
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright 

Jiarui Xu 

2016-04-24 

 

 

 





 

 

ii 

 

ABSTRACT 

Ultrathin and Tunable Graphene Oxide Membranes for 

Pressure Driven Water Filtration 

by 

Jiarui Xu 

 

The emerging 2D material, graphene oxide (GO), provides an ideal building block 

for many thin film applications, including water treatment membranes. The idea that a 

membrane can be built from layers of GO with tunable interlayer spacing is especially 

attractive for separating contaminants of different sizes from water. In this work, ultrathin 

GO membranes (50 nm) were fabricated using a simple filtration protocol with diamines 

as crosslinkers between GO sheets to control the interlayer distance and stabilize the 

membrane structure in water. XRD confirmed that crosslinked GO (cGO) membrane has 

smaller interlayer spacing expansion (from 7.83 Å to 10.6 Å), compared with non-

crosslinked GO (nGO) membrane (from 7.20 Å to 13.3 Å). The water permeance of all 

cGO membranes were about 60% of nGO membranes. The salt rejection of nGO 

membranes followed R(Na2SO4) > R(NaCl) ≈ R(MgSO4) >R(MgCl2), which agrees with 

Donnan exclusion theory. After crosslinking, NaCl and Na2SO4 didn’t change 

significantly, but MgCl2 and MgSO4 rejection dramatically increased, which reveals size 

exclusion has some effect on salt rejection because of the decreasing interlayer distance. 
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Chapter 1 

Introduction and Objectives 

Membrane technology has many advantages compared with conventional water 

treatment technologies, and it is becoming the most important and promising way to 

solve the water crisis nowadays. However membranes still have some major limitations 

during the application, such as permeability and rejection paradox [1, 2], membrane 

fouling [3, 4], poor chemical resistance of polymeric membranes [5, 6] and inadequate 

selectivity [7]. The emerging 2D material, graphene oxide (GO), may provide another 

solution for the water treatment membranes limitations. GO membranes allows 

unimpeded permeation of water vapor while blocks other molecules, and this high water 

permeability may result from a low-friction monolayer of water molecules through the 

2D nano-capillaries between GO sheets. GO also has outstanding bacterial inactivation 

ability and can successfully alleviate membrane fouling [8-10]. Because the bottleneck of 

solute transport in GO membranes is the passage through interlayer space [11, 12], 

manipulating the interlayer spacing can enhance the selectivity and achieve more precise 
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sieving. However, the hydration of GO in water makes it more challenging to control the 

interlayer spacing to subnanometer range than to enlarge it [13-15], and applying GO 

membranes in pressure driven water filtration system remain big issues for their realistic 

application. In addition, the transport mechanism in GO membranes, especially salt ions, 

is still unclear. Both Donnan exclusion and size exclusion are used to explain ions and 

neutral molecule rejection for GO membranes, but the dominant mechanism has not been 

investigated when decreasing interlayer spacing to subnanometer range. Also the stability 

of GO membranes in pressurized filtration system needs to be improved.  

This research aims at exploring the effect of interlayer spacing on salt and organic 

rejection by GO membranes and exploring the transport mechanism by the pressure 

driven water filtration test. Ultrathin GO membranes can be also developed to minimize 

the resistance effect. 
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Chapter 2 

Literature Review 

2.1. Water Treatment Membranes 

As the population and industrialization in many parts of the world increase, the 

demand for fresh water supply is increasing but the availability of fresh water is 

diminishing. It was estimated by the World  Council that, 3.9 billion people will live in 

“water scarce” regions by 2030 [16]. Moreover, water quality is another challenge around 

the world. According to the World Health Organization, 663 million people lack access 

to improved drinking water and 2.4 billion lack improved sanitation facilities[17, 

18]. Approximately 2.2 million people die from diarrheal related disease every year, 

which is mostly caused by waterborne infections [19]. Therefore, adequate protection of 

existing fresh water resources is required, and new water resources are supposed to be 

explored in order to meet the world's growing demand for drinking water, which requires 

effective and cost-efficient treatment technology. 

http://www.chemspider.com/Chemical-Structure.937.html
http://www.chemspider.com/Chemical-Structure.937.html
http://www.chemspider.com/Chemical-Structure.937.html
http://www.chemspider.com/Chemical-Structure.937.html
http://www.chemspider.com/Chemical-Structure.937.html
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Considering the possible solutions for the globally scarcity of water resources, 

membranes might be the most important and promising technology. Membranes have the 

advantages of selective separation, purification without chemical additives and simple 

operational requirement, and have been widely applied to drinking water and wastewater 

treatment [20, 21]. However, membrane technologies still have several major limitations 

during the application, such as trade-off between permeability and salt rejection of 

polymeric membranes [1, 2], membrane fouling [3, 4], poor chemical resistance [5, 6] 

and inadequate selectivity [7]. 

2.1.1.1. Permeability and rejection paradox 

Figure 1 [1] shows the paradox between water permeability and salt rejection of 

desalination membranes: desalination membranes that are more permeable to water have 

higher NaCl passage, i.e., lower rejection. Other polymeric membranes, such as 

microfiltration (MF) and ultrafiltration (UF) membranes, all follow this trade-off between 

permeability and rejection [22]. This limitation precludes the possibility to synthesize 

polymeric membranes with both high permeability and selectivity. 
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Figure 1 Correlation between water permeance and NaCl passage of commercial 

desalination membranes [1] 

2.1.1.2. Membrane fouling 

Membrane fouling is another important obstacle in application of water treatment 

membranes, which leads to shortened membrane lifetime and increased operating costs. 

Pretreatment can remove most foulants, but the remaining foulants can still cause severe 

fouling after long-time operation [4]. Common disinfectants, such as chlorine, are often 

used for membrane cleaning and fouling control, but polymeric membranes, such as  are 

sensitive to the oxidation by these chemicals [3]. 

2.1.1.3. Inadequate selectivity  

An important characteristics of polymeric membranes is the broad pore size 

distributions resulting from the synthesis protocol [23], which may limit their application 

in precise sieving of chemicals. Even for reverse osmosis (RO) membranes, which are 
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considered as non-porous, the selectivity of hydrated ions is determined by diffusivity 

and charge [24]. This results in incomplete rejection of small neutral solutes [7] and 

impedes its application for precise sieving [25]. 

Nair et al[11] found that GO membranes had the unimpeded permeation of water 

and absolute rejection of other molecules. This provided a promising way to break 

through the barrier of permeability and rejection trade-off, and finally achieve 

membranes with both high permeability and rejection. GO also has outstanding bacterial 

inactivation ability which may result from charge transfer and formation of reactive 

oxygen species, and extraction of lipid from the cell membrane [8]. Addition of a small 

amount of GO (0.5 wt % and 1 wt %) in the fabrication of membrane can achieve 

outstanding anti-fouling capability [9, 10].  However, GO has well defined interlayer 

distance which makes it best candidate for ionic and molecular sieving [25]. Combined 

with other advantages of high chemical stability and strong hydrophilicity [26, 27], GO 

membranes will be the ideal substitute for the conventional water treatment membranes. 

2.2. Graphene and Graphene Oxide 

As a novel material with many promising applications, graphene has attracted a 

lot attention in the past decade. In 2004, Novoselov and Geim obtained graphene [28] and 

other free-standing 2D atomic crystals [29] using a simple scotch tape method. Graphene 

has many unusual properties, such as high optical absorptivity (opacity =2.3%) [30], high 

thermal conductivity (25 times that of silicon) [31], superior electrical conductivity 

(~3.2×104 S/m) [32], and high mechanical strength (breaking strength = 42 N/m) [33], 

which highly desirable in a variety of important applications, from electronics to energy 
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storage. The structure of graphene is shown in Figure 2 [34]. The sp2 hybridization gives 

each carbon atom three identified σ orbitals and the fourth electron in its outer shell 

occupies a π orbital. The three σ orbitals link other carbon atoms to form a single-atom-

thick honeycomb lattice. Usually, graphene of less than 10 layers can be considered 2D 

graphene [35].  

 

Figure 2 Chemical structure of graphene [34] 

The most common techniques to synthesize graphene are summarized in Table 1 

[28, 35, 36]. Mechanical exfoliation was the first method used to obtain single layer 

graphene, which has advantage of simple and low-cost. However, it’s hard to duplicate 

similar structure because of the defects and low purity, and this method can only produce 

small graphene sheets, which limits it to laboratory scale [28]. Chemical vapor deposition 

and epitaxial growth can synthesize high purity graphene without defects, but the cost is 

still high [36]. 
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Table 1 Comparison of graphene synthesis techniques 

Techniques Cost Purity 

Transfer 

to other 

substrate

s 

Defect Scale 

Mechanical 

exfoliation 

(Scotch tape) 

low low yes yes small 

Chemical 

vapor 

deposition 

high high yes no large 

Epitaxial 

growth 
high high no no large 

 

Considering the challenges in graphene synthesis, GO may be a good substitute in 

applications where the changes in electric and thermal conductivity caused by the 

oxidation of graphene are not critical. GO maintains the 2D atomic crystal structure of 

graphene, but can be fabricated at relatively low cost and large scale.  

GO is synthesized from graphite by chemical oxidation and could be further 

reduced to reduced GO (rGO), which can be comparable to graphene. As shown in Figure 

3 [37], graphite (black blocks) is firstly oxidized to graphite oxide (lighter colored 

blocks), then graphite oxide is exfoliated in water by sonication or stirring to obtain GO 

(negatively charged lighter color blocks), finally GO colloids are reduced to graphene 

(negatively charged black blocks).  
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Figure 3 Schematic of chemical route to the synthesis of aqueous graphene dispersions 

[37] 

Although the accurate structure of GO is still under debate [38-41], a widely 

accepted structure of GO is shown in Figure 4 [42].  Oxygen functional groups resulting 

from the oxidation process are located both on the GO basal plane and the sheet edges. It 

is typically assumed that epoxy and hydroxyl groups are located on the basal plane, while 

carboxyl groups are located on the sheet edges [42]. Ionization of the carboxyl groups 

gives GO large number of negative charges and hence strong electrostatic repulsion 

between GO sheets, which keeps aqueous GO suspension a stable colloidal suspension 

[43]. 

 

Figure 4 Structural model of GO [42] 
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2.3. GO Membranes for Water Separation 

Like graphene, single layer GO is also impermeable to all molecules including 

helium [44, 45], the nanochannels between multiple GO sheets could be used for ionic 

and molecular sieving which only allow small molecules transport through the 

nanochannels [25]. Nair et al[11] found the interlayer spacing (1 nm) between GO sheets 

allows unimpeded permeation of water vapor while blocks other molecules. The high 

permeability for water was hypothesized to result from a low-friction flow (blue dash 

lines) of a monolayer of water molecules through the 2D capillaries formed between GO 

sheets (yellow sheets), which are small enough to block other molecules (Figure 5 (a)). 

This unimpeded permeation is also very sensitive to the interlayer spacing, which is 

blocked when the interlayer spacing falls below 0.7 nm. Boukhvalov et al [12] proposed 

an atomistic model of water permeation through GO membranes as shown in Figure 5 

(b). In this model, water molecules tend to migrate on the pristine hydrophobic surface 

(green) rather than interact with the hydrophilic oxidized region (red) of GO, resulting in 

fast mass transport similar to that observed in carbon nanotubes [46]. In a word, the 

network of nano-capillary formed between the GO sheets are the main transport pathway 

of water and solutes, and the size of these nano-capillary is a key factor determining the 

separation function. Table 2 summarized some recent development on interlayer spacing 

control of GO membranes.  



 

11 

 

 

(a) 

 

(b) 

Figure 5 (a) Schematic[11] and (b) atomistic model of water permeation through 

the GO membranes [12] 
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 Table 2 Summary of recent GO membranes 

  

 

 

 

 

   

 

 

 

 

  

Fabrication 

method 

Membrane 

composite 

Membrane 

classification 

Thicknes

s (nm) 

Pressure for 

permeability 

measurement 

(bar) 

Permeability 

(LMH/bar) 

Rejection 

(%) 

Filtration 

assisted self-

assembly with 

no 

crosslinking 

CNT-

GO*[47] 
NF 50 5 11.3 

Methyl 

orange 96%; 

Na2SO4 

83.5%; 

NaCl 51.4% 

CHN-GO* 

[48] 
UF 1850 1 695 

Evans blue 

83% 

[Fe(CN)6]3- 

36% 

rGO [47] NF 40 5 4.76 Na2SO4 95% 

rGO [49] NF 34 5 3.26 

Methyl blue 

99.8% 

Na2SO4 60% 

MgCl2 20% 

LbL assembly 

PAH-GO* 

[50] 
FO 165 - 5.8 - 

PEI-GO* 

[51] 
NF - 5 0.9 

Methyl 

orange 

87.6% 

Methyl blue 

99.3% 

MgSO4 

84.1% 
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NaCl 37.8% 

Filtration 

assisted self-

assembly with 

crosslinking 

cGO [52] NF 27 3.4 27.6 

Methylene 

blue 66% 

NaCl 19% 

Na2SO4 46% 

cGO [14] PV 438.5 - - - 

cGO [15] U-tube Test 17100 - - 
Selectivity of 

K+/Mg2+ 6.1 

*CNT-G: CNT-intercalated graphene 

 CHN-GO: Copper hydroxide nanostrand -channeled GO 

 PAH-GO: Poly (allylamine hydrochloride)-GO bilayer 

 PEI-GO: Poly (ethyleneimine)-modified GO 

 

2.3.1.1. Filtration assisted self-assembly with no crosslinking 

Nanomaterials like carbon nanotubes (CNTs) [47] and copper hydroxide 

nanostrands (CHNs) [53] were used to form nanochannels between GO sheets, because 

the sizes of these nanochannels can be determined by CNTs and CHNs, and they are 

classified as nanofiltration (NF) and UF respectively. The average interlayer spacing of 

randomly stacked graphene layers was 0.355 nm in air [54], reduction of GO to rGO was 

another way to control the interlayer distance. Han et al. [47, 49] fabricated ultrathin rGO 

membranes by vacuum filtration, the permeability of rGO membranes were about 4 

LMH/bar, but the Na2SO4 rejection varied from 60% to 95%. However, the self-

assembled GO film is unstable in the presence of water. Nair et al [11] pointed out that 

the interlayer space changed along with humidity. Several other researches also 
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demonstrated the expansion of GO spacing in aqueous solution [13-15], probably limited 

its application as subnanometer membranes. In addition, GO membranes could 

disintegrate in water, because of its high hydrophilicity and the electrostatic repulsion of 

inherent negative charge [55, 56].  

2.3.1.2. Layer-by-layer assembly 

In order to solve disintegration problems, crosslinker could be used to enhance 

stability of GO membranes and control the interlayer space which is comparable to the 

pore size of polymer membranes. Because GO sheets are negatively charged [57], 

polyelectrolytes can connect GO sheets by electrostatic force to control interlayer 

distance to nanometers. Layer-by-layer (Lbl) assembly is the most common synthesis 

method for this approach. Positively charged polyelectrolytes, such as Poly (allylamine 

hydrochloride) (PAH) [50] and Poly (ethyleneimine) (PEI) [51], were utilized to 

interconnect negatively charged GO sheets. Although different size polyelectrolytes were 

intentionally chosen to make GO membranes tunable for various separation applications, 

the orientations of polyelectrolytes may vary between each synthesis process which 

makes it difficult to precisely control the interlayer distance to subnanometer. 

2.3.1.3. Filtration assisted self-assembly with crosslinking 

Compared to long chain polyelectrolytes which rely on charge interaction and 

have uncertain orientation, small-sized crosslinker provide a more precise and stable way 

to connect GO sheets by covalently bonding with oxygen groups on GO sheets. Hu and 

Mi [52] used 1,3,5-benzenetricarbonyl trichloride (TMC) as crosslinker to react with 

carboxyl groups on GO sheets and synthesized crosslinked GO (cGO) membranes. Their 
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cGO membranes demonstrated relatively low rejection (6−46%) of monovalent and 

divalent salts and moderate rejection (46−66%) of Methylene blue. They proposed 

solutes (salt and organic molecules) were mainly rejected by size exclusion and charge 

effects. In order to explore the effect of interlayer distance on GO membranes 

performance, different sizes of crosslinkers were used to successfully control the 

interlayer distances. Hung et al. [14] noted that different size diamines could adjust the 

interlayer distance from 9.1 Å to 10.1 Å, and Jia et al. [15] also prepared cGO 

membranes with adjustable interlayer spacing (from 6.99 Å to 7.54 Å) by using 

dicarboxylic acids as crosslinkers. However, Hung et al. only tested these cGO 

membranes for water/ethanol Pervaporation, and Jia et al. only tested the ions penetration 

in U-tube. They didn’t test cGO membranes with pressurized filtration, which were the 

main realistic application for subnanometer pores membranes. Hung et al. also illustrated 

that membrane thickness greatly affected the permeability performance of cGO 

membranes because of the increased mass transfer resistance. Their membrane thickness 

varied from 438.5 nm to 17.1 µm, so the difference of permeability performance of cGO 

membranes may result from different thickness. In order to better understand the water 

transport mechanism in GO membranes, ultra-thin GO membranes (50 nm) with different 

interlayer distance should be developed and tested under pressurized filtration.  

Nowadays, the transport mechanism in GO membranes, especially salt ions, is 

still unclear, and the stability of GO membranes in pressurized filtration system needs to 

be improved. In this research, diamines of different sizes were used as crosslinkers to 

control the interlayer spacing in subnanometer range and to prevent GO membrane 

expansion in water. The GO membranes were thoroughly characterized for their structure 
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and pressurized filtration performance. The GO membranes showed comparable salt 

rejection as existing NF membranes and very high rejection for model organic dyes. The 

rejection of small salt ions (Na+, Cl-, and SO4
2-) was  mainly due to Donnan exclusion, 

but rejection of the organic dyes was achieved through size exclusion. Crosslinking also 

reduces the interlayer spacing of GO membranes, and therefore increases the rejection of 

large ions (Mg2+) and the organic dyes.  
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Chapter 3 

Materials and Methods 

3.1. Materials 

Graphite powder (particle size <20 µm, synthetic), H2SO4 (ACS reagent, 95.0-

98.0 %), KMnO4 (ACS reagent, ≥99.0%), Ethylenediamine (ReagentPlus®, ≥99%), 1,4-

diaminobutane (99%), 1,8-diaminooctane (98%) and methyl blue were purchased from 

Sigma-Aldrich, St. Louis, MO. NaNO3 (ReagentPlus®, ≥99.0%) and methyl orange 

(certified ACS) were obtained from Fisher Scientific, Pittsburgh, PA . H2O2 (≥ 30.0 %) 

was purchased from EMD chemicals Inc., Darmstadt, Germany. NaCl (ACS reagent, ≥

99%), Na2SO4 (GR ACS, ≥99%), MgCl2 (GR ACS, ≥99%) and MgSO4 (ACS reagent, ≥

99%) were purchased from J.T.Baker, Centrer Vally, PA. Ultrapure water was generated 

by an E-Pure system (Barnstead, Batavia, IL). Filter paper was purchased from Whatman 
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International Ltd, Maidstone, England. HT Tuffryn® polysulfone (0.2 µm) base 

membranes were provided by Pall Corporation, Port Washington, NY. 

3.2. Methodology 

Pristine GO films (pGO) were synthesized using the modified Hummers method, 

and cGO membranes were fabricated by a four-step synthesis protocol. X-Ray diffraction 

(XRD), Scanning electron microscope (SEM), Atomic force microscopy (AFM), X-ray 

photoelectron spectroscopy (XPS), and Attenuated total reflection-Fourier transform 

infrared spectroscopy (ATR-FTIR) were used to characterize the properties of pGO and 

GO membranes. Pressure Driven filtration experiments were conducted in a bench scale 

dead-end filtration system. . The water permeability and rejection of salt ions of different 

charge/size as well as organic dyes of different molecular weight were assessed to 

explore the water and solute transport mechanism in GO membranes. 

3.2.1. Synthesis and characterization of GO 

3.2.1.1. Synthesis of GO 

GO was synthesized from graphite using the modified Hummers method [58]. 3 g 

of graphite and 1.5 g of NaNO3 was added into 75 mL of concentrated H2SO4. The 

mixture was cooled down to 4 ˚C in an ice bath and stirred for 2 h. Then, 9 g of KMnO4 

was added slowly while temperature was maintained at 4 ˚C and continuously stirred 

overnight. After the cooling bath was removed, 100 mL of DI water was added and 

continuously stirred for another 2 h at 90 ˚C on a hotplate stirrer. Then, 300 mL of DI 

water was added and continuously stirred overnight at 90 ˚C. In order to end the reaction, 
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30 ml of 30% H2O2 and 3 L of hot water were added and diluted the mixture. Next, the 

mixture was washed by DI water for three times to reach a pH of 5. During each wash, 1 

L of DI water was added into the mixture and this new mixture was filtrated through 8 

µm filter paper (Whatman International Ltd, Maidstone, England). The residue on the 

filter was dispersed in DI water, and sonicated in sonication bath for 2 h to exfoliate 

graphite oxide. The dispersion was centrifuged at 4000 rpm (Thermo Scientific, 

Waltham, MA) for 15 min to remove unoxidized graphite and unexfoilated graphite 

oxide. Finally, the supernatant was filtrated through 0.22 µm membranes (EMD 

Millipore, Billerica, MA) and the residue on the membrane was dried at 40˚C and 

collected as pGO. 

3.2.1.2. Characterization of GO 

Characterization of pGO included XRD, SEM, AFM, XPS, and ATR-FTIR. 

 XRD 

XRD was used to characterize the interlayer spacing of pGO. pGO samples for 

XRD analyses were stored in a 40°C Isotemp® oven for 12 h (Fisher Scientific, 

Pittsburgh, PA) before analysis. XRD was carried out by using a Rigaku Ultima II 

vertical -  diffractometer (Rigaku Americas, The Woodlands, TX) with Cu Kα 

radiation (λ = 0.15418 nm) and Bragg-Brentano parafocusing optics. The diffraction data 

was recorded for 2θ angles between 5° and 50°. The interlayer distances (d) of pGO 

sheets were calculated using Bragg’s law [59] shown in Eq. (1): 

𝑑 = 𝜆 2𝑠𝑖𝑛𝜃⁄         (1) 
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Here, d is the interlayer spacing, λ is the wavelength of incident X-ray (0.15418 

nm), and θ is the scattering angle. 

 AFM 

AFM is able to measure the sizes of individual pGO sheets and morphology of 

GO membranes. 10 mg/L pGO suspension was prepared by adding 10 mg pGO into 1 L 

DI water followed by 30 min sonication in sonication bath. Then 20 µL of 10 mg/L pGO 

suspension was added onto a freshly cleaved mica surface (D = 9.9 mm, Ted Pella, 

Redding, CA). Then the samples were put into clean and covered Petri dishes, and dried 

at ambient temperature for 2 h. The samples were then scanned in tapping mode with a 

MultiMode AFM (Veeco, Santa Barbara, CA) using a silica AFM tip (CT300 

Nanoscience Instruments Inc, AZ). All AFM images were viewed and processed using 

the NanoScope Analysis™ software.  

 XPS 

The surface chemical functionality of the pGO was characterized using XPS. The 

pGO samples were dried and stored in the oven at 40°C before analysis. XPS analyses 

were performed using a PHI Quantera SXM Scanning X-ray Microprobe (PHI Quantera, 

Chanhassen, MN) with a 100W Al cathode (hν = 1486.6 eV) as the X-ray source. Pass 

energy was set at 140 eV for survey scans and 26.00 eV for elemental scans. The atomic 

ratio of different elements were quantified based on the areas of corresponding peaks, and 
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the different oxygen functional groups were quantified by peak deconvolution using the 

Multipak™ software. 

 ATR-FTIR 

ATR-FTIR analyses were also performed to characterize the chemical functional 

groups on GO sheets. The samples of pGO were dried and stored in 40°C oven before 

analysis. FTIR analyses were carried out using a Nicolet Nexus 470 FTIR spectrometer 

(Thermo Nicolet, Madison, WI) equipped with an ATR element and the OMNIC™ 

software. Each scan covered wavenumbers from 500 to 4000 cm-1 and 64 measurements 

were carried out on each sample with 4 cm-1 resolution. Background subtraction and 

baseline adjustment were carried out on each measurement. 

3.2.2. Fabrication and characterization of GO membranes 

3.2.2.1. Fabrication of GO membranes 

Crosslinked and non-crosslinked GO membranes were fabricated by filtering GO 

suspensions with and without crosslinkers onto the base MF membrane. Three diamine 

molecules with different alkane chain lengths, ethylenediamine (EDA), 1,4-

butanediamine (BDA) and 1,8-octanediamine (ODA) were used as crosslinkers. Their 

properties are shown in Table 3. As shown in Figure 6, a four-step protocol was used to 

fabricate cGO membranes. 0.2 mg/mL GO stock dispersion was firstly prepared by 

adding 0.2 g pGO into 1 L water followed by 30 min sonication in a FS-60 bath sonicator 

(Fisher Scientific, Pittsburgh, PA). The GO suspension was very stable, with no visible 

precipitate after 6 months of storage. Based on the target membrane GO loading, a 
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specific volume of the GO stock suspension was added to 50 ml DI water and sonicated 

for 30 min in sonication bath. Then, a corresponding volume of 50 mM crosslinker 

solution was added to the diluted GO suspension to achieve a N (diamine) : O (GO) ratio 

of 20:1. The mixture was then mixed for 10 min. Next, the mixture was heated to 80 ˚C 

in the oven for 2, 4, 6, or 48 hours, and filtered through the base membranes using a 

Büchner funnel vacuum filtration system (EMD Millipore, Billerica, MA) for 10 min. 

The GO coated membranes were then dried in the 281A vacuum oven (Fisher Scientific, 

Pittsburgh, PA) at 80 ˚C for 12 h. After drying, the cGO membranes were soaked in 

methanol 3 times (1 hr each time) and subsequently soaked in DI water 3 times (1 hr each 

time) to remove physically adsorbed crosslinker molecules. After washing, the cGO 

membranes were immediately soaked in water for 12 h before filtration test. Non-

crosslinked GO (nGO) membranes were fabricated following the same protocol as cGO 

membranes but without adding 480 µL crosslinker. 

Four replicate samples were fabricated for each type of GO membranes. All GO 

membranes were named as: crosslinker type (Non, EDA, BDA, ODA)-GO-heating time 

(0, 2, 4, 6, 48)-replicates number (a, b, c, d), such as the first cGO membrane using BDA 

and 4 h heating should be BDA-GO-4-a. 
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Figure 6  Schematic of cGO membranes fabrication process. 

  

Table 3 Properties of crosslinkers 

Crosslinkers Chemical structure 

Molecular 

weight 

(g/mol) 

pKa 
Molecular 

size (Å)* 

EDA 
 

60.1 6.86/9.92 5.45 

BDA 
 

88.15 9.63/10.80 7.93 

ODA 
 

144.26 9.90/10.51 11.08 

*Molecular size is calculated using ChemBioOffice 2008 
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3.2.2.2. Characterization of GO membranes 

All GO membranes were characterized by XRD, SEM, AFM, XPS, and FTIR. 

Small pieces of the membrane samples were analyzed directly using XPS and AFM 

following the same protocol used for pGO characterization. SEM can provide the 

morphology of GO membranes with nm resolution.  GO membranes was fixed on SEM 

sample holder by conductive double sided carbon tapes and stored in 40°C Isotemp® 

oven for 12 h before test. SEM images were taken using a FEI Quanta 400 FEG ESEM 

(FEI, Hillsboro, OR) operated at 5 kV or 10 kV accelerating voltage. To obtain SEM 

images of the membrane cross-section, membrane samples were first soaked in DI water 

for 24 h, then frozen in liquid nitrogen for 1 min, and finally cracked by a pair of 

tweezers to generate a clean cross-section. Because the incident irradiation of FTIR and 

XRD can penetrate hundreds of nanometers through the sample, and the GO membranes 

are about 50 nm from cross-section SEM images, the polymeric base membrane could 

interfere with the FTIR or XRD analyses. To avoid interference from the base membrane, 

thicker GO membranes were fabricated using higher concentrations of GO and 

corresponding concentrations of the crosslinkers: 500 ml mixture of 3.84 mg/L GO and 

0.96 mM crosslinker. The GO membranes formed were peeled off from the base 

membrane for characterization by FTIR and XRD.   

XRD analyses were performed using both dry and wet membrane samples to 

determine the effect of water on GO film expansion as measured by the interlayer 

spacing. Dry GO membranes were stored in 40°C oven for 12 h before analysis. Wet GO 

membrane test was performed immediately after the GO membranes were taken out from 

the solution at room temperature. Because the sample dehydrates during the analysis 
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process, measurement of the wet samples was repeated 5 to 10 times until the 

characteristic diffraction peak of dry GO membranes appeared.  XRD spectra of both dry 

and wet GO membranes were recorded for 2θ between 5° and 15°.  The spectrum of the 

wet GO sample that showed the highest signal intensity before the membrane became dry 

was selected to represent its laminar structure in wet conditions. 

3.2.3. Pressure driven filtration experiments 

Pressure driven filtration experiments were conducted in a bench scale dead-end 

filtration system, as shown in Figure 7. The experimental setup consisted of a compressed 

gas cylinder, a 800 ml feed reservoir, a 15 ml Amicon 8010 stirred cell (EMD Millipore, 

Billerica, MA), and an AV8101 electronic balance (Ohaus, Pine Brook, NJ), which 

continuously measures the cumulative permeate mass and exports data to a PC for 

calculation of membrane permeate flux. Membrane samples were cut into circles of 25 

mm diameter and installed on the bottom of the filtration cell with a steel mesh installed 

under the membrane as the permeate spacer. The effective surface area of membrane was 

3.3 cm2. A suspended magnetic stirrer was installed above the membrane to generate 

hydraulic shear on the membrane surface in order to reduce concentration polarization. 

Two rubber O-rings were installed on the cap and the bottom respectively to seal the 

stirred cell. During the experiment, the feed solution was pressurized by a compressed 

nitrogen gas cylinder to pass through the stirred cell. The permeate mass was 

automatically measured by the electronic balance, and exported to a PC. The permeate 

flux (Jm) was calculated using Eq. (2): 

𝐽𝑚 =
𝛥𝑚

 𝜌𝐴×∆𝑡 
      (2) 
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Where Jm is the water flux (m/s), Δt is the time interval between two 

measurements (s), Δm is the permeate mass during the time interval (g), ρ is the water 

density at 25 °C (kg/m3), and A is the effective membrane area (m2). 

 

Figure 7 Schematic of the bench scale dead-end filtration system 

3.2.3.1. Clean water permeability measurement 

Ultrapure water was used to measure water permeability through the GO 

membranes using the bench scale dead-end filtration system. Membrane permeate flux 

was measured at different pressures. At each pressure, filtration was performed until the 

permeate flux became constant. The applied pressure was first increased from 1.4  to 2.5, 

3.5, and 4.5 bars, at each of which, stable permeate flux was recorded. Then, the 

permeate flux was measured at applied pressure of 4.5, 3.5, 2.5, and 1.4 bars. Flux data 

was recorded when it reached steady state.  
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Permeability (Pm, LMH/bar) was calculated from the slope of the flux vs. applied 

pressure curve, using Eq. (3): 

𝑃𝑚 =
𝑑𝐽𝑚

𝑑(∆𝑃)
    (3) 

Membrane resistance (Rm) was calculated using Eq. (4) [60]: 

𝑅𝑚 =
∆𝑃

𝜇×𝐽𝑚
    (4) 

where Rm is the membrane resistance (m-1), µ is the dynamic water viscosity (8.90 

× 10−4 Pa·s at 25 °C). 

3.2.3.2. Inorganic ions and organic molecules rejection measurement 

20 mM NaCl, 20 mM MgCl2, 20 mM Na2SO4, 20 mM MgSO4were tested to 

explore the size and charge effect on ion transport in GO membranes. 0.1 mM methyl 

orange (MO), and 0.1 mM methyl blue (MB) were used to determine the rejection of 

different size organic molecules by the GO membranes. Table 4 and Table 5 displayed 

the properties of inorganic ions [61, 62] and organic dyes respectively. The molecular 

sizes of organic dyes were calculated using ChemBioOffice®. 

Table 4 Properties of salt ions[61, 62] 

 Na+ Cl- Mg2+ SO4
2- 

Hydrated 

ionic radii (Å) 
3.58 3.32 4.28 3.79 
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Table 5 Properties of organic dyes 

Organic 

dyes 
Structure 

Molecular 

weight 

(Da) 

Molecular 

size (Å)* 
pKa 

MO 

 

327.3  14.2 3.46 

MB 

 

799.8  20.8 ＜0 

 

The wet membranes were taken out from DI water and installed at the bottom of 

the stirred cell. During the rejection tests, the applied pressure was 4 bars, and the stirring 

rate was set as 750 revolutions per minute (rpm). Every feed solution was filtrated for 

about 1 h to reach constant flux. Permeate samples of 2 mL each were collected 

continuously after 1 h filtration. At least four permeate samples were taken for analysis 

during each experiment. Between two filtration experiments, the membrane was kept in 

the stirred cell and washed by filtering ultrapure water through the membrane overnight. 

Salt rejection was determined by conductivity measurement using an OrionTM Star A212 

Conductivity meter (Thermo Scientific, Waltham, MA). Methyl orange and methyl blue 

concentrations were determined by measuring light absorbance at 465 nm and 595 nm, 
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respectively, using a dual beam UV-Visible Spectrophotometer (UV-2550, SHIMADZU, 

Columbia, MD). The solute rejection (R) is be calculated using Eq. (5): 

R = (1 −
𝐶𝑝

𝐶𝑓
) ∗ 100%  (5) 

where Cf  and Cp are the feed and permeate concentrations of the solute. 
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Chapter 4 

Results and Discussions 

4.1. GO Characterization 

4.1.1. XRD analyses 

Figure 8 presents the XRD spectrum of pGO. The diffraction peak of GO 

appeared at 11.34°, corresponding to an interlayer distance of 7.80 Å. There was no 

detectable peak around 26 ° (graphite peak), which corresponds to an interlayer distance 

of 3.40 Å found in graphite. These data suggest that the pGO synthesized was fully 

exfoliated after oxidation, and the interlayer distance increased from 3.40 Å to 7.80 Å.  
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Figure 8 XRD spectrum of pGO 

4.1.2. AFM 

Two cross-section positions of the AFM height profiles were marked as white 

lines in Figure 9 (a). The height profile (Figure 9 (b)) demonstrates that the thickness of 

GO sheets was about 1nm, which  suggests single layer GO sheets were the building 

block in the GO membranes. Figure 9 (c) showed two overlapped GO sheets with a 2 nm 

height . 
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(b) 

 

(c) 

Figure 9 (a) AFM image of GO sheets, AFM height profiles of (b) cross-section 1 and (c) 

cross-section 2. 

Figure 10 shows the lateral size distribution of 112 individual GO sheets from 

5XX AFM images. The ateral size distribution was obtained by analyzing XX images 

using ImageJ. The ImageJ software measures the area of an individual GO sheet and 

converts it to diameters of circles of the same area.  
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The lateral size of GO sheets ranges from 10 nm to 700 nm, and about 99% GO 

sheets were smaller than 600 nm. It is noted that 53% of GO sheets had an equivalent 

diameter below 200 nm, suggesting that they may block the pores of the base membrane. 

Both sonication intensity and time can affect the size of GO sheets; higher sonication 

intensity results in smaller GO sheets[63]. 

 

Figure 10 Lateral size distribution of GO sheets. 

4.1.3. XPS 

Figure 11 presents the XPS spectra of GO and grahite, clearly showing the 

presence of a prominent O1s peak in the pGO in contrast with the all C spectrum of 

graphite. The atomic % of C1s and O1s in pGO were 65.7% and 34.3% respectively, 

indicating a considerable degree of oxidation.  
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Figure 11 XPS survey spectra of graphite and pGO 

The deconvolution results of the C1s region of the pGO spectrum are presented in 

Figure 12. The C1s peak was fit with peaks at 284.5 eV, 286.6 eV and 288.2 eV, which 

are assigned to C-C, C-O, and C=O species respectively.  C-O groups include hydroxyl (-

C-OH), ether (-C-O-C-), or epoxide ( ), and C=O groups include ketone (–C=O) and 

carboxyl (–COO). Most oxygen groups on pGO were C-O groups (about 90%), only a 

small amount was C=O groups (about 10%). 

 

Figure 12 XPS spectra in C1s region of pGO 
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4.1.4. FTIR 

Compared with graphite, the FTIR spectrum (Figure 13) of pGO displayed a 

broad adsorption peak at 3500-2500 cm-1 attributed to the O-H stretching in adsorbed 

water and GO flakes [58]. The sharp peaks at 1714 cm-1, 1610 cm-1, 1219 cm-1 and 1038 

cm-1 are attributed to carbonyl stretching (C=O), aromatic stretching, C-O stretching and 

epoxide, respectively [64]. After oxidation, many oxygen functional groups are generated 

on the graphite planes, including hydroxyl, carbonyl and epoxide. 

 

Figure 13 FTIR of graphite and pGO. 

4.2. GO Membranes Characterization 

4.2.1. SEM 

Both surface and cross-section of GO membranes were characterized.  
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Figure 14 (a) was the surface image of the polysulfone (PS) base membrane. The 

nominal pore size of the PS base membrane was 0.2 µm. Figure 14 (b) shows the surface 

of an nGO membrane (Non-GO-4-a). In this membrane, the GO sheets formed a very 

thin, uniform film that conformed well to the surface morphology of the base membrane, 

covering all the surface pores. As a result, the surface consisted of many nodule 

structures. The cross-section images (Figure 15 (a)) show that the GO film formed peaks 

at the contact points with the base membrane polymer structure and covered the pore 

opening of the base membrane without penetration. These images demonstrated the 

highly flexible nature of the GO film/coating. Although the cGO membranes also 

exhibited wrinkle structures on the surface (Figure 14 (c), (d), (e)), which is attributed to 

the vacuum filtration process, there were no clear nodular structures. It is assumed that 

the cGO films are much more rigid due to the crosslinking [65], and therefore do not 

conform to the base membrane surface morphology as well as the nGO membranes. The 

cGO membrane surface roughness also decreased with increasing GO loading.    At a GO 

loading of 300 mg/m2 , the GO membrane surface is very smooth (Figure 14(f)).  

           

(a)                                                                        (b) 
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(c)                                                                     (d) 

            

(e)                                                                (f) 

Figure 14 Surface image of (a) polysulfone base membrane, (b) Non-GO-4-a, (c) EDA-

GO-4-b, (d) BDA-GO-4-a, (e) ODA-GO-4-c and (f) non-crosslinked GO membranes 

with 300 mg/m2 GO loading. 

ImageJ analyses of the cross-section images (Figure 15) show that the crosslinked 

and non-crosslinked GO layers had similar thickness (50 to 60 nm) at the same GO 

surface loading of 100 mg/m2, and the thickness increased proportionally as a function of 
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GO surface loading, e.g., the surface loading of 300 mg/m2 produced a GO layer of about 

150 nm (Figure 15 (e)). The density of GO was measured to be 1.8 g/cm3 [27]. Therefore 

100 mg/m2 GO loading should yield a 56 nm thick GO layer, which agrees well with the 

SEM measurement. Based on the AFM and XRD results, one layer of GO was around 1 

nm in vertical height (including the interlayer spacing), thus 100 mg/m2 GO membranes 

are supposed to have approximately 50 layers of GO sheets. Because of the small 

numbers of GO layers, SEM was not sufficient to characterize the GO layers thickness 

change from changes in interlayer distance caused by the crosslinkers.  
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(d) 

 

(e) 

Figure 15 Cross-section images of (a) Non-GO-4-a, (b) EDA-GO-4-b, (c) BDA-GO-4-a, 

(d) ODA-GO-4-c and (e) non-crosslinked GO membranes with 300 mg/m2 GO loading. 

4.2.1. XPS 

XPS analyses were carried out to characterize the crosslinking degree of cGO 

membranes. For comparison, GO solution without crosslinker was also heated to 80°C 
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for 48 h and used to fabricate a non-crosslinked GO membrane at 100 mg/m2 GO loading 

(Non-GO-48).  

Figure 16 shows C/ N/O atomic ratio of the cGO and nGO membranes.  

Table 6 summarized the peak area ratios of  the C-N, C-O and C=O bonds to the 

C-C bond from the deconvolution results. The C1s peak is deconvoluted into four fitting 

curves with the binding energy located at 284.5, 285.8, 286.6, 288.2 eV, which are 

assigned to C-C, C-N, C-O and C=O respecitively.  

Compared with pGO, even with 48 h heating, the one without the crosslinker 

(Non-GO-48) had the same C/O ratio and same area ratio of C-O bond (AC-O/AC-C). This 

indicated that without crosslinker, the crosslinking protocol would not greatly affect the 

functional groups of GO. 

However, for GO membranes with 48 h crosslinking (BDA-GO-48h), the relative 

abundance of oxygen decreased from 33.1% to 23.0%, the relative abundance of nitrogen 

increased to 6.0%, and the AC-O/AC-C dramatically declined from 1.05 to 0.21, implying 

the crosslinking reaction between diamine and the C-O functional group. The relative 

abundance of oxygen and AC-O/AC-C also decreased with increasing reaction time, which 

indicates crosslinkers keep reacting with the C-O functional group Therefore, the 

moderate condition of 4 h crosslinking was chosen for future test. 
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Figure 16   Elemental composition of GO membranes with different crosslinking time. 

 

Table 6 The peak area (A) ratios of the oxygen and nitrogen containing bonds to the C-C 

bonds for the GO membranes with different crosslinking time. 

 AC-N/AC-C AC-O/AC-C AC=O/AC-C 

pGO - 1.05 0.19 

Non-GO-48 - 1.10 0.26 

BDA-GO-2 0.39 0.62 0.24 

BDA-GO-4 0.38 0.38 0.24 

BDA-GO-6 0.40 0.40 0.23 

BDA-GO-48 0.36 0.21 0.22 
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4.2.2. AFM 

After 4 h heating in solution, GO sheets were characterized by AFM and named 

as EDA (BDA or ODA)-GO-4 h heating. Vertical size distribution was conducted by 

measuring the thickness of more than 80 GO sheets from five AFM images for each 

samples. All GO sheets after 4 h heating had similar distribution as the pGO sheets in 

both lateral and vertical dimensions. The majority of the cGO was still single or double 

sheet structure (Figure 17). None of the suspensions had any visible aggregations and 

remained stable after 48 h, suggesting the GO sheets were not crosslinked during the 4 h 

heating. 

   

(a)                                                              (b) 

Figure 17 Lateral (a) and vertical (b) size distribution of pGO and GO sheets after 4 

heating with crosslinkers. 
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4.2.3. FTIR 

Comparison of FTIR spectra of cGO membranes and pGO (Figure 18) show that 

the peaks of most oxygen functional group decreased or disappeared after crosslinking. 

There was a new peak at 1544 cm-1, which is attributed to N-H bending. The epoxide 

peak (1038 cm-1) disappeared and a C-N peak (1054 cm-1) evolved. These data support 

the hypothesized nucleophilic substitution reaction between diamine and epoxy groups of 

GO, which generates C-N covalent bonds.   

  

Figure 18 FTIR spectra of pGO and cGO membranes 
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4.2.4. XRD 

Figure 19 showed the interlayer spacings of GO membranes from XRD 

characterization. At dry state, the d-space of nGO membranes was 7.20 Å, and the EDA, 

BDA, ODA crosslinked GO membranes had a d-space of 7.38 Å, 8.18 Å and 9.23 Å 

respectively. It consisted with the relative sizes of the crosslinkers: 5.45, 7.93 and 11.08 

Å for EDA, BDA and ODA, respectively, suggesting that the crosslinkers serve as 

spacers to increase the interlayer spacing between GO sheets, and hence can be used to 

adjust GO membrane “pore size”. In the wet state, all GO membranes exhibited some 

degree of interlayer space expansion. The d-space of nGO membranes increased notably 

from 7.20 Å to 13.3 Å. Expansion of the cGO membranes was significantly less, with the 

d-space changing from 7.83 Å to 10.6 Å, 8.18 Å to 10.4 Å, and 9.23 Å to 11.0 Å for 

EDA-GO, BDA-GO and ODA-GO respectively. These results reconfirm that 

crosslinking using diamines was successful and it alleviated the d-space expansion in the 

presence of water, stabilizing the GO membrane as well as controlling membrane “pore 

size”. 
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Figure 19 Interlayer distance of GO membranes. 

4.1. Proposed Crosslinking Mechanism 

Ethylenediamine [66], hexamethylene diamine [67, 68], and p-phenylene diamine 

[69] were successfully grafted onto GO surface by nucleophilic substitution reactions 

between amine and epoxy groups. Therefore, diamines were used as crosslinkers to 

connect two GO layers through the same reaction. The proposed crosslinking reaction is 

shown in Figure 20. 

 

Figure 20 Possible reaction mechanism between GO and diamines 
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A three-step crosslinking mechanism was proposed as shown in Figure 21. In 

Step 1 (80 °C heating of the GO/diamine mixture), one amine group of the diamine 

molecule forms C-N bond with a epoxide group on a GO sheet. Because  the GO 

suspension is highly diluted, collision among GO sheets is limited and the other amine 

group on the diamine molecule can therefore remain free.  In Step 2 (vacuum filtration), 

the crosslinker-bound GO sheets form layered structure with the help of vacuum filtration 

pressure, providing contact between the free amine groups on the GO-bound diamine 

molecules and epoxy groups on neighboring GO sheets. In Step 3 (80 °C vacuum oven 

drying), the nucleophilic substitution reaction occurs between the free amine group of the 

crosslinker and the epoxy group on an adjacent GO sheet, achieving crosslinking. 

 

Step 1                           Step 2                               Step 3 

Figure 21 Schematic of the proposed three-step crosslinking mechanism. 
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4.2. Dead-end Filtration 

4.2.1. Water permeability measurement 

The clean water flux of all GO membranes exhibits the typical linear relationship 

with applied pressure (Figure 22), suggesting that they do not compact significantly 

under pressure.  

The nGO membranes had the highest water permeability, followed by ODA, EDA 

and BDA crosslinked cGO membranes. The hydraulic resistance of the non-GO-4 

samples was 1.36 (±0.34) ×1014 m-1, while those of the BDA, EDA and ODA crosslinked 

cGO membranes were 5.42 (±2.12) ×1014 m-1, 3.50 (±0.23) ×1014 m-1 and 4.98 (±2.36) 

×1014 m-1 respectively. These values are in the range of commercial RO membranes 

(1×1014 m-1 to 9×1014 m-1) [70, 71]. The relatively low water permeability is attributed to 

the narrow nanochannels and the long and tortuous water transport pathway [15, 47] 

through the nanochannel network. The water permeability is consistent with the “pore” 

size of the GO membranes. XRD analysis results show that the interlayer distance in 

these GO membranes was all about 1 nm, which is smaller than the pore size of most NF 

membranes (1-10 nm) [72]. The high hydraulic resistance of the GO membranes does not 

agree with the low-friction capillary theory that predicts ultrafast flux of water through 

GO membranes[11]. The narrow and tortuous nanochannels may hinder the water 

transport between GO sheets [15]. And the side-pinning effect from capillaries formed 

within oxidized regions further prohibits fast water transport through pristine graphene 

channels [73, 74]. 
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One way to improve the water permeability of the GO membranes is to reduce the 

membrane thickness. Given the measured hydraulic resistance and the thickness of the 

GO membranes, the specific resistance for nGO, BDA, EDA and ODA  cGO membranes 

is 2.71 (±0.68) ×1012 m-1/nm, 10.80 (±4.24) ×1012 m-1/nm, 7.00 (±0.47) ×1012 m-1/nm 

and 9.96 (±4.72) ×1012 m-1/nm, respectively. If defectless nGO or cGO membranes can 

be constructed with only two layers of GO sheets (2 nm), these membranes would have 

resistance of 0.54 (±0.14) ×1013 m-1, 2.17 (±0.85) ×1013 m-1, 1.40 (±0.09) ×1013 m-1, 

1.99 (±0.94) ×1013 m-1, which are only about 10% of existing RO membranes and 

slightly lower than commercial NF membranes (3×1013 m-1 to 9×1013 m-1) [75]. 

Fabrication of 2 of GO membranes without defects may be future research direction. 
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(c)                                                                    (d) 

Figure 22  Flux Vs Pressure plots of (a) Non-GO-4-b, (b) BDA-GO-4-a, (c) EDA-GO-4-a 

(d) ODA-GO-4-c 

Figure 23 presents the water permeability of individual nGO or cGO membranes. 

There were notable variations in water permeability among membrane samples of the 

same type. It is evident that crosslinking significantly reduced membrane permeability, 

by nearly 60%. Presumably due to the decrease in interlayer distance between GO sheets.  
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Figure 23 Permeability of GO membranes 

nGO membranes and cGO membranes with lower GO loading (75 mg/m2) were 

also fabricated and characterized. These lower loading GO membranes exhibited similar 

water permeability as the base membrane. It was hypothesized that defects in the GO 

coating were responsible for the high flux. Even for some of the GO membranes with 100 

mg/m2 GO loading, defects existed and the water permeability was similar to that of the 

base membrane. Hence, 100 mg/m2 was considered the minimal loading for the 

fabrication protocol used in this study to ensure full coverage and avoid defects.  

4.2.2. Inorganic ions and organic molecules rejection measurement 

The GO membranes were tested for their capability to remove salt ions and 

organic contaminants of different charge and size properties. Consistent with the 

variability in water permeability, significant variation in solute rejection was observed 
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with membrane samples of the same type. This again, suggests that reproducibility of the 

membrane fabrication protocol requires improvement.  

4.2.2.1. Salt rejection 

Figure 24 shows the rejection of 4 different electrolytes by the nGO and cGO 

membranes. These 4 electrolytes consist of 4 ions of different size and charge, Na+, Mg2+, 

Cl-, and Mg2+. By comparing their rejection performance, size and charge effect on ion 

transport mechanism in GO membranes are accessed. 

For nGO membranes, a high rejection of Na2SO4 was achieved (80%), the 

rejection of NaCl and MgSO4 were both about 40%, but the MgCl2 rejection was less 

than 20%. This rejection sequence was also observed in other GO membrane and NF 

membrane researches [49, 76-78]. This can be explained by Donnan exclusion theory. 

When a charged membrane is contacted with salt solution, in membrane phase, the 

concentration of co-ions (same charge as the membrane) will be lower than in bulk 

solution, while the counter-ions (opposite charge to the membrane) have a higher 

concentration than in bulk solution. A potential difference (Donnan potential) is 

generated at the interface to counteract the transport of counter-ions to the bulk solution 

and of co-ions to the membrane phase. When a pressure gradient across the membrane is 

applied and water is transported through the membrane, the Donnan potential repels the 

co-ion from the membrane. To maintain electroneutrality, the counter-ion is also rejected 

and salt rejection occurs. Donnan exclusion theory provides the following equation for 

qualitative prediction of salt rejection[78]: 

𝑅 = 1 − (
|𝑍𝐵|𝐶𝐵

|𝑍𝐵| 𝐶𝐵
𝑚+𝐶𝑋

𝑚)|𝑍𝐵|/|𝑍𝐴|                    (6) 
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Where |ZB| and |ZA| are the co-ions and counter-ions charge, CB and CB
m are the 

co-ions concentrations in solution and membrane phase (mol/L), and CX
m is the 

membrane charge concentration (mol/L). 

Since CX
m is assumed to be identical for all membranes, CB

m is proportional to CB 

and GO membranes are negatively charged [57], by qualitatively calculating from  Eq. 6, 

the rejection sequence of the salts should be R(Na2SO4) > R(NaCl) ≈  R(MgSO4) 

>R(MgCl2), which is identical with our experimental result. This reveals, for the 

negatively charged nGO membranes, Donnan exclusion is the dominated mechanism for 

salt rejection. 

With crosslinking, cGO membranes still had about 40% and 80% rejection for 

NaCl and Na2SO4, which were similar to Non-GO-4. However, MgCl2 and MgSO4 

rejection dramatically increased after crosslinking. Compared with the nGO membranes, 

MgCl2 rejection of cGO membranes was almost three times as high. In addition, 

crosslinking using BDA and ODA doubled MgSO4 rejection (73.1% to 81.6%) compared 

to the nGO membranes, and MgSO4 rejection of the EDA crosslinked cGO membranes 

(EDA-GO-4) reached 90.6 %. Because the diamine crosslinking reaction is not expected 

to change the membrane charge density, these results suggest crosslinking of the GO 

membrane can increase salt rejection through size exclusion. This is consistent with the 

XRD results, which show that crosslinking reduced the interlayer spacing in the GO 

membranes from 13 Å to 10.4, 10.6 and 11 Å with EDA, BDA and ODA, respectively. 

The interlayer spacing of the cGO membranes is slightly larger than the size of hydrated 
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Mg2+, but significantly larger than Na+, Cl- and SO4
2-. Therefore, crosslinking did not 

affect the rejection of NaCl or Na2SO4, but greatly enhanced MgCl2 and MgSO4 rejection.  

  

(a)                                                                   (b) 

   

(c)                                                                (d) 

Figure 24 Salt rejection of GO membranes for (a) NaCl, (b) Na2SO4, (c) MgCl2, (d) 

MgSO4. 
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4.2.2.1. Organic dye rejection 

Both nGO membranes and cGO membranes had very high rejection for methyl 

orange (MO) and methyl blue (MB) (Figure 25). The rejection was more than 93% for 

methyl orange and nearly 100% for methyl blue. The high rejection is attributed to the 

small “pore” size of the GO membranes compared to the size of MO and MB. Even the 

expanded nGO membranes had an interlayer distance (13.3 Å) smaller than the size of 

MO (14.2 Å) and MB (20.8 Å). Crosslinking reduced the interlayer spacing and therefore 

further increased MO and MB rejection.   

 

Figure 25 Dye rejection test of GO membranes 
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Chapter 5 

Conclusions and Future Research 

Graphene oxide (GO) membrane can be ideal substitute for the water treatment 

membrane, and its performance can be adjusted by manipulating the interlayer spacing. 

However, controlling the interlayer spacing to subnanometer range and applying GO 

membranes in pressure driven water filtration system remain big issues for their realistic 

application. 

In this research, ultrathin GO membranes (50 nm) were fabricated using a vacuum 

filtration assisted self-assembly technique with diamines of different sizes used as 

crosslinkers to manipulate the interlayer distance between GO sheets and to prevent GO 

membrane expansion in water. The GO membranes were thoroughly characterized for 

their structure and filtration performance in terms of water permeability and solute 

rejection.  

Results show that the fabrication method used successfully cGO sheets in the self-

assembled film, and the diamine crosslinkers were able to stabilize the GO film as well as 
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control the interlayer spacing. The GO membranes demonstrated salt rejection in the 

range of existing NF membranes, with very high rejection for model organic dyes. The 

rejection of small salt ions, e.g., Na+, Cl-, and SO4
2- was achieved mainly through Donnan 

exclusion, while rejection of the organic dyes was attributed to size exclusion. 

Crosslinking reduces the GO membrane “pore” size, and therefore increasing rejection of 

large ions, e.g., Mg2+, and the organic dyes.  

The GO membranes fabricated in this study exhibited water permeability similar 

to that of existing RO membranes, but lower than NF membranes. One potential 

approach to increase the water permeability of these GO membranes is to reduce the 

membrane thickness. A major challenge in further reducing the thickness of the GO 

membrane is to avoid defects in the self-assembled GO layer. Future research needs to 

develop membrane fabrication techniques to ensure complete surface coverage of the 

supporting substrate while minimizing the GO loading.  
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