c) XPS 

spectra of GO and EDA-GO membranes, revealing the presence of nitrogen after 

crosslinking. (d) UV-Vis absorption spectra for dispersion containing GO sheets and 

diamine monomers in EDA-GO. Inset is a photograph of the GO and EDA-GO dispersions. 

(e) and (f) Polarized optical microscopy images of GO and EDA-GO dispersion, indicating 

the presence and absence of liquid crystallinity, respectively.      

 

 

  



 230 

Table 6.1. XPS elemental composition of GO and EDA-GO membranes before and after 

crosslinking.  

Sample  C % O % N % O/C 

GO 72.73 27.27 - 0.37 

EDA-GO 68.26 19.36 12.38 0.28 

 

6.3.1 Nanofiltration in Non-Aqueous Solvents 

When filtered through the GO membranes, water, and other small molecules go through 

nanochannels and holes in the graphene sheets and reach the pores of the support 

membranes. The separation performance in non-aqueous solvents can be less predictable 

due to differences of wettability, polarity, and swelling [52]. Unlike graphene, for which 

the slip flow theory is the basis for fast water transport, the interactions involving the GO 

interfaces is different due to the presence of large proportion of oxygen functional groups 

that leads to high friction between water molecules and flow channels. The permeance of 

non-aqueous solvents depends on their viscosity, molecular weight, as well as the 

interaction between the solvent molecules and membranes [55]. The latter is evident in the 

case of polymeric membranes. In the case of GO, it will depend on the degree of 

functionalization. 

EDA-GO membranes exhibited pure water permeance of 14 L m-2 h-1 bar-1, as shown in 

Figure 6.3a, while the permeance for pristine GO membranes was 9 L m-2 h-1 bar-1. Changes 

in the interlayer spacing between adjacent GO sheets (0.8 nm for dry GO film) can be 
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explained by the fact that the solution entering the GO layers could destroy part of the p-p 

interactions and hydrogen bonding, thus stretching the d-spacing. Consequently, the GO 

membrane can lose its structure in aqueous environments as a result of the membrane 

swelling, becoming useless for water related applications. However, for the EDA 

crosslinked GO membrane, the formed N-H covalent bonds can resist the d-spacing 

stretching [43]. The highest permeance was observed for the solvents with the lowest 

viscosity. The crosslinked EDA provides stability to GO membranes, making it stable in 

an aqueous and non-aqueous environment. The introduction of the crosslinker increased 

the distance between the sheets, as measured in XRD. The liquid permeance with some 

commonly used solvents was evaluated as a function of the inverse of the viscosity for 150 

nm thin EDA-GO membranes, as shown in Figure 6.3b. Due to the increase in the d-spacing 

value, the EDA-GO membrane exhibited high acetone permeance of 30 L m-2 h-1 bar-1. The 

same membrane exhibited NMP solvent permeance of 5 L m-2 h-1 bar-1. The dependence is 

not far from linearity and infers that the viscosity of the solvents is a significant factor 

determining the permeance. The membranes exhibited stability and were highly permeable 

to the tested solvents. It is worth noting that besides the viscosity, the polarity contributes 

to the solvent permeance. Molecular selectivity is also essential in nanofiltration. The 

ultimate nanofiltration performance of EDA-GO membranes was evaluated by rejecting 

commonly used dye molecules dissolved in the methanol solvent, as presented in Figure 

6.3c and A6.6. The feed and permeate solutions were analyzed using UV-Vis spectroscopy. 

We observed >90% rejection for molecules higher than 826 g/mol. This shows that EDA-

GO membranes were not only much more stable than the unmodified GO analogs but also 

highly selective. This demonstrates the importance of crosslinking. The stability of EDA-
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GO membranes can be attributed to the interlayer crosslinking of diamine monomers 

between the nanochannels, preventing the GO sheets from swelling and shrinking and 

making them appropriate for nanofiltration in aqueous and non-aqueous media.             

 

Figure 6.3. (a) Water permeance and Rose Bengal rejection of GO and EDA-GO 

membranes. (b) The permeance of pure solvents as a function of their inverse viscosity for 

EDA-GO membrane. (c) Dyes rejection (in methanol) as a function of the dye molecular 

weight for EDA-GO membrane. Dyes: Methyl Orange (MO) (MW=327 g/mol), Indigo 

Carmine (IC) (MW=466 g/mol), Congo Red (CR) (MW=697 g/mol), Brilliant Blue R250 

(BB) (MW=826 g/mol), Rose Bengal (RB) (MW=974 g/mol), Direct Red 80 (DR-80) 

(MW=1373 g/mol).  

 

6.3.2 Potential applications of EDA-GO membranes 

A stability test was performed with water, by measuring the permeance of an EDA-GO 

membrane for 14 hours, as shown in Figure 6.4a. The membrane exhibited a steady and a 

stable permeance over time, which can be attributed to the effective crosslinking. Pristine 
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GO membranes were not stable, when operated under similar conditions and this can be 

visually observed (inset in Figure 6.4a). Additionally, a model neutral solute, Vitamin B12 

(VB12) (MW= 1355 g/mol), was chosen to demonstrate the efficiency of the membranes 

for separating active pharmaceutical ingredients in organic solvents. EDA-GO membranes 

exhibited a > 99% rejection for VB12 in methanol with a permeance of 6.5 L m-2 h-1 bar-1, 

as shown in Figure 6.4b. The crosslinked membrane can effectively reject VB12 molecules. 

The potential molecular sieving behavior was tested by separating a mixed methanol 

solution of Evans Blue (EB) and methyl orange (MO), both containing negative charged 

molecules with different molecular sizes. The rejection performance of EDA-GO 

membranes for EB and MO mixed solution was >99.9% and < 10%, respectively, as shown 

in Figure 6.4c. The crosslinked membrane blocked EB molecules, while selectively 

allowing MO molecules to permeate through the membranes. The membranes had a 

selective rejection based on the molecular weight. The permeances of the pristine GO 

membranes were low in organic solvent such as NMP (<2 L m-2 h-1 bar-1) and acetone (11 

L m-2 h-1 bar-1), compared with higher values for EDA-GO (Fig. 6.3b). The increase of the 

interlayer d-spacing by crosslinking added stability to the membrane, which is crucial for 

operating the membranes in real time practical applications.   

 

6.3.3 Transport and Separation Mechanism of EDA-GO membranes 

Here the EDA crosslinker acts as a spacer, allowing aqueous and non-aqueous solvents to 

intercalate through GO nanochannels and transporting solvents. In addition to the GO 

interlayer nanocapillaries, intrinsically generated paths between sheets with a diameter in 

the range of nanometers also contribute for the molecular transport [10, 56]. The solvent 
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flow through laminated GO sheets can be explained from Hagen Poiseuille’s equation as 

shown in Equation 6.3.  

𝐹𝑙𝑢𝑥 = 𝛿# 1 $
$%&
2 1$

'
2 1∆)

*
2 𝜌   (6.3) 

where 𝛿 is the d-spacing between adjacent GO layers, L is the average lateral length of GO 

sheets, ∆𝑃 is the applied pressure, η is the viscosity of solution, 𝜌 is the solvent viscosity. 

In the case of non-aqueous solvents, increasing the viscosity decreases the permeance, 

following the Hagen Poiseuille equation.  

 

 

Figure 6.4. (a) Permeance measurement as a function of time for a EDA-GO membrane; 

the inset shows the pristine GO and EDA-GO membrane after measuring the water 

permeance. (b) Rejection of VB12 (MW= 1355 g/mol): UV-vis absorbance curves of VB12 

solutions in methanol used as feed and the rejected one for a EDA-GO membrane; the inset 

shows photographs of the feed and permeance. (c) Rejection performance for EDA-GO 

membrane for the filtration of a mixed dye solution of Evans Blue (MW=961 g/mol) and 

Methyl Orange (MW=327 g/mol) in methanol, using an EDA-GO membrane. The inset 

shows photographs of the feed and permeant solutions.  

 



 235 

The separation mechanism of membranes can be attributed to: (1) size exclusion by the 

GO interlayer channels, (2) electrostatic interaction between negatively charged GO and 

incoming solute molecules, and (3) ion adsorption through binding [57]. From the obtained 

rejection values, it is evident that size exclusion is the primary separation mechanism 

involved in separating solutes based on their molecular sizes. Larger solutes with high 

molecular weight were completely separated, while allowing solutes with low molecular 

weight to pass. In addition to that, most of the rejected dyes are negatively charged. Hence, 

the negatively charged hydrophilic EDA-GO membranes can electrostatically repel them. 

The electrostatic interaction facilitates the separation. Therefore, the selectivity of EDA-

GO membranes is based both on molecular size and charge.  

          

6.4 Conclusion 

In conclusion, we have successfully prepared crosslinked, stable, 150 nm thin EDA-GO 

membranes by a vacuum-assisted filtration method. The membranes had an excellent 

performance for the retention of organic dyes dissolved in methanol with high permeance 

of water and non-aqueous solvents. The enlarged interlayer d-spacing between the GO 

sheets improved the permeance, while the crosslinked diamine monomer between 

nanosheets prevented the sheets from swelling and disintegrating. Additionally, the 

membranes were stable in aqueous and non-aqueous solvents, a benefit for chemical 

separations.   
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A6. Stable Graphene Oxide Crosslinked Membranes for Organic Solvent 

Nanofiltration 

 

 

Figure A6.1. Schematic diagram of EDA-GO membrane fabrication by a vacuum filtration 

method. 

 

Figure A6.2. (a) and (b) Photographs of vacuum filtered GO and EDA-GO membranes, 

respectively. 
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Figure A6.3. XPS spectra of GO membranes revealing (a) C1s and (b) O1s before 

crosslinking; XPS spectra of EDA-GO membranes after crosslinking, showing (c) C1s, (d) 

O1s and (e) N1s peaks. 

 

Figure A6.4. (a) Secondary electron SEM image of the surface of GO membrane filtered 

on nylon porous support and the corresponding (b) carbon and (c) oxygen elemental 

distribution obtained by EDS. 
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Figure A6.5. (a) Secondary electron SEM image of the surface of EDA-GO membrane 

filtered on nylon porous support and the corresponding (b) carbon, (c) oxygen and (d) 

elemental distribution obtained by EDS. 
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Figure A6.6. Photographs of the feed and permeate of filtration experiments performed 

with dyes of different molecular weights, using EDA-GO membranes. 
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CHAPTER 7  

 

Spray-Coated Graphene Oxide Hollow Fiber Membranes for Organic Solvent 

Nanofiltration 

 

This chapter is under review: 

 

The author’s contribution in this work is to fabricate graphene oxide membranes using 

crosslinked hollow fiber support for organic solvent nanofiltration employing a scalable 

spray coating method. The authors investigated the interaction between graphene oxide 

dispersion and crosslinked membrane by understanding the fundamental characterizations 

pertaining to the membranes.  
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Abstract 

The application of graphene oxide (GO) membranes could be extended to chemical and 

pharmaceutical industries, if the stability in organic solvents could be secured and more 

scalable methods of preparation would be available.  However, simple, scalable, low-cost 

fabrication methods, particularly for GO deposition on hollow fibers are still in an early 

phase. We propose here a simple a spray-coating method for deposition of GO sheets on 

crosslinked hollow fiber supports. We first fabricated polyetherimide hollow fiber 

membranes and crosslinked them with hexamethylene diamine. These supports have strong 

tolerance to various organic solvents. The amide group formation arising between the imide 

groups of polyetherimide and the amine groups of hexamethylene diamine provide 

chemical and mechanical stability. Thereafter, GO dispersions were spray-coated on the 

hollow fibers with different loading volumes to obtain thin selective layers with very good 

adhesion to the support. Solid state NMR was employed to study the interaction between 

GO and the crosslinked membrane in detail. Overall, this simple method offers excellent 

opportunities for using GO hollow fiber membranes for organic solvent nanofiltration.  

 

7.1 Introduction 

Organic solvent nanofiltration (OSN) has evolved in recent times as a promising energy 

efficient technology in food chemistry, petrochemistry, catalysis, chemical and 

pharmaceutical industry for separating mixtures ranging even down to molecular size [1, 

2]. However, the development of better membrane materials for OSN is required, due to 

the known instability of commercial polymer-based membranes that are in operation for 
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applications in the water sector. Especially in the chemical industry, products from 

reactants, catalysts and other by-products are separated and /or purified in organic medium.  

GO-based membranes might offer advantage over conventionally used polymeric and 

ceramic membranes with an outstanding thermal and chemical stability, solvent resistance, 

and high strength [3, 4]. GO membranes with high permeability and selectivity having 

molecular sieving properties have been extensively studied for water purification [3, 5-13]. 

More recently, GO based membranes have been reported for molecular sieving and 

purification in a range of solvents [14-17]. For instance, thin flat sheet GO membranes, 

with thickness down to ~ 10 nm have shown great performance for water and organic 

solvent permeation with high sieving properties which are attributed to randomly 

distributed pores interconnected with graphene interlayer nanochannels [18].   

GO coated membranes on the surface of a support made of polymeric hollow fibers could 

be particularly beneficial compared to the flat-sheet configuration.  Hollow fibers have a 

high membrane area to volume, are easy to assemble into modules, and have a self-

supported structure [19]. Particularly from engineering perspectives, hollow fiber 

membranes may afford a better configuration for industrial scale up.  

Recent reports on GO-coated hollow fiber membranes showed growing interests to 

accomplish improved permeance and selectivity [20-24]. For instance, ceramic hollow 

fibers exhibit advantages over planar substrates such as high packing density (usually with 

membrane surface area/volume ratio > 1000 m2/m3), chemical and structural stability [25, 

26]. An integrated and continuous GO membranes could be easily stacked on a ceramic 

hollow fiber using pressure as the driving force [27, 28]. The membranes exhibited high 

water permeation and excellent rejections for various organic matters and ions. Similar GO 
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membranes were deposited on ceramic hollow fibers for water and H2/N2 separation by 

sealing one end of the fiber and connecting the other end to a vacuum pump [20, 29]. 

However, these membranes were unstable in air because of shrinkage-induced stress and 

as a consequence the membranes had to be stored in water for wet separation process. 

Nonetheless, a molecular-weight-cut-off (MWCO) below 300 g/mol and higher organic 

solvent permeation flux than existing membranes were claimed. One method reported to 

reduce drying related shrinkage is to use a porous sacrificial layer of poly(methyl 

methacrylate) (PMMA), sandwiching between the hollow fiber substrate and GO 

membrane that can solve stress-induced shrinkage [21]. Although ceramic hollow fiber are 

robust mechanically and inert chemically, the greatest disadvantage of using ceramic 

hollow fibers is its complex fabrication process, high cost and brittleness [30]. To address 

this issue, another approach was proposed, depositing GO, after carefully crosslinking 

polyethyleneimine on polyamide-imide (PAI) hollow fiber [22]. The instant dip-coated GO 

membranes acted as selective barriers achieving 86% water permeability without 

comprising membrane selectivity. Another reported method consisted in directly spinning 

GO/polyimide hollow fiber membranes via a coaxial two-capillary spinning process 

resulting in a typical asymmetric structure for desalinating sea water through pervaporation 

[31]. A dip coating technique was applied to deposit polyethylene oxide-polyamide block 

copolymer (Pebax) and GO using a shear-aligning mechanism, aiming at capture of 

industrial CO2 [32, 33]. Thin GO-based membranes were reported containing graft, and 

brush-like CO2-philic agents (piperazine/ethylenediamine) alternating between the GO 

layers, using a vacuum-assisted coating technique to efficiently separate CO2/N2 gas 

mixtures [34, 35]. GO was also embedded into a polysulfone matrix to prepare hollow fiber 
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mixed matrix membranes for investigating permeation of CO2, N2 and CH4 gases [36]. 

Ionic Liquids are known to solubilize and improve the selectivity of CO2. Blending ionic 

liquid 1-ethyl-3-methylimidazolium tetrafluoroborate [emim][BF4] with modified GO / 

Pebax 1657 block copolymers yielded thin film composite membranes for separating CO2 

gas from CO2/N2 mixtures [33]. More recently, defect less ZIF-8 composite hollow fibers 

were fabricated by interfacial contra-diffusion approach using reduced GO via 

hydrothermal treatment. The authors claim outstanding separation performance for H2 

purification [37]. Layer-by-layer technique produces a ultrathin GO framework by 

modifying a Torlon® hollow fiber support that exhibited superior nanofiltration 

performance, removing heavy metals [23]. The same group reported GO framework hollow 

fiber membranes with more regulated microstructures by bridging boron between GO 

sheets [38].     

It is possible to fabricate composite hollow fibers based on poly (vinylidene fluoride) 

(PVDF) or poly (vinylidene fluoride-co-hexafluoropropylene)/GO membranes by 

modifying the surface wettability and roughness for direct contact membrane distillation 

[39, 40]. The incorporated GO in the membrane matrix induces hierarchical roughness on 

the membrane surface, providing reactive sites for chemical modification. PVDF hollow 

fiber membrane blended with silver and loaded with GO or doped with sulfonated GO 

enhanced the hydrophilicity, exhibiting high antifouling ability for organic fouling 

respectively [41, 42]. In another report, amino functionalized reduced GO (R-GO-NH2) 

enhanced water permeation flux and antifouling properties via interfacial polymerization 

in forming polyamide (PA) R-GO-NH2/PA nanofiltration composite hollow fiber 

membranes [43]. Electrophoresis deposition methods are recently known to deposit 
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ultrathin, defect less and robust GO sheets on porous stainless steel hollow fibers that 

demonstrated versatility in precise separation of C2 and C3 hydrocarbons completely 

rejecting smallest alcohols and ions in aqueous solutions [44]. Very recently, hollow fiber 

membranes that are resistant in organic solvents were reported containing P84 polyimide 

and diamine modified carbon nanotubes (CNTs) [24]. The amidation reaction arising 

between the imide groups and the amine groups of polyimide and amino-CNTs 

respectively produced mechanically and thermally stable membranes providing 

permeances for polar organic solvents. The reported membranes were applicable in 

petrochemical, pharmaceutical, and food industries. Loose nanofiltration hollow fiber 

membranes containing dense outer surface and loose inner surface structure could be 

fabricated choosing air as a bore fluid and GO as an additive to treat textile waste water 

[45]. This one step non-solvent induced separation process does not require a post 

treatment process. 

Traditionally, flat-sheet GO nanofiltration membranes have been fabricated by a vacuum 

filtration technique in addition to high flux and high selectivity towards organic dyes and 

other small molecules [46]. Vacuum and pressure assisted filtration methods sometimes 

require high pressure and longer operation time because of higher mass transfer pressure 

especially to prepare thicker membranes. Other coating methods such as dip-coating or 

drop casting are simple and useful for fabricating thin film membranes [22, 47]. However, 

it is difficult to control the thickness using dip-coating, whereas in drop casting processes, 

longer time is required to evaporate solvent.  

Even though all the aforementioned processes are advantageous in their respective 

applications, the preparation involved in most cases was either relatively complex, or 
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energy intensive, high cost, requires post modification, or in some instances the thickness 

cannot be controlled. The current deposition techniques are not scalable, especially 

employing hollow fibers, which enjoy relatively high packing density, high curvature and 

elongated shape compared with conventional flat sheet membrane supports. This could be 

challenging in making membranes for large-scale production. Therefore, combining these 

advantages, there exists a compelling desire to design and fabricate efficient GO based 

membranes that could be scalable to explore their potential for OSN technology. GO is 

becoming cost-effective and has attractive physical properties similar to graphene possess 

oxygen functional groups such as hydroxyls, epoxides, carboxyls. GO membranes are 

being broadly regarded in separation applications due to its two-dimensional stacking and 

molecular sieving capabilities [13, 48].  

A facile and scalable electro-spraying method was recently applied to fabricate flat-sheet 

GO membranes for wastewater treatment [49]. The controlled thickness of GO membrane 

obtained by the spray-coating led to high flux and high rejection for charged dyes with 

antifouling properties. A new sequential spraying of polymer solution onto a flat porous 

polymer support constituting a sustainable, scalable and economical membrane fabrication 

process was also recently demonstrated [50]. From a polymer membrane fabrication 

perspective, spray-coating does not require a coagulation bath, completely eliminating 

problems of contaminated water. The spray coating technique is considered a compact and 

environmentally friendly process. Spraying delivers the advantage of fabricating thin films 

on any unconventional substrates. For instance, recent reports on thin film composite 

polyamide desalination flat-sheet membranes used electro-spraying to produce thickness 

down to 4 nm, while exhibiting good permselectivity over other commercial membranes 
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[51]. Electro-spraying deposits monomers as nanoscale droplets to form the polyamide thin 

film membranes on substrates. Dispersion of GO-hydrazine was spray-coated to fabricate 

chemically converted graphene by mixing as-synthesized GO with hydrazine monohydrate 

for electronic device applications [52].  

We recently demonstrated defect-free cellulose hollow fibers via a sustainable approach 

for organic solvent nanofiltration [53]. Herein, considering the geometric configuration of 

the hollow fiber supports with high packing density, we employed a spray-coating 

technique to uniformly coat GO membranes yielding highly stacked structure. The 

combination of compactness, simple and modular reactor design and high performance 

motivated us to choose hollow fiber membrane support for this work. The thickness was 

tuned by simply changing the loading volumes of GO aqueous suspension keeping the 

length of hollow fiber constant. Polyetherimide (PEI) was chosen as a membrane support 

material due to its unique imide characteristics. Crosslinking with hexamethylene diamine 

(HMD) helps in grafting free amine groups onto PEI substrate, offering reactive bonding 

sites for GO sheets. HMD was adopted as a crosslinker to enhance the structural stability 

of PEI substrate in non-aqueous solvents. Compared to non-solvent phase inversion and/or 

other conventional nanofiltration membrane fabrication methods, this work does not 

require organic solvents for the coating preparation or coagulation baths. It requires only 

small amount of coating material and the final membrane is highly resistant in organic 

solvent medium.  

    

 

 



 254 

7.2 Experimental 

7.2.1 Chemicals and Materials 

Polyetherimide (PEI, Ultem™ 1000) with the chemical structure shown in Scheme A7.1a 

in the Appendices was provided by SABIC. N-methyl-2-pyrrolidinone (NMP, Sigma 

Aldrich), diethylene glycol was used as solvents for the preparation of the PEI hollow fiber. 

Hexamethylene diamine (HMD, Sigma Aldrich) with the chemical structure shown in 

Scheme A7.1b in Appendices was chosen as a crosslinker for PEI hollow fiber membrane 

support. Rose Bengal (RB) was purchased from Sigma Aldrich. 

Graphite flakes, sulfuric acid (Sigma Aldrich), hydrogen peroxide (H2O2 VWR 

Chemicals), potassium permanganate (KMnO4) were used as precursors to prepare the 

graphene oxide (Scheme A7.1c) suspension.  

 

7.2.2 Preparation of the PEI Hollow Fiber Membrane Support 

Dry-jet wet spinning process comprising a dope formulation of polyetherimide 

(PEI)/diethylene glycol (DEG)/N-methyl-2-pyrrolidinone (NMP) = 20/10/70 wt. %, 

respectively was employed to prepare hollow fiber membranes. The spinning conditions 

for PEI hollow fibers are listed in Table A7.1.  

 

7.2.3 Preparation of HMD crosslinked PEI Hollow Fiber Membrane Support  

The obtained hollow fibers were stored in Milli-Q water at room temperature to eliminate 

any residual solvent completely. The PEI hollow fiber membrane was immersed in a 50/50 

(v/v) ratio of glycerol/water solution overnight, dried well and stored for further use. To 

crosslink the fiber, the PEI membranes were then immersed in a methanol solution 



 255 

comprising 10 wt. % of HMD for 24 hours at room temperature according to the a 

previously reported method.[54] HMD crosslinks the imide groups in PEI. The crosslinked 

hollow fiber membrane was later washed with water to remove the unreacted and excessive 

HMD, and thereafter immersed in a glycerol/water solution. The crosslinked membranes 

were further used as a membrane substrate for coating graphene oxide employing a spray-

coating.   

 

7.2.4 Preparation of GO  

GO was prepared following previously reported literature methods [55, 56]. Herein, 

sulfuric acid was added to 1 g of expanded graphite in a three necked round bottomed flask, 

stirred and mixed well. Thereafter, expanded graphite was oxidized by adding 10 g of 

KMnO4 slowly into the mixture and further stirred in an ice bath for one day. 200 mL of 

Milli-Q water and 50 mL of H2O2 were slowly transferred to the mixture, leading to a color 

change to yellowish brown. The obtained mixture was washed and centrifuged in a 9/1 

(v/v) HCl solution multiple times, and then with Milli-Q water until the pH of the 

suspension became higher than 5. The resultant GO suspension was exfoliated by 

ultrasonication and diluted by adding sufficient amount of water.    

 

7.2.5 Fabrication of spray-coated GO on HMD crosslinked PEI membrane  

To develop a homogenous, stable coating on a crosslinked PEI hollow fiber, the GO 

dispersion was spray-coated using an air brush set-up. Different volumes of a GO 

suspension were chosen in-order to evaluate the effect of thickness. The homogenous 

dispersion of GO was poured into the spray gun reservoir (Airbrush BD 181, VWR 
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International) and subsequently spray-coated on the surface of the crosslinked PEI hollow 

fiber substrate placed on a hot plate at 100 °C. The thickness of the GO coating layer was 

controlled by employing different volumes (2, 4 and 6 mL) at a fixed area of the substrate 

(4.73 cm2). To optimize the spray-coating conditions, the area of the substrate was fixed 

and the surface temperature of the fiber substrate was maintained at 100 °C. The distance 

between the spray gun and the substrate was set at 10 cm while nitrogen was used as a 

carrier gas. The spray gun was slowly moved to obtain uniform layers of GO. Further on, 

the GO coated on crosslinked PEI was heated in an air oven at 80 °C for 1 hour to enhance 

the strong adhesion of the coating and later washed with running water before testing the 

performance.     

    

7.2.6 Characterization 

Membrane morphology. The surface and cross-sectional morphology were imaged using 

SEM (FEI Nova Nano microscope coupled with energy-dispersive X-ray spectroscopy 

(EDS). The samples were freeze-fried to completely remove water to preserve the integrity 

of structure. Liquid nitrogen was used to fracture the sample for cross-sectional images. 

The samples were immobilized on an aluminum stub using a conductive tape and coated 

using 5 nm of Iridium prior to imaging. The surface topography was further imagined by 

Atomic Force Microscope (AFM) (Bruker Dimension Icon SPM) with the sample fixed on 

a glass plate. 

Chemical analysis.  
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Fourier Transform Infrared Spectroscopy (FTIR). The chemical analysis was carried out 

using attenuated total reflectance (ATR) FTIR on a FTIR-iS10 equipment in the 

wavenumber range of 500-4000 cm-1 at an average of 32 scans with 4 cm-1 resolution.  

X-ray photoelectron spectroscopy (XPS). The surface composition of the GO spray-coated 

and pristine membranes was carried using XPS using Amicus equipment.  

Raman. Raman spectra was acquired on a WITec Raman microscope (Alpha300AR+) at 

532 nm excitation wavelength.  

Solid-State Nuclear Magnetic Resonance Spectroscopy. One-dimensional 1H MAS and 13C 

CP/MAS solid state NMR spectra were performed on Bruker AVANCE III spectrometers 

operating at 400, or 600 MHz resonance frequencies for 1H. Experiments at 400 MHz 

employed a conventional double-resonance 4 mm CP/MAS probe, while experiments at 

600 MHz utilized a 2.5 mm double-resonance probe. Dry nitrogen gas was used for sample 

spinning to avoid sample degradation. NMR chemical shifts are reported with respect to 

the external references TMS and adamantane. For 13C CP/MAS NMR experiments, the 

following sequence was utilized: 90° pulse on proton (pulse length 2.4 s), thereafter a cross-

polarization step with contact time of 2 ms, and finally 13C signal acquisition under high-

power proton decoupling. 5 s delay was set between the scans to allow complete relaxation 

of 1H nuclei, and the number of scans ranged between 10000 to 20000 for 13C and 32 for 

1H, respectively. An exponential apodization function that corresponds to a line broadening 

of 80 Hz was used before Fourier Transformation. 

The 2D 1H−13C heteronuclear correlation (HETCOR) solid state NMR spectroscopy 

experiments were conducted on a Bruker AVANCE III spectrometer with a 2.5 mm MAS 
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probe. The experiments were accomplished according to the following scheme: 90° proton 

pulse, t1 evolution period, cross-polarization (CP) to 13C, and detection of the 13C 

magnetization under TPPM decoupling. For CP step, a ramped radio frequency (RF) field 

centered at 75 kHz was applied to protons, while 13C channel RF field was matched to 

obtain an optimal signal. A total of 64 t1 increments with 2000 scans each were collected. 

The sample spinning frequency was set to 15 kHz. Using a brief contact time (0.2 ms) for 

the CP step, the polarization transfer in the dipolar correlation experiment was verified to 

be selective for first coordination sphere to lead to correlations only between pairs of 

attached 1H−13C spins (C−H directly bonded). 

 

Dynamic Nuclear Polarization NMR spectroscopy (DNP) 

To perform DNP analysis, a radical solution consisting of 16 mM TEKPol (TEKPol, MW= 

905 g/mol) in 1,1,2,2-tetrachloroethane (TCE) was used. TEKPol was dried under high 

vacuum (10-4 mbar) and the solvents were stirred over calcium hydride and then distilled 

under vacuum. The compounds and corresponding synthesized nitrides were finely ground 

in a mortar and pestle before conducting DNP experiments. DNP samples were then 

prepared by incipient wetness impregnation. In a typical experiment, 15 mg of the samples 

were impregnated with appropriate volume of 16 mM solution of TEKPol (nTEKPol = 0.5 

- 1.2 μmol/sample) and packed into a 3.2 mm O.D. sapphire rotor capped with a Teflon 

plug. The packed samples were then immediately inserted into the pre-cooled DNP probe 

for experiments. 

Data were acquired at KAUST Core Lab using 263 GHz/400 MHz Avance III Bruker DNP 

solid-state NMR spectrometer equipped with a 3.2 mm Bruker triple resonance low 
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temperature magic angle spinning (LTMAS) probe and experiments were performed at ca. 

100 K with a 263 GHz gyrotron. The sweep coil of the main magnetic field was set for 

microwave irradiation, occurring at 1H positive enhancement maximum of the TEKPol 

biradical. For 15N CP-MAS DNP experiments, acquisition parameters included a 3 s 

repetition delay and a 1H π/2 pulse length of 2.3 μs to afford 100 kHz 1H decoupling using 

the SPINAL 64 method. The contact time was 4 ms for cross-polarization experiments. 

The MAS frequency was varied between 8 and 12 kHz. The 2D 1H–15N HETCOR spectra 

were acquired with 2048 scans per t1 increment, 96 individual increments, and a contact 

time of 4 ms. During t1, e-DUMBO-1 homonuclear 1H decoupling was applied and proton 

chemical shifts were corrected by applying a scaling factor of 0.57.  

 

7.2.7 Nanofiltration tests 

The nanofiltration performance of the membranes was tested in water and acetone 

preparing a module and applying a pressure of 1 bar at room temperature. Rose Bengal 

(RB) was used as testing solute. The analysis of the dye concentration before and after 

testing was carried out with a NanoDrop UV-vis spectrophotometer. The reported value is 

the average of two different measurements. The pure solvent permeance (F) was calculated 

using the following equation (7.1): 

𝐹 = 	 ∆+
/,∆!∆-

         (7.1) 

 

where ∆𝑤 is the increase in permeate weight during filtration at filtration time ∆𝑡; A is the 

active area of the membrane;  𝜌 is the density of the permeate solvent.  
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The dye rejection was calculated using equation (7.2): 

𝑅 = ;1 −	.!
."
< 	X 100%      (7.2) 

where Cp denote the concentration of the permeate and Cf  is the concentration of  feed 

solutions.  

Hagen-Poiseuille equation can be used to calculate the flux through the membrane: 

Flux ≈ "#	×	∆)
$%'%	×	&	×	∆2

        (7.3) 

where h is the d-spacing between neighboring GO sheets, L denotes the lateral length of 

GO sheets, ∆𝑃 is the applied pressure, 𝜂 is the viscosity of the solution and ∆𝑥 is the GO 

membrane thickness.   

 

7.3 Results and Discussion 

7.3.1 Membrane morphology 

The typical surface and cross-sectional morphologies of the pristine PEI hollow fiber 

membrane are shown in Figure 7.1. The morphology is ideal for the GO spray-coating 

investigated in this work.  The finger-like macro voids underneath the surface, combined 

with the highly porous inner surface, provide a low mass transport resistance. Figure 7.2 

shows AFM images of the surface of pristine (Fig. 7.2a) and crosslinked membranes (Fig. 

7.2b). The crosslinking was necessary, since the coated PEI hollow fiber was aimed for 

nanofiltration in organic solvents.  The crosslinking was performed with HMD for 24 hours 

at room temperature. Our group recently demonstrated how to fabricate thin polyamide 



 261 

layers on crosslinked PEI by interfacial polymerization containing building blocks of 

porphyrin [54]. A similar support was used in this work. Non-crosslinked PEI membranes 

are not resistant to organic solvents. The stability of HMD crosslinked PEI membranes was 

tested by immersing a sample of the membrane into different organic solvents to asses their 

swelling. The crosslinked membranes were stable in a variety of organic solvents, as shown 

in Figure 7.3.     

 

 

Figure 7.1. Surface (bottom, left) and cross-sectional SEM images of the pristine PEI 

hollow fiber with different magnifications.   
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(a)                                         (b)                                         (c) 

Figure 7.2. AFM images of (a) the pristine PEI hollow fiber; (b) hollow fiber crosslinked 

with hexamethylene diamine, and (c) spray-coated with a 4 mL GO dispersion (0.1 mg/mL 

GO).    

 

 

Figure 7.3. HMD crosslinked PEI hollow fibers kept a month in different solvents (ethanol, 

methanol, acetone, THF, DMP, NMP and DMSO, from left to right).    

 



 263 

 

Figure 7.4. Surface SEM images of (a) PEI hollow fiber membrane support crosslinked 

with hexamethylene diamine, and analogous membranes spray-coated with (b) 2 mL (c) 4 

mL and (d) 6 mL GO (0.1 mg/mL) dispersions.    

 

Once the stability of the polymeric hollow fibers used as support was confirmed, they were 

coated with a thin GO layer to provide selectivity for solutes with size in the range of 

nanofiltration, associated with high permeance and solvent stability. We propose here 

spray-coating as an effective method for GO deposition and demonstrate that thin 

homogeneous layers can be obtained. The surfaces of the membranes obtained with 

different GO dispersion volumes are shown in Fig. 7.4 and A7.1 (SEM), as well as in Fig. 

7.2c (AFM). Cross-sectional images are shown in Fig. 5. The uncoated PEI porous support 

has a highly porous morphology (Fig.  7.1). The strong adhesion of GO on the hollow fiber 

surface is of prime importance and a crucial step in determining the transport and sieving 

properties of GO membranes. The membrane crosslinking with HMD contributes for an 

optimal adhesion. HMD contains diamines at the edges, which can react with the oxygen 

groups of GO, forming covalent bonds. By spray-coating different loading volumes of GO 
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dispersions, the membrane was uniformly covered with GO laminates without any visible 

defects (Figure 7.4). In Figure 7.4a, because of the lower thickness of the GO spray-coated 

layer, the membrane surface is rougher, reflecting the underlayer morphology but no 

visible pinholes or cracks could be observed on the electron microscope. It has been 

reported before that thin GO deposition on porous support with large pores sizes might fail 

to maintain a good laminar structure [57]. Nonetheless, in the present work, the membrane 

was uniformly covered by the GO layers (Fig. 7.4). As the GO loading volume increased, 

the coating thickness increased with a clear impact on the surface morphology showing a 

less corrugated structure (Fig. 7.4b and 7.4c). In Figure 7.2, a corrugated surface is seen in 

the AFM image of the GO coated membrane, while the uncoated membranes are smooth 

under similar conditions and magnification. Lattice defects results in the folds and 

distortions of the sheets as evident in Figure 7.2c [58].      
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Figure 7.5. Cross-sectional SEM images of GO spray-coated HMD-PEI hollow fiber 

membranes, prepared with 2, 4, and 6 mL volume of GO dispersions.  

The strong adhesion between GO and the crosslinked membrane can be evidenced by the 

cross-sectional images of the membranes. Figure 7.5 shows microscopic images of the 2, 

4, and 6 mL spray-coated GO layer on the surface of the crosslinked hollow fiber.  The 
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deposited layer is thin and no detachment from the support surface could be observed in 

all cases. 

7.3.2 Chemical characterization 

The ATR-FTIR spectra for the plain PEI membrane, HMD-crosslinked membrane and GO 

spray-coated are shown in Figure 7.6. The characteristic peaks for polyetherimide are 

observed at 1780 cm-1, 1720 cm-1 (corresponding to C=O vibration) and 1354 cm-1 (C-N 

vibration). Two new amide peaks were observed for the HMD-crosslinked PEI membrane 

at 1645 cm-1 (C=O) and 1543 cm-1(C-N). The disappearance of the characteristic imide 

peaks confirms the successful crosslinking reaction. From these results, the structure of the 

crosslinked support could be illustrated as in Scheme A7.2.  The peaks corresponding to 

imide groups for the GO spray-coated one on the crosslinked PEI membrane support are 

shifted, confirming the hydrogen bonding between the oxygen functional groups of GO 

and the newly formed amide groups of the crosslinked PEI membrane. The result is in 

agreement with a previous report on GO layers obtained by a different procedure [24].  
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Figure 7.6. ATR-FTIR spectra of pristine PEI membrane support, HMD-crosslinked PEI 

membrane and spray-coated GO membrane.  

Raman spectroscopy is an essential non-destructive technique to study the structure of 

carbon based materials, and also the method to investigate the graphene and GO layer, 

where the D band correlates with the order/disorder of the system, and G band indicates 

the stacking structure [59]. Figure 7.7 shows two broad peaks, one exhibiting a D band 

around 1350 cm-1 and G band around 1585 cm-1, corresponding to the disordered and 

ordered regions, respectively, of GO used in this work. The ratio of intensities of the two 

peaks (ID/IG) is referred as a mean of better quantifying the order and disorder of the 

system and its overall stacking behavior. Figure 7.7 exhibits a relative increase of the D 

band intensity, reflecting the disorder degree of GO, due to oxygen functional groups. 

Figure 7.7b and 7.7c compare surfaces with and without GO. In opposite to the crosslinked 
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uncoated membrane in Figure 7.7b, the spray-coated GO on the membrane in Figure 7.7c 

leads two peaks, similar to Figure 7.7a, confirming the presence of GO on the surface of 

the membrane and the effectiveness of employing the facile spray coating technique on a 

curved surface, like hollow fiber. Moreover, the intensity of G band is higher than D band 

complimenting the presence of ordered graphitic region and no structural defects.              

 

  

Figure 7.7. Raman spectra of  (a) GO dispersion on a silicon wafer. (b) HMD-crosslinked 

PEI hollow fiber membrane without GO coating. (c) Spray-coated GO on HMD-

crosslinked PEI hollow fiber. The noise observed in the spectrum is because of low laser 

power used to obtain signals, to avoid damaging the membrane support.  

The characteristic X-ray photoelectron spectroscopy indicates a successful crosslinking of 

the PEI membrane, since an increasing nitrogen composition is shown in Figure 7.8. The 

individual XPS peaks are shown in Fig. A7.2. The increased intensity of the N 1s peak of 

the HMD crosslinked PEI demonstrates the successful amidation of the polymeric support. 

This is confirmed by the energy dipersive spectra (EDS), showing also an increase of the 

nitrogen content in HMD crosslinked PEI support in Table 7.1. The atomic concentrations 
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in percentage obtained by EDS for different membranes are shown in Table 7.1.  The 

homogeneous elemental distribution of carbon, oxygen and nitrogen for three different 

membranes are given in Fig. A7.3.  

 

Figure 7.8. XPS spectra of pristine PEI membrane support, HMD-crosslinked PEI 

membrane support and GO spray-coated crosslinked PEI membrane. 

Table 7.1. EDS analysis showing the elemental compositon of pristine PEI, HMD 

crosslinked PEI and GO spray-coated HMD-crosslinked PEI supports. 

Samples 

Atomic concentration (%) 

C O N 

Pristine PEI 75.41 13.66 10.93 

HMD-PEI 74.30 13.28 12.41 

HMD-PEI-GO 75.70 13.36 10.93 
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To gain further understandings into the chemical structures and reaction between the 

crosslinker and GO spray-coated layers, high resolution solid-state nuclear magnetic 

resonance and dynamic nuclear polarization (DNP) coupled with multinuclear 2D (1H, 13C, 

15N) spectroscopy were applied. This enabled  the study of the molecular structures [60]. 

The fundamental proton NMR for the crosslinked and GO coated membranes are shown in 

Fig. A7.4 a and b. Figure 7.9 demonstrates the 13C cross-polarization magic-angle spinning 

(CP-MAS) and 2D 1H-13C heteronuclear correlation spectroscopy (HETCOR) NMR for 

the HMD-crosslinked membrane and the GO spray-coated layer on it. 

The 13C CP-MAS NMR spectra (Figure 7.9a) shows a distribution of well resolved signals 

at 𝛿= 167, 152, 147, 138, 129, 119, 40 and 28 ppm, indicating the presence of seven 

different carbon atoms in the HMD-crosslinked membrane. Notably, the lowest field 

resonance at 167 ppm can be attributed to the imide carbonyl group carbons. The peak at 

152, 147, and 133 ppm, respectively, can be ascribed to the aromatic carbons bonded to 

ether oxygen groups , aromatic carbon bonded to quaternary aliphatic 

carbons, and non-protonated carbons belonging to phthalimide rings [61]. The protonated 

aromatic carbons and N-linked m-phenylene carbons have a highest signal at 129 ppm, 

while the quaternary aliphatic carbon resonane and the methyl carbon signals appear at 40 

and 28 ppm, respectively. The 1H-13C HETCOR spectrum correlates the carbon atoms to 

two different protons at 0.8 and 6.7 ppm, confirming the CH3 and aromatic protons, 

respectively. Similar signals appear for the spray coated GO membrane, as shown in Figure 

7.9b. Additionally, the extra signal at 7.9 ppm in the 1H-13C HETCOR spectrum can be 

attributed to the reaction occuring between the aromatic-OH groups of GO and the 

O
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available reactive sites of the  HMD-crosslinked membrane. This further infers the direct 

possibility of hydrogen bonding interaction.    

   

(a)                                                           (b) 

Figure 7.9. Spectra of membranes impregnated with 16 × 10-3 M TEKPol in a TCE 

solution. (a) 13C CP-MAS DNP SENS spectrum of HMD crosslinked PEI membrane 

recorded using 128 scans, a recycle delay of 3 s, a contact time of 3 ms, and MAS frequency 

of 8 kHz; and 2D 1H-13C HETCOR DNP SENS spectrum of HMD crosslinked membrane 

acquired using 2048 scans per t1 increment, 96 individual increments, and a 0.2 ms contact 

time, and (b) 13C CP-MAS DNP SENS spectrum of GO spray coated on crosslinked 

membranes with 2D 1H-13C HETCOR DNP SENS spectrum. 

The low sensitivity of conventional solid state  NMR would require synthesizing a 15N-

labeling sample for an effective 15N NMR signal detection. The recently introduced 

dynamic nuclear polarization (DNP) approach offers very high sensitivity and substantially 
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reduces the experimental time without using isotopically enhanced samples. DNP surface 

enhanced NMR (DNP SENS) was studied to understand the interaction between the HMD 

crosslinked PEI membrane and the spray-coated GO dispersion. The 1H MAS DNP 

spectrum (Fig. A7.5) revealed a very good proton enhancement (εH = 81 and 66), where ε 

is the enhancement factor. This means that our sample could be effectively analyzed by 

DNP, without any undesired radical reactions.  Figure 7.10 illustrates the 15N CP-MAS 

DNP SENS spectra of the HMD-crosslinked membrane, and of the GO spray-coated one, 

impregnated with 16 × 10-3 M TEKPol in a TCE solution. It is clear from the spectra that 

the resonance peak at 168 ppm does not significantly change for both membranes, infering 

a tertiary nitrogen. On the other hand, the broad peaks observed at 134, 125 ppm for the 

HMD-crosslinked PEI membrane are attributed to the secondary nitrogen (N-H), i.e., 

related to the reaction between the pristine PEI and the crosslinker, HMD. Similar 

unresolved broad resonance signals at 134 and 125 ppm observed for the GO spray-coated 

membrane significantly explains the reaction occuring between the oxygen groups of GO 

and N-H groups of the HMD-crosslinked PEI membrane through secondary N-H bonding. 

The resonance signals observed at 85, 60 and 32 ppm for the HMD-crosslinked membranes 

is absent for GO spray-coated membrane, demonstrating that oxygen functional groups of 

GO react with the available primary NH2 of the HMD-crosslinked PEI membranes. 

Additionally, the downward shift in the signals can be attributed to the donation of the 

electrons pair of the N atoms in the HMD-crosslinked membrane [62].   
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Figure 7.10. Comparison of 15N CP-MAS DNP SENS spectra of HMD-crosslinked, and 

GO spray-coated on the crosslinked membranes, impregnated with 16 × 10-3 M TEKPol 

in a TCE solution. 

15N CP-MAS HETCOR was performed to confirm the interaction involving nitrogen and 

proton of the crosslinked membrane. Figure 7.11 shows the 15N CP-MAS DNP SENS 

spectrum of HMD-crosslinked PEI membrane  and GO spray-coated on crosslinked 

membranes with the corresponding 2D 1H-15N HETCOR DNP SENS spectrum. The 

resonance peak observed at 168 ppm in Figure 7.10 corresponds to a tertiary N atom, 

belonging to the PEI support. No correlation with any protons signal was observed in 

Figure 7.11. For the secondary N-H regions, two resonance signals appear at 134 and 125 

ppm for the HMD-crosslinked membrane, having a strong correlation with a proton signal 

at 6.5ppm. An upfield shift is observed for GO coated membrane at 132, 127, and 124 ppm 

indicating the interations. The first signal at 134 ppm is characteristic of the N-H bond in 
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the PEI support, whereas other two signals may be ascribed to hydrgogen bonding 

interactions. The two signals obtained for the crosslinked membrane at 60 and 32 ppm 

corresponds to NH2 groups, correlating with their protons at 6.5 ppm. The signal occuring 

at 60 ppm for a GO coated membrane completely diasppeared, clearly demonstrating the 

involvement of the available primary NH2 groups. Most interestingly, the upfield shift from 

32 to 27 ppm could be assigned to hydrogen bonding interactions. Therefore, the reactions 

involving primary NH2 groups and hydrogen bonding interactions are predominant for the 

strong adhesion between GO nanosheets and crosslinked membrane.     

  

(a)                                                                 (b)     

Figure 7.11. 15N CP-MAS DNP SENS spectrum of (a) HMD-crosslinked PEI support 

recorded using 5120 scans, a recycle delay of 3 s, a contact time of 4 ms, and a MAS 

frequency of 8 kHz with 2D 1H-15N HETCOR DNP SENS spectrum, and (b) GO spray-

coated on crosslinked supports. 
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7.3.3 Membrane performance 

The pure water permeances measured for the membranes are shown in Figure 7.12a. The 

pristine PEI hollow fiber membrane has a high water permeance of 179 L m-2 h-1 bar-1, 

which is due to the highly porous structure. The crosslinking of the PEI membrane support 

partially changed the pores characteristics, and the membranes still provide a high  pure 

water permeance of 135 L m-2 h-1 bar-1. When different loading volumes of the GO 

dispersion were spray-coated on the crosslinked membrane, the water permeance 

decreased, confirming an uniform coating, covering the large pores of the support. A water 

permeance of 40 L m-2 h-1 bar-1 was achieved for the GO spray-coated membrane with 2 

mL of GO loading. As the thickness of the GO membrane increased, the permeance further 

decreased, which can be attributed to the long transport path provided by the stacked GO 

flakes in the membrane. The GO coated membranes with 4 and 6 mL GO loading volumes 

had a water permeance of 26 and 12 L m-2 h-1 bar-1, respectively. 

The crosslinked membranes were stable in a variety of organic solvents as previously 

discussed. The pristine (uncrosslinked) PEI membranes were unstable in organic solvents 

and so modules were not made to test the solvent permeance. The acetone permeance 

measured for the crosslinked membranes exhibited a steep increase in permeance value of 

about 210 L m-2 h-1 bar-1, as shown in Figure 7.12 b. Acetone, being a less viscous solvent 

with high polarity, permeates at a faster rate through the pores of the crosslinked 

membranes. In general solvents which are less viscous with small kinetic diameter, small 

molar volume, and have higher affinity towards the thin selective layer permeate relatively 

fast through the membrane [24, 63]. On the other hand, the acetone permeance significantly 
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dropped to 24, 7, and 4 L m-2 h-1 bar-1 for the GO coated membranes prepared with  2, 4, 

and 6 mL GO loading volumes, respectively.  

In order to evaluate the performance in nanofiltration experiments, the rejection 

performance of the coated GO membranes were tested using RB as a model target 

molecule. The results are shown in Figure 7.12c. Acetone was used as a solvent for the 

rejection experiments. Three different GO coated membranes prepared with three distinct 

loading volumes of GO exhibited a rejection of 80, 84, and 91 %, corresponding to 2, 4, 

and 6 mL GO volumes, respectively. The GO coated membrane with the highest loading 

rejected  (91 %) RB, which has a  molecular weight of 973 g/mol. The rejection can be 

atrributed to the size sieving mechanism of GO membranes. Additionally, electrostatic 

repulsion between the organic dye and the negatively charged surface can also contribute 

to the rejection process. Figure 7.13 shows the UV-vis absorbance spectra of RB feed 

solution. The results of this work reveal that this newly developed spray-coated GO 

membranes can be effective for removing size- and charge-specific molecules with high 

solvent permeance. The process is facile and scalable.   
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(a)                                       (b)                                             (c) 

Figure 7.12. (a) Pure water permeance, (b) acetone permeance, and (c) RB rejection 

measurements of pristine PEI membrane, HMD-crosslinked PEI membrane and 2, 4 and 6 

mL GO spray-coated crosslinked PEI membranes.  

 

(a)                                            (b)                                                (c) 

Figure 7.13. RB rejection of HMD-crosslinked PEI supports spray-coated with (a) 2, (b) 4 

and (c) 6 mL GO dispersion volumes. Insets are the photographs of RB feed and permeate 

solutions.    
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7.4 Conclusion 

PEI hollow fiber membranes with enhanced nanofiltration separation performance in 

acetone have been fabricated by depositing GO aqueous dispersions applied via a scalable 

spray-coating technique. HMD was used as a crosslinker at room temperature for the pre-

manufactured PEI asymmetric porous membranes. The covalent bonding between the 

amine groups of HMD and imide groups of PEI rendered the stability in organic solvents. 

The crosslinked membranes were stable in a variety of polar and non-polar solvents. GO 

dispersions with different loading volumes were spray-coated using an air brush. The 

chemical bonds providing the strong adhesion and interaction between the spray-coated 

GO and the available reactive sites of the crosslinked membranes were investigated by 

solid state NMR spectroscopy. As a result, the thin GO coating could reject over 90 % of 

RB in acetone. The promising method of GO membranes by spray-coating on hollow fibers 

is the first of its kind and would be useful for the membrane application in chemical, 

petrochemical, pharmaceutical and food industries.    
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APPENDIX 7 

 

Spray coated graphene oxide hollow fiber membranes for organic solvent 

nanofiltration 

 

A7.1 Characterization Results 

  

(a) UltemTM-Polyetherimide 

 

 
(b) Hexamethylene diamine 

 

 

(c) Graphene Oxide 

Scheme A7.1. The chemical structure of (a) Polyetherimide (UltemTM), (b) Hexamethylene 

diamine, and (c) Graphene Oxide. 
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Table A7.1. Spinning parameter/condition of asymmetric PEI hollow fiber membrane  

Spinning parameter Spinning condition 

Dope composition (wt. %) 

Bore fluid composition 

PEI Ultem™/DEG/NMP  

NMP: Water (95:5) 

External coagulant  

Dope flow rate (ml/min) 

Water 

6 

Bore fluid flow rate (ml/min) 6 

Air gap distance (cm) 1 

Take-up speed (m/min) 12 

 

 

a b

 

c 

d e f 
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Fig. A7.1. Representative SEM surface morphologies of GO spray coated onto HMD 

crosslinked PEI membrane support with 2 mL (a, b, c), 4 mL (d, e, f) and 6 mL (g, h, i) 

loading volumes of GO showing at different scale bars.    

 

 

 

 

 

 

 

 

 

 

Scheme A7.2. The possible mechanism between Polyetherimide (UltemTM) and 

hexamethylene diamine forming covalent crosslinking.  
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Fig. A7.2. XPS spectra of (a) C 1s, (b) O 1s and (c) N 1s of pristine PEI hollow fiber 

membrane support. 

 

b a 

c 
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Fig. A7.3. EDXA elemental distribution of elements such as carbon (violet), oxygen 

(green) and nitrogen (pink) respectively for pristine PEI membranes (a, b, c, d), HMD 

crosslinked PEI membrane (e, f, g, h) and GO (2 mL) spray coated (i, j, k, l) on HMD 

crosslinked PEI membrane support.   
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Fig. A7.4. 1H proton spectra of (a) HMD crosslinked PEI membrane, and (b) GO spray 

coated on a crosslinked membrane. 

 

     

Fig. A7.5. 1H MAS DNP SENS spectra of (a) HMD crosslinked PEI membrane 

impregnated with 16 mM TEKPol in a TCE solution acquired using 8 or 128 scans, a 

recycle delay of 3 s, a contact time of 3 ms and a MAS frequency of 8 kHz, and (b) GO 

spray coated on a crosslinked membrane.  

Proton Chemical Shift  (ppm) Proton Chemical Shift  (ppm)

μwave off

μwave on
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1H Chemical shift / ppm Proton Chemical shift (ppm)
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CHAPTER 8 

 

CONCLUSION AND FUTURE WORKS 

 

8.1 General Conclusion 

This thesis overall focused on the fabrication and development of graphene oxide-based 

membranes for liquid separations such as ultrafiltration and nanofiltration, in aqueous and 

solvent medium, as flat-sheets and hollow fibers. We demonstrated various approaches 

employing simple and scalable strategies to improve the performance and address stability 

issues. The approaches included GO as nanofiller (Chapter 3), GO liquid crystals (Chapter 

4), sub-5 nm silica nanoparticles placed between GO layers (Chapter 5), ethylenediamine 

crosslinking (Chapter 6), GO spray-coating (Chapter 7). From the results, we further 

validated that GO is a versatile membrane material, especially for liquid-based 

applications, involving various organic and inorganic solute molecules and different 

operating conditions.  

 

8.2 Major Findings 

8.2.1 Polyethersulfone/Graphene Oxide Ultrafiltration Membranes from Solutions in 

Ionic Liquid 

In chapter 3, we report PES/GO composite ultrafiltration membranes with performance 

above the trade-off curve over other PES membranes. GO sheets were added as nanofillers 

in polyethersulfone matrix at various concentrations (0-2 wt. % relative to polymer 

concentration). The composite membranes were prepared by dispersing GO from solutions 
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in 50/50 1-ethyl-3-methylimidazolium-diethyl phosphate/ N, N-dimethyl formamide. The 

water permeance enhanced from 550 to 800 L m-2 h-1 bar-1, with the incorporation of 1 wt. 

% GO, keeping a molecular weight cutoff (MWCO) of 32 kg mol-1. The ultrathin selective 

layer makes the modified membrane more hydrophilic, leading to higher water permeance 

as the GO concentration increases. Additionally, the GO sheets reinforced the polymer 

matrix, improving the mechanical properties of the modified membranes, when compared 

to pristine membranes. We observed substantial rejection performance for humic acid and 

BSA protein with the incorporation of GO sheets in PES.  Finally, considering the BSA 

selectivity as compared with other PES membranes reported in the literature, the GO/PES 

membranes have high separation factors, and permeance at least as high as the best values 

reported for the range of 30 kg mol-1 MWCO. The performance of the GO/PES membranes 

is just above the trade-off curve reported in the literature for PES and polysulfone 

membranes.  

 

8.2.2 Graphene Oxide Liquid Crystal Membranes in Protic Ionic Liquid for 

Nanofiltration 

In chapter 4, we report membranes with a thin, ordered, continuous, GO selective layer by 

a simple casting technique. For the first time, we demonstrate that GO can form lyotropic 

liquid crystalline nematic phase dispersions in protic ionic liquid, employing EAN as a 

solvent and fabricating membranes for nanofiltration. The observed liquid crystals were 

confirmed by polarized optical microscopy and rheology measurements. We showed the 

well-balanced electrostatic interaction between ionic liquid and GO, which promotes and 

stabilizes the alignment of GO nanosheets even when concentrations as low as 9 mg GO 
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/mL are used. The optimized concentration provided the ideal rheology for the dispersion 

casting and membrane preparation. Membranes prepared by phase inversion process with 

GO layers as thick as 1 micrometer exhibited a high water permeance of 37 L m-2 h-1 bar-1 

and 99.9 % rejection of organic molecular dyes with molecular weight 697 g/mol. 

Exploiting ionic liquids as alternative solvents to form GO liquid crystals affords a simple 

strategy to obtain high-performance nanofiltration membranes. 

 

8.2.3 2D-Dual-Spacing Channel Membranes for High Performance Organic Solvent 

Nanofiltration  

In chapter 5, we demonstrate a new strategy to design alternating dual-spacing channel 

graphene oxide (GO) membranes, with locally tailored chemical microenvironment for 

organic solvent nanofiltration with a 10-fold increase in water permeance. Here, GO 

interlayers were in-situ intercalated and crosslinked employing sub-5 nm silica 

nanoparticles widening the nanochannels to enhance the solvent permeance. 

Simultaneously, the π-π interactions between the GO sheets keep part of the channels 

narrow and hydrophobic, promoting a high solute rejection. The developed intercalated 

GO membranes overcome the well-known permeance-rejection trade-off for nano- and 

ultrafiltration. High methanol permeance of 290 L m-2 h-1 bar-1, while rejecting solute 

molecules larger than 1.5 nm could be attractive for molecular separations. Our new 

approach of creating hierarchical channels in 2D lamellar membranes opens a door for the 

development of highly efficient membranes and other applications, such as adsorption, 

drug delivery, and catalysis. 
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8.2.4 Stable Graphene Oxide Crosslinked Membranes for Organic Solvent 

Nanofiltration 

In chapter 6, we demonstrate stable GO membranes to address the issue of swelling and 

disintegration of membranes in aqueous and non-aqueous environments. Here, we report 

stable ethylenediamine-crosslinked GO membranes, which can efficiently permeate water 

and organic solvents and filter organic solutions of molecular dyes. The enlarged interlayer 

d-spacing between the GO sheets enhanced the solvent permeance, while the crosslinked 

diamine monomer between nanosheets prevented the sheets from swelling and 

disintegrating. The combination of stability, high performance, and simplicity of 

fabrication are advantageous for applications involving aqueous and non-aqueous 

industrial separations.  

 

8.2.5 Spray-Coated Graphene Oxide Hollow Fiber Membranes for Organic Solvent 

Nanofiltration 

In chapter 7, we demonstrate a facile, scalable, low-cost fabrication method, especially for 

hollow fiber composite membranes with thin selective layers of GO. Herein, we report GO 

sheets coated on a crosslinked hollow fiber membranes support using spray-coating. Prior 

to the GO coating, we fabricated polyetherimide hollow fiber membranes and crosslinked 

with hexamethylene diamine, which have a strong tolerance to various organic solvents, 

favoring stability and good organic solvent nanofiltration performance. This simple 

method offers excellent opportunities in using GO hollow fiber membranes for organic 

solvent nanofiltration. The interaction between spray-coated GO and crosslinked hollow 

fiber membrane was discussed in detail from NMR spectroscopy. 
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8.3 Recommendations for Future Work 

GO-based membranes in recent times have proven to be an excellent two-dimensional 

material for pressure-driven applications demonstrating ultra-high permeation properties 

and high-selective transport of water, gas, and other solute molecules in water treatment 

and gas separation. However, the ultra-fast transport of aqueous and non-aqueous solvents 

across GO-based membranes need further clarity in addressing some of the inconsistent 

results reported in several research findings. The recommendations that can be carried out 

in the future to address the membrane performance in relevance to fabrication, transport 

and separation mechanism, stability, scalability, and other practical issues are as follows: 

 

8.3.1 Fabrication of GO-based membranes   

There are various fabrication methods reported to obtain thin GO-based membranes. 

However, each membrane fabrication process produces laminates of GO with different 

microstructures, which is far from the ideal laminar structure. Additionally, micro defects 

and imperfect assembly of sheets during the fabrication process still exist, affecting the 

selectivity of membranes compromising the overall performance. The focus shall be shifted 

to the membrane fabrication process in controlling the microstructure of membranes, which 

will address these shortcomings. There is ample opportunity to produce membranes 

without micro defects that can guarantee leak-free membranes.   

 

8.3.2 Transport and Separation Mechanism of GO-based membranes   

The interlayer distance, micro defects or holes, and oxygen groups are considered to be 

crucial in determining the molecular transport properties. Many efforts shall be on precise 
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control of interlayer channels that facilitate the ultra-fast transport of aqueous and non-

aqueous solvents. Proposing more specific and accurate models in studying the transport 

theory and sieving mechanism with the assistance of simulation studies can be beneficial 

and supportive in addressing the inconsistent results.     

 

8.3.3 Stability of GO-based membranes   

The long-term stability of GO membranes in an aqueous environment is a concern affecting 

the microstructure and physicochemical properties and use of membranes for practical 

applications. Crosslinking strategy was reported to address the disintegration of 

membranes. However, long-term use of the crosslinked membranes in the industrial 

environment should be performed and compared with state-of-the-art membranes. 

Subjecting the GO-based membranes to cross-flow filtration during operations should be 

considered.   

 

8.3.4 Scalability of GO-based membranes   

Nanoporous graphene, with its one atom thickness, promises extraordinary performance, 

however realizing in large scale production is an area of concern. The scalability of GO 

membranes still remains elusive for practical applications. Similarly, for fabricating large-

scale GO-based laminated membranes, novel physical and chemical routes, cost-effective 

fabrication processes, low-cost precursors, producing reliable modules, performance 

evaluation compared with state-of-the-art membranes shall be a way of approach.  
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8.3.5 Other Practical Issues for GO-based membranes   

GO membranes are considered to be one of the classes of next-generation membranes for 

liquid separations. Its relevance in desalination should be more critically discussed. The 

inconsistency of different experimental results reported in literature should be taken on a 

serious note, which demotivates industries to adopt the technology. Real-life comparisons 

should be reported in the literature to overcome the technical challenges and difficulties 

rather than focusing on its extraordinary permeation and separation properties. This shall 

allow addressing the issues and improving the overall performance. 
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