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Abstract 

The functionalized 2D nanomaterials have attracted increasing attention due to 

their promising selective interfacial separation performance, including oil-water 

separation, desalination, ion extraction, wastewater treatment and ionic sieving. To help 

understand the separation performance or transport phenomena within the nanopores or 

channels formed by the functionalized 2D materials, the surface properties and 

interaction mechanisms between transport species and these nanomaterials have been 

investigated. In this study, the 2D materials, such as graphene oxide (GO), molybdenum 

disulfide (MoS2) and Nb2CTx MXene, were modified and assembled as the composite 

or crosslinked materials for selective separation. Some chemical or physical methods 

such as hydrothermal synthesis, centrifugation, ultrasonication, vacuum filtration and 

spin coating were used to exfoliate the 2D materials and prepare surface-modified 2D 

nanosheets.  

The separation performance of the above-mentioned materials was evaluated by 

using several complementary experimental techniques. The atomic force microscopy 

(AFM), transmission electron microscopy (TEM), scanning electron microscope 

(SEM), X-ray powder diffraction (XRD), X-ray photoelectron spectroscopy (XPS), 

zeta potential and size distribution, contact angle measurement and Fourier-transform 
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infrared spectroscopy (FTIR) were applied to characterize the synthesized 

functionalized 2D materials in terms of surface structure, heterogeneity, 

electrochemical properties and hydrophobicity. The ion rejection and permeation 

properties were studied by using inductively coupled plasma mass spectrometry (ICP-

MS), while dye concentration was detected by using ultraviolet-visible (UV-Vis) 

spectroscopy. The transport behavior of ion selective separation within the 

functionalized 2D nanosheet channels is highly dependent on the interaction between 

transported ions and surface functional groups of the 2D nanosheets.  

In this work, a series of 2D nanosheet materials such as graphene oxide (GO), 

molybdenum disulfide (MoS2) and Nb2CTx MXene incorporated with guest materials 

have been synthesized as functionalized materials (e.g., membrane, and hydrogel) in 

order to achieve highly selective separation performance. The resulted LA/F/rGO 

hydrogel owns selective permeation of oil or water flow depending on the pre-soaking 

condition. The intriguing bouncing performance of the LA/F/rGO hydrogel suggests 

that it has signficant potential application as new oil fence material. 

Another surface modified 2D-based material TAMoS2 (tannic acid-modified, 

water-stabilized MoS2 (MoSe2) nanosheets) has been successfully synthesized through 

a two-stage, L-ascorbic acid (LA)-assisted exfoliation method with a high yield of 90% 
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± 5%. The as-prepared vacuum-filtered membranes from the resultant TAMoS2 

nanosheets shows fast water flux around 32 L m-2 h-1 (LMH) and >97% rejection of 

various cations under osmosis pressure static diffusion mode. In addition, under 

vacuum-driven filtration conditions, such a hybrid membrane demonstrates ultrafast 

water flux of 15,000 ± 100 L/(m²h.bar) and 99.87 ± 0.1% rejection of various model 

organic dyes, e.g., basic blue, toluidine blue and rhodamine 6g. The superior 

performance of TA-modified MoS2 membranes demonstrates their significant potential 

for practical applications in water desalination, purification and ion/dye separation. 

Furthermore, sodium alginate modified Nb2CTx Mxene (NbSA) nanosheets 

have been successfully synthesized through one-step ultrasonication method. The 

NbSA nanosheet membrane with a thickness of 5 µm shows ultrahigh rejection rates 

(>95%) towards multiple cations while maintaining high water flux of 1.7-2.2 LMH 

under forward osmosis process. In terms of vacuum filtration, the NbSA nanosheet 

membrane demonstrates ultrahigh rejection rates (~100%) towards multiple target dyes 

including basic blue, toluidine blue and rhodamine 6g while possesses high water flux 

of ~2200 LMHB. 

This work provides novel and instructive methods to fabricate 2D nanosheet-

based materials (e.g., hydrogel and membrane) with high separation performance 
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toward oil/water mixture, multiple ions and dyes at the nanoscale. The built-up concepts 

of designing 2D nanosheet membrane provide constructive strategies for surface 

modification of 2D nanosheets. The selective separation results for oil/water mixture or 

ion-water exchange process as demonstrated in this work provide valuable and 

quantitative information for analyzing and understanding the nanoscale transport 

phenomena between wanted and unwanted species within the membrane matrix.  
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Chapter 1 Introduction and Literature Review 

1.1 Introduction 

    Energy and resources are the major concerns all over the world, which attracted 

tremendous attention from many researchers.2-4 Energy provides strong power to 

accelerate the advances of human society, while resources guarantee the living of 

humans. On one hand, both energy and resources are urgently needed in the daily life 

cycle.3, 5 On the other hand, the storage of energy and resources is limited on earth. 

Thus, the efficient utilization of both energy and resources is considered a tough task 

worldwidely. The utilization of resources consists of two aspects: generation and 

recycle, while recovery as well as production are the two aspects for resources.3, 4, 6 In 

terms of the efficient generation and production for energy and resources, massive 

techniques have been springing out since first industrial revolution back in 18th 

century.2, 5, 7 However, not until 1987, the brand-new theory “sustainable development” 

was proposed, which was the actual starting point of recovery and recycle for energy 

and resources.6, 8 Numerous technologies and journal papers have sprung up since then; 

nonetheless, there are many remaining difficulties on facing the challenge for the 

recovery and recycle of energy and resources globally.4, 9 

    In this thesis, the recyclability and sustainable development of water resource has 

been investigated intensively. In general, water resource exists everywhere in the daily 

life of humans: in the air, above the earth surface, below the ground and in the oceans.6, 

9 However, only 2.5% of the above-mentioned water resources are drinkable, most of 
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which exist in glaciers or ice caps (~70% of usable water resources) as shown in Figure 

1.1.2, 5, 10 The major source for water supply on earth is the ground water with small 

percentage of fresh water in air and above ground.2, 6, 11 On one hand, the water 

consumption is increasing dramatically due to human activities – namely urbanization, 

growth in population, high quality living standards and pollution.7, 9, 10 On the other 

hand, the existing technologies for water recycling could not meet the requirement on 

tackling the water shortage issue.8 The water recycling process contains two aspects: 

recover useful materials from wastewater and reuse of water, which has already been 

explored but far from safe, reliable, and cost-effective technologies to reuse effluent 

materials from wastewater and recycle water.10, 11 The aim for this thesis is to make 

contribution to such technologies for wastewater treatment. 

 

Figure 1.1. Schematic of global water distribution. Data from Shiklomanov and Rodda, 

2003. Freshwater has a global volume of 35.2 million cubic kilometres (km3).12 
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1.1.1 Wastewater source 

    In order to build up cost-effective technologies for wastewater treatment, the 

wastewater sources are required to be determined. There are three types of wastewater 

or sewage as classified by contamination composition including domestic (normally 

from daily life such as bathroom sinks, laundry machines etc.), industrial (originally 

from manufacturing or chemical processes) and storm (water from run-off, energy 

generation plants agricultural facilities or car garages).13-16 Domestic type is estimated 

to be 99.9 percent of wastewater by weight, while the rest types own less than 0.1 

percent of wastewater by weight.13, 17, 18 In general, the composition of the wastewater 

consists of organic materials (biochemical oxygen demand or BOD), suspended solids, 

plant nutrients (compounds of nitrogen and phosphorus) and microbes.13, 19, 20  

1.1.2 Methodologies on wastewater treatment 

    The wastewater treatment and disposal are classified into primary treatment, 

secondary treatment and tertiary treatment.21, 22 Around 60 percent of total suspended 

solids and about 35 percent of BOD would be removed in the primary treatment, while 

85 percent of both suspended solids and BOD were removed from secondary 

treatment.23, 24 Normally, most of the large sized suspended solids and BOD are 

removed from secondary effluent.22 The tertiary treatment is a further polishing process 

most likely using granular media filters, much like the filters for purifying drinking 

water.22, 23 The cost for tertiary treatment would be more expensive as compared to 

primary and secondary treatment. The above-mentioned primary, secondary and tertiary 
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treatments were time and land consuming. In order to improve the treatment efficiencies, 

new treatment methods have been developed including membrane technology, ballasted 

floc reactor and integrated fixed-film activated sludge (IFAS) process.21, 23, 24 The 

membrane technologies are more effective for tertiary treatment meanwhile less land 

area is required.  

1.1.3 Reusable water resources 

    With the dramatically increasing amount of population, reused wastewater is 

gradually becoming valuable in cities or towns since water supplies are limited.22, 25 

The effective reuse of wastewater can reduce discharges of effluent. Normally, there 

are two types of wastewater reuse: direct and indirect.26 The direct reuse of water is a 

treatment of wastewater by using some types of water system without premixing with 

other effluent, while indirect reuse of water involves the mixing of other wastewater 

effluent.21, 23, 26 The quality level for the reusable water becomes more critical, which 

depends on the intended use of the water. Some intentions such as drinking water may 

require additional treatment in order to achieve high quality standard of recyclable 

water, e.g., filtration, adsorption, forward/reverse osmosis etc.27, 28 Apart from the 

reused wastewater, seawater desalination could be treated as an optical solution for 

tackling with water scarcity.27, 29 Normally, the seawater desalination process is 

conducted by reverse osmosis to mitigate the environmental impacts of the high salinity 

brine. However, due to the membrane design limitations, e.g., flux, mechanical property 

and fouling issue, the reverse osmosis (RO) process is operating at a low pressure (LP) 
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or a low energy (LE), which is generally called “LPRO” or “LERO” process.23, 25, 30 

Though either LPRO or LERO was energy friendly, the low-pressure condition would 

limit the water permeability and membrane fouling susceptibility.23, 28, 30 Therefore, a 

well designed, energy efficient membranes are remaining urgently needed for 

desalination and separation from brine or reusable water source due to the increasing 

demand for fresh water. 

1.1.4 Remaining challenges on wastewater treatment 

    In general, current challenges on wastewater treatment are relavant to meeting the 

increased water quality standards and are difficult to tackle with the limitation of energy 

conservation, carbon footprint reduction and space expansion.31, 32 The challenges are 

most likely to exist in tertiary wastewater treatment including the improvement of 

treatment efficiencies without additional space.31 The most commonly used treatment 

on obtaining reusable water resources for either reusable wastewater treatment or 

desalination is membrane technology.31, 33-35 As a considerable natural treatment 

method, membrane technology has been considered to have promising potential as an 

improved tertiary wastewater treatment method to face the energy and electricity 

consuming challenges for its simplicity, cost-effectiveness, reliability, space and 

friendly environment.32, 33 However, fouling and flux enhancement are the major 

challenges in membrane technology, which limits its wide application.33 Therefore, a 

well-designed energy efficient membrane is urgently needed to face the coming water 

shortage issue. 
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1.1.5 2D Materials on wastewater treatment 

   The pressure driven membrane technologies include ultrafiltration, nanofiltration 

and reverse osmosis have been investigated as a promising solution for mass production 

of potable water.36-39 However, the demerits on those processes including energy 

consumption, efficient selectivity and economic investment have limited the 

industrialization.36, 40, 41 Therefore, advanced membrane-assisted technologies are 

urgently needed to face the challenge on water crisis.42 The 2D nanoporous materials 

have been alternatives for wastewater treatment and desalination owing to their large 

surface area and excellent mechanical strength.37, 39, 43 Recent progress on 2D 

nanoporous materials including graphene, graphene oxide, graphyne, molybdenum 

disulfide (MoS2), tungsten chalsogenides (WS2) and MXene are highlighted.38, 43, 44 The 

2D composite materials could generate enormous potential for wastewater treatment 

and desalination through surface modification by changing the structure, hydrophilic 

nature, mechanical strength and antifouling properties.38, 40, 45 Subsequently, the newly 

developed 2D materials have been investigated for their applications and performance 

evaluation in wastewater treatment and desalination applications though only limited 

types of 2D materials have been investigated.36, 44 Thus, it is an imperative field, which 

requires more attention for further advancing these materials on industrial scale in the 

near future. 

1.1.6 Exfoliation and reorganization of 2D nanosheets 

    The study of two-dimentional (2D) materials has been attracting much attention 
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since the first discovery of graphene.46, 47 The preparation methodologies including 

mechanical exfoliation, chemical vapor deposition (CVD), liquid-phase ultrasonication 

and electrochemical exfoliation are significant to fabricate energy and cost effective 2D 

materials.48, 49 Comparatively, liquid-phase exfoliation is costeffective, efficient and 

versatile for the massive production of large quantities of two-dimensional (2D) 

nanosheets in a range of polar solvents.50 Besides, those polar solvents could be various 

types of stabilizers, including surfactants or amphiphiles and polymers, which could 

effectively break the weak van der Waals forces among inter layers of the composite 

2D materials.46, 49, 51 The resultant liquid-suspended single-layer or few-layer 2D 

nanosheets suspension among different polar solvents have been investigated and 

characterized in detail and used for a wide range of applications including wastewater 

treatment.46, 51, 52 The liquid-phase assisted ultrasonication methods are convenient, 

controllable and have been reported to be a suitable method for industrial mass 

production. 

1.1.7 Surface termination 

    There are large numbers of transition metal carbides and nitrides 2D materials 

(TMDCs) that have shown promising applications such as electromagnetic interference 

shielding, energy storage and wastewater treatment.53-56 The TMDCs such as MXenes 

have strong optical absorption capability and tunable surface chemistry through their 

metallic nature.53 The physical properties of those TMDCs are strongly dependent on 

the surface terminations during the synthetic or liquid-phase assisted exfoliation 
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process.54, 57 Those liquids were mostly polar solvents and the polar molecules from the 

solvents were normally able to attach onto the 2D nanosheet surface during the 

exfoliation process since the binding energy between the polar molecules and 2D 

nanosheets was higher than the dissociation energy of polar molecules in water.53, 54, 58 

The resulted liquid suspension is surface terminated 2D nanosheets or functionalized 

2D nanosheets. 

1.1.8 2D material-based hydrogel 

    The 2D material-based hydrogel could be formed through self-aggregation of 

functionalized 2D nanosheets such as graphene oxide nanosheets hydrothermal process 

or crosslinking of functionalized 2D nanosheets.59-61 Various kinds of applications have 

been illustrated by using 2D material-based hydrogel, such as adsorption, energy 

storage, oil/water separation and wastewater treatment due to the large specific area and 

rapid responsiveness towards external circumstances.59, 62, 63 Nevertheless, there are 

many problems that limit the scale-up production of those hydrogels in industrial 

applicatiosn such as poor mechanical properties due to the weak physical interactions 

among 2D nanosheets.59, 62, 64 In addition, the complicated composition of industrial 

wastewater would limit the adsorption behavior of the hydrogel under multiple external 

circumstances.59, 65 Therefore, the 2D material-based hydrogel would require further 

modification on tackling with the harsh environmental conditions.64, 66, 67 The self-

assembled functionalized 2D nanosheets were one of the optical choices with an 

introduction of functional groups into 2D material-based hydrogel with enhanced 
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properties including mechanical strength, adsorption capacity and antifouling, which 

was investigated in this thesis. 

1.1.9 2D material-based membrane 

The unique structure of 2D material-based membranes including thin, laminar and 

mixed matrix types have led to a superior seperation performance (i.e. high-water 

permeability and selectivity).68-70 The unique structure and surface modifiable 

properties make 2D material-based membrane a promising potential in various kinds of 

applications, such as energy storage, oil/water separation and wastewater treatment.68, 

71, 72 It has been a decade that membrane materials have not been significantly improved 

since the commercial driving force is weak due to the fouling issue on facing the harsh 

environmental conditions and long-time stability for maintaining continuous high 

permeation rate.68, 70, 73 Current status has illustrated that various 2D nanosheet-based 

membranes including thin film, laminar as well as mixed matrix types have superior 

separation performance with regular and ordinary pore sizes, controllable interlayer 

distances or surface functional groups as compared with conventional polymer 

membranes.68, 74, 75 However, despite significant processes in 2D nanosheet-based 

membranes, there are challenges that required to be addressed to meet the industry 

inquiries such as mass production of 2D nanosheets, controllable surface modification, 

scale-up processability and comprehensive separation mechanisms.69, 74, 76, 77 In this 

thesis, some intriguing materials were developed as well as detailed discussions in 

relate to the separation and selectivity mechanisms for the membrane materials have 
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been addressed for contributing the next generation of membranes. 

1.2 Objectives 

    Despite much progress has been made over the past few decades, the superior 

separation performance and clear interfacial mechanisms for functionalized 2D 

materials remain challenges including synthesis of 2D nanosheets, surface modification, 

scale-up processability and separation mechanisms. The overall objective of this thesis 

is developing a suitable functionalized 2D materials, conducting superior separation 

and selectivity performance, and comprehensively understanding the interfacial 

separation science in the field of wastewater treatment. The detailed objectives are as 

follows. 

(1) Developing 2D material-based hydrogel using surface termination to achieve 

enhanced mechanical property and superior selectivity and separation 

performance.     

(2) Developing 2D material-based membrane using surface termination to achieve 

enhanced water permeation and superior rejection rate towards target 

contaminants including cations and organic dyes. 

(3) Developing 2D material-based membrane using surface termination to achieve 

selectivity performance toward multiple ions at either low or high 

concentration. 

(4) Investigating the surface interaction among cations on each modified 

individual 2D nanosheet inside the laminar composite membrane channels, 
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which will provide nanoscopic insights into the permeation/rejection 

mechanisms. 

1.3 Structure of the thesis 

Chaper 1 reviews relavant literature on water shortage and some current methods 

on wastewater treatment and desalination. Current progress on 2D materials and 2D-

based materials including remaining challenges are reviewed. The objectives of this 

thesis are listed. 

Chapter 2 describes the experiment techniques used in this study and relavant 

listed fundamentals. 

Chapter 3 demonstrates a facile, novel, environmental-friendly and economical 

method for synthesizing the fluorographene nanosheets through Michael’s Addition 

reaction and fabricating amphiphobic LA/F/rGO hydrogel. The selectivity and 

bouncing activity results of the hydrogel are presented and discussed. 

Chapter 4 presents a novel method for preparing tannic acid (TA)-modified MoS2 

(or MoSe2) nanosheets with a high yield production and have demonstrated the superior 

performance of water flux and rejection of cations/organic dyes on the as-prepared 

membranes based on the TA-modified MoS2 (MoS2) nanosheets. A hybrid membrane 

is designed and shows a fast water flux and high rejection of cations including K+, Na+, 

Li+, Ca2+, and Mg2+ under static diffusion mode. When tested under vacuum-driven 

filtration condition, this hybrid membrane demonstrates ultrafast water flux as well as 

high rejection towards multiple model organic dyes, e.g., basic blue, toluidine blue and 
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rhodamine 6g. 

Chapter 5 demonstrates a novel, facile and scalable sodium alginate (SA)-assisted 

surface termination method to fabricate SA-modified Nb2CTx MXene (NbSA) 

nanosheets. The NbSA film with a thickness of 5 µm shows >99% rejection towards 

various cations under forward osmosis process and a fast water flux of 2,200 ± 100 L 

m-2 h-1 bar-1 (LMHB) with almost 100% rejection rate towards multiple dyes under 

vacuum-driven filtration mode. A selective separation performance on Li+/Mg2+ 

mixture solution under forward osmosis process was observed for the NbSA film. 

Chapter 6 provides the major conclusions as well as original contributions for this 

thesis. The future plans and suggestions are provided. 
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Chapter 2 Experimental techniques 

    In this chapter, the experiment techniques used in this research will be presented 

briefly. The techniques include scanning electronic microscopy (SEM), atomic force 

microscopy (AFM), transmission electron microscopy (TEM), X-ray diffraction (XRD), 

ultraviolet-visible (UV-vis) spectroscopy, X-ray photoelectron spectroscopy (XPS), 

zeta potential and size measurement, contact angle measurement, inductively coupled 

plasma mass spectrometry (ICP-MS), forward osmosis (FO), vacuum filtration, 

hydrothermal synthesis, surface forces apparatus (SFA), centrifugation, ultrasonication 

and spin coating. 

2.1 Scanning electron microscopy (SEM) 

    The scanning electron microscopy (SEM) is a typical technique for characterizing 

synthesized materials. The core components of SEM are electron source – electron 

beam generator; Anode and condenser lenses – beam energy adaptor; objective lens – 

beam alignment; detector and sample stage as shown in Figure 2.1.1 The electron source 

owns an acceleration voltage range of 1 – 30 kV as indicated in the user manual of the 

field emission scanning electron microscope (FESEM, Zeiss, low vacuum 10-5 Pa) 

used in this thesis. Both secondary electron (SE) detector and back scattered electron 

(BSE) detector were used in this thesis for receiving the signals for displaying the 

morphology of the synthesized material including shape and thickness.2, 3 The energy-

dispersive X-ray spectroscopy (EDX) spot spectrum (X-ray generated by electron 

transitions within atoms in the sample) generated by FESEM enables quantitative 
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analysis of material composition of the sample by counting the number of X-rays 

reaching the detector with different energies.2, 4 The FESEM provides direct 

observation and analysis for the structure, surface morphology and components of the 

synthesized 2D based functionalized materials, which is one of the most frequently used 

technique in this thesis. 

 

 

Figure 2.1. Typical core components of a scanning electron microscope (SEM) 

configuration.1 Figure is addapeted from reference with Elsevier permission liscence 

(No. 4660410235374). 
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2.2 Atomic force microscope (AFM) 

 

Figure 2.2. Typical core components of an atomic force microscope (AFM). 

    The atomic force microscope (AFM) is another powerful technique that could 

characterize the surface morphology and hydrophilicity, thickness and size of the 

synthesized 2D based functionalized materials. The core components of an AFM are 

illustrated in Figure 2.2, which contains a photo detector, a laser, a tip, a sample, a 

substrate, a piezo scanner and an internal feedback control. The principle of AFM is 

recording the precise movements of the tip from the oscillation signal created by a piezo 

transducer.5, 6 The tip interacts directly with the prepared sample and the motion of the 

tip is measured with the assistance of a laser beam and quadrant displacement sensor 

(feedback control).7, 8 In general, the AFM contains two functions: imaging and force 

measurement, both of which are measuring the signal changes from the piezo scanner 

between the tip and the sample surface under feedback control. The surface morphology, 

thickness and size of the synthezied 2D based functionalized nanosheets could be 

characterized by using the imaging function of AFM.9, 10 The resulted hight profile 
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would provide direct evidence for the thickness and size of the materials. In order to 

get high resolution height profile, the sample surface should be as flat as possible.  

    In terms of surface hydrophilicity of the synthesized 2D based functionalized 

nanosheets, the force measurement function of the AFM was used. In this thesis, the tip 

was modified with hydroxyl or carboxyl functional groups interacting with prepared 

sample surface under multiple conditions (e.g. concentration, pH, etc.). The force 

measurement function of AFM provides more detailed evidences to support the 

proposed mechanism behind the macroscopic experimental data.  
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2.3 Transmission electron microscopy (TEM) 

 

Figure 2.3. Typical core components of a transmission electron microscope (TEM) 

configuration.1 Figure is addapeted from reference with Elsevier permission liscence 

(No. 4660440530381). 

    The transmission electron microscopy (TEM) is a typical technique for 

characterizing the crystal structure of synthesized materials in terms of physical and 
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chemical sciences.11, 12 The core components of a TEM are shown in Figure 2.3. In 

general, the TEM consists of an electron source, condenser lenses, objective lens, 

projective lenses, a viewing screen, and a detector.11, 13, 14 A beam generated from the 

electron source would transmit through all the above-mentioned components and the 

prepared sample to generate an image.12, 13 The detection limit of TEM was less than 

100 nm for the as prepared sample thickness. The TEM is able to image at a 

significantly higher resolution at a molecular level than light microscopes in terms of 

crystal structure and amorphous structure.12, 15  

2.4 X-ray diffraction (XRD) 

 

Figure 2.4. The simplified schematic illustration of a generic X-ray diffraction 

measurement.16
 

    The X-ray diffraction (XRD) was empolyed for analyzing the crystal structure of 

the synthesized 2D materials at atomic or molecular level.16, 17 In this study, a Rikagu 

XRD with Cu X-rays on the order of 0.154 nm was used to produce a diffraction pattern, 

which works best for crystalline materials and may be able to investigate non-
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crystalline materials.18 The information from the X-ray scattering pattern provides the 

internal structure with a length scale range from 0.1 to 100 nm.17 The scattering 

intensity for the X-ray beams directly towards the sample was measured as a function 

of outgoing direction. The well-known Bragg’s Law could describ the constructive 

interference as shown below:18, 19 

    n λ = 2 d sin θ  2.1 

λ: The wavelength of the X-ray beam, in this study, the value is 0.154 nm 

d: Separated distance 

θ: Half of the scattering angle 

2.5 Ultraviolet-visible (UV-Vis) spectroscopy 

 

Figure 2.5. Typical core components of ultraviolet-visible (UV-Vis) spectroscopy.20 

    In this thesis, some dye separation experiments by using 2D based functionalized 

materials for wastewater treatment were conducted. An Evolution 300 UV–Vis 

spectrophotometer (Thermo Fisher Scientific) was used to characterize the absorption 

peaks from target dyes (e.g., methylene blue; rhodamine 6g; basic blue, etc.) In order to 

estimate the separation performance of the 2D based functionalized materials, 
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concentration difference of the target dyes before and after separation should be 

characterized. In general, the UV-Vis spectroscopy reflects the absorption capability in a 

long range of lights from the target pollutants whose electrons transist from the ground state 

to the excited state.21, 22 Typically, the absorption intensity versus the concentration gradient 

has a linear relationship named as concentration gradient standard line. The concentration 

difference could then be measured based on the concentration gradient standard line. The 

concentration of contaminants (dyes) in wastewater were examinined by UV-Vis analysis. 

2.6 Fourier-transform infrared (FTIR) spectroscopy 

 

Figure 2.6. Typical core components of Fourier-transform infrared (FTIR) 

spectroscopy.23 
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    The FTIR spectrometer was used to identify the functional groups for the 

synthesized materials. The existence of specific functional groups in solid, liquid or gas 

samples could have a wide range of spectral emissions at a time.24, 25 The FTIR 

spectrometer was used to obtain the infrared spectrum of the absorption for the signal 

simultaneously wavelength range from 10 cm-1 to 12800 cm-1.23 The Thermo Nicolet 

8700 FTIR Spectrometer was used in this thesis and the core components are shown in 

Figure 2.6.  

2.7 X-ray photoelectron spectroscopy (XPS) 

 

Figure 2.7. Typical core components of X-ray photoelectron spectroscopy (XPS).26 

    The elemental composition for the synthesized materials could be characterized 

by XPS. The core components of XPS are X-ray source, electron analyzer and sample 

as shown in Figure 2.7. The X-ray beam at a given energy is used to irradiate a sample 

at the surface depth around 10 nm.27, 28 The irradiated surface would emit 
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photoelectrons to the electron energy analyzer. The electron energy analyzer analyzes 

the binding energy for different sample component irradiated by X-ray source.26 The 

binding energy could be anylized theoretically by equation:29, 30 

 Ebinding = Ephoton – (Ekinetic + Eφ) 2.2 

Ephoton: The X-ray photon energy 

Ekinetic: The photoelectrons kinetic energy 

Eφ: The solid effects correction 

    The binding energy difference represents the unique format for each component 

of the synthesized 2D based functional materials, which helps analyzing the structure. 

A Kratos Axis Ultra spectrometer was used in this thesis. 

2.8 Zeta potential and size measurement 

 

Figure 2.8. Typical core components for the instrumentation of dynamic light scattering 

(DLS).31 Figure is addapeted from reference with ScienceDirect permission liscence 

(No. 4661451205919). 
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    Zeta potential is the potential difference between a particle surface and the bulk 

fluid. A charged particle in an aqueous solution would be surrounded by a decreasing 

concentration gradient of opposite charged ions.31, 32 The concentrated ions near the 

particle surface is called surface charge including stern layer and slipping plane with 

the decrease of charged ions concentration. The zeta potential value indicates the 

electrostatic interaction behavior between a particle surface and the bulk fluid and the 

stability among colloidal particles under aqueous solution environment. The Malvern 

Nanosizer Nano ZSP has been used in this thesis and the core components are illustrated 

in Figure 2.8.31, 33 In addition, the Malvern Nanosizer Nano ZSP equipment could 

measure the size of the colloidal particles through dynamic light scattering (DLS) 

characterization. 

2.9 Contact angle measurement 

 

Figure 2.9. Schematic diagram of contact angle.34, 35 
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    In terms of wastewater treatment, hydrophobicity or hydrophilicity of the 

synthesized surface is of great significance. Contact angle could provide direct 

measurement of surface wettability of the synthesized functional 2D based materials 

wherever the intensity of the contact between liquid and solid substrates could be 

checked.35, 36 Either water-in-air (W/A) or oil-in-water (O/W) contact angles on 

different sample surfaces are measured through the image of a sessile drop on solid 

surface at the points of intersection (three-phase contact points).34, 36 The Young’s 

equation could describe the relationship among the three phases:35 

 ƳSG = ƳSL + ƳLGcosθ 2.3 

Contact angle: θ 

Liquid surface tension in air: ƳLG  

Interfacial tension between material surface and liquid: ƳSL 

Surface tension of the solid: ƳSG  

2.10 Inductively coupled plasma mass spectrometry (ICP-MS) 

    Inductively coupled plasma mass spectrometry (ICP-MS) was used to analyze the 

metals such as K+, Na+, Li+, Ca2+, Mg2+ and several non-metals ions in aqueous samples. 

The ICP-MS has a greater speed, accuracy, and sensitivity as compared to other mass 

spectrometry (e.g., thermal ionization mass spectrometry (TIMS), etc.) with the 

existence of energized plasma by inductively heated gas.37  
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2.11 Forward osmosis (FO) 

 

Figure 2.10. Schematic diagram of membrane process including forward osmosis and 

reverse osmosis process.38, 39 

    Forward osmosis (FO) and reverse osmosis (RO) have been investigated and 

widely applied on sea water desalination over the past decade. In general, FO is a 

separation or diffusion process in between feed side and high concentration draw side, 

while an additional hydraulic pressure is added for RO process. The most significant 

aspect for both processes is the semi-permeable membrane design in order to achieve 

energy efficient and effective separation.40 The consideration for semi-permeable 

membrane design includes structure parameters of the membrane, solte flux selectivity, 

permeability-selectivity tradeoff and fouling reversibility. The membrane fouling issue 

is reversible for FO process, however irreversible for RO process, though RO process 

has better performance in water permeation.41, 42 In this thesis, the membrane properties, 

fouling reversibility, water flux, solute rejection and fundamental analysis for FO 

process were investigated. An ideal FO membrane contains three significant aspects: 

high water flux, complete rejection rate towards solutes and robust mechanical property. 

Those aspects are critical for the support and active layer of the membrane. Therefore, 
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the design goals for this thesis were (1) to minimize the influence of the support layer 

and increase water flux and (2) maximize the selectivity between solute and water of 

the active layer to reduce loss of the draw solution through surface termination 

methodology.  

2.12 Vacuum filtration 

    The vacuum filtration device consists of a disposable filter funnel and a disposable 

filtrate receptacle. Both funnel and receptacle are connected to a vacuum source through 

a connecting passage to the vacuum pump.43 In this thesis, the vacuum filtration method 

was used to synthesize the functionalized membrane as well as conduct the separational 

performance for the synthesized membrane (e.g., waste dye separation).  

2.13 Hydrothermal synthesis 

    Hydrothermal synthesis is defined to be a method for synthesizing materials in hot 

water under high pressure.44, 45 The hydrothermal process could create crystalline 

phases and the materials can be grown at high temperature and pressure.46 It is 

accessable for mass production of good-quality materials through hydrothermal process, 

though the size is not controllable and impossible to observe the growth for the 

materials inside the autoclave.47 In this study, hydrothermal process was used to 

synthesize the GO hydrogel as mentioned in Chapter 3. 
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2.14 Surface force apparatus (SFA) 

 

Figure 2.11. (a) Cross section view of the SFA 2000 main body through the center of 

the apparatus, (b) top view of the main stage and the bottom disk holder.48 Figure is 

adapted from reference with IOP Science permission liscence (No. 4661720952113). 

    The surface force apparatus (SFA) is used to measure the interaction forces 
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between two confined surfaces as they are brought together and retracted under motor 

control.49, 50 The surface is held by a spring with known constant, and the deflection of 

the spring is used to calculate the interaction force. The calculation is based primarily 

on Hooke’s law, F =kx, where F is the force being exerted, k is the spring constant and 

x is the displacement of the spring.51 

    The force between two contact surfaces is calculated by using52, 53  

                  2.4 

appliedx   is the change by the micrometer that could be read on the set up and 

measuredx  is the displacement by interferometry.  

    In 1960s at Cambridge University, SFA was developed by D. Tabor, R.H.S. 

Winterton.51, 52 By the mid-1970s, J.N. Israelachvili first introduced this design to 

aqueous environment, while at the Australian National University and later at 

University of California Santa Barbara, the technique was further advanced for friction 

and electro-chemical surface studies.52, 53 

    In this study, SFA was used to measure the surface forces between functionalized 

2D nanosheets and interaction behavior under multiple concentrations of salt solution. 

2.15 Centrifugation 

    The centrifugation is used for the separation of particles from a solution according 

to the mass or density differences between the medium and the particles under multiple 

motor speeds.54-56 In this thesis, water was used as the only solvent for both washing 

and separation processes. The washing step includes the removal of acid and other 

F( ) ( )applied measuredx k x x =  −
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solute from the synthesized 2D material suspension. The centrifugation separation 

process was to find different sizes of the synthesized 2D nanosheets according to their 

gravity.   

2.16 Ultrasonication  

    The ultrasonication process is a well-established mechanical technology for 

disintegration of solutes.57, 58 The ultrasound waves could initiate powerful 

hydromechanical shear forces and some reactive radicals (H and OH).59, 60 The 

mechanical shear forces as well as the reactive radicals would contribute to the 

overcome Van der Waals forces among the stacked 2D nanosheets synthesized in this 

work resulting a well dispersed suspension.61, 62 

2.17 Spin coating 

    Spin coating is used to deposit uniform thin films onto flat substrates with 

continued angular speed of spinning.63, 64 The thickness of the film is controlled by the 

deposition time and solution concentration.65, 66 Some characterizations are strictly 

required flattering surface, such as AFM, SFA, etc. In this work, spin coating was used 

to fabricate the uniform 2D nanosheets film with disired roughness as prepared for 

characterizations. 
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Chapter 3 An Amphiphobic Graphene-Based Hydrogel as Oil-Water 

Separator and Oil Fence Material  

3.1 Introduction 

    Hydrogels based on graphene materials, especially reduced graphene oxide (rGO), 

have attracted increasing attention in oil-water separation due to its high surface area 

and flexibility in assembling of the nanosheets.1-4 The abundant nanopores within the 

hydrogels formed via crosslinking or modifying the graphene nanosheets, provide high 

volume of adsorption and allow efficient fluid filtration.5-9 The adsorption performance 

and functionalities of the hydrogels can be readily tuned by introducing desirable 

functional groups or polymers onto the graphene nanosheets.10-13 To achieve 

environmental-friendly and highly efficient separation of oil and water, many studies 

have been reported on the fabrication of graphene-based materials of varying super 

hydrophobicity, super hydrophilicity, super oleophobicity, or super oleophilicity.14-17 

However, limited work has been reported on the synthesis of partially amphiphilic or 

amphiphobic materials and their applications. Fluoride, as an amphiphobic element, has 

been introduced in fluorographene as one type of graphene derivatives for oil-water 

separation, which has been investigated for its low surface energy, strong amphiphobic, 

high thermal stability, and large energy band gap.18-20 Currently, fluorographene has 

been widely used in surface protection coating, lubrication coating and amphiphobic 

coating with various engineering applications.19, 21-23  

    The conventional approaches for fabrication of fluorographene include chemical 
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reaction methods and physical exfoliation methods, which are not cost-effective and 

not suitable for practical applications due to some major disadvantages such as harsh 

reaction process and requirement of complex facilities.19, 21, 22, 24-27 Introduction of 

fluorinating agents and fluorochemical vapor reactions are the most commonly used 

chemical reaction methods. The fluorination reaction generally uses fluorinating agent 

BrF3, which is highly poisonous, contaminative, flammable and dangerous.28-31 In 

fluorochemical vapor reactions, a highly purified F2 vapor is commonly used in a sealed 

polytetrafluoroethylene (PTFE) container at high temperature. To enhance the 

fluorination efficiency, a combination of the above two traditional methods has been 

proposed by using a relatively weak fluorinating agent ClF3 at room temperature 

followed by thermal expansion at high temperature.32-35 However, this combination 

could result in a low yield production of single graphene nanosheets, but thermally 

expanded fluorinated graphite instead. Previous study also reported the fabrication of 

single layer fluorinated graphene nanosheet through hydrothermal process and showed 

that the reaction efficiency and ratio of F to C could be significantly influenced by 

temperature and reaction time.36-40 Despite the much effort devoted to the production 

of fluorinated graphene nanosheets, several critical issues including high poisonousness, 

severe pollution of environment, high cost and harsh reaction conditions, still remain 

unsolved for the fluorinating chemical reaction process.23, 41, 42 

    The physical exfoliation methods to fabricate fluorographene include liquid 

exfoliation and mechanical exfoliation. Mechanical exfoliation approach could destroy 

the structure of the graphene nanosheets, leading to relatively small nanosheet size.43-
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46 In contrast, the liquid exfoliation process has the potential for large-scale production 

with more flexibility. However, it is reported that the side products as the impurities in 

the liquid solution are difficult to be removed, some of which could even lead to 

defluorination.47-49 The selection of the liquid medium plays a critical role in the 

exfoliation process and is still under investigation.  

    In this work, we report a new, facile and cost-effective method for fabricating 

fluorinated graphene nanosheets and fluorographene hydrogel, based on the 

interactions of rGO containing carbonyl groups and 1H,1H,2H,2H-

perfluorodecanethiol (PF) in the presence of L-ascorbic acid. The new fabrication 

process developed shows distinct advantages in terms of mild and environmental-

friendly reaction conditions and high production efficiency with no side products. The 

as-prepared hydrogel shows intriguing performances in bouncing oil droplets 

underwater, excellent adsorption capacity of various oils and organic solvents. The as-

prepared graphene-based hydrogel materials show significant application potential as 

efficient adsorbents in wastewater treatment, filters for oil-water separation and 

underwater oil repellant agent for preventing leaking oil from spreading.  

 

3.2 Experimental Section  

3.2.1 Materials 

    Natural graphite (Alfa Aesar, median 7-10 micron, 99% metals basis); Sodium 

nitrate(shawinigan, the Mcarthur Chemical Co. LTD); Sulfuric acid (Fisher Scientific 
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Canada, 95 to 98 w/w %); KMnO4 (Sigma Aldrich ACS reagent >99%); HCl (Sigma 

Aldrich, 36.5-38% ACS grade); 1H,1H,2H,2H-Perfluorodecanethiol (Sigma Aldrich 

97%); L-Ascorbic acid (Fisher Scientific Canada, F.W. 176.13); Ethanol (Fisher 

Scientific Canada, 70% v/v). 

Graphene Oxide (GO) Synthesis and Purification: GO was prepared by oxidation of 

natural graphite through modified Hummer’s method7. The obtained GO dispersion 

would be dialyzed to get an ultra-purified GO dispersion. 

3.2.2 Synthesis of F/rGO Precursor 

    F/rGO precursor was prepared by mixing the GO dispersion (10 mL, 5mg mL-1) 

with desired amount of 1H,1H,2H,2H-Perfluorodecanethiol solution (mass ratio 10:1) 

and then underthrough a relatively low temperature solvothermal process at 50°C for 

24 h. The F/rGO precursor was then washed by ethanol and stored in ethanol solution 

at 50°C. 

3.2.3 Synthesis of LA/F/rGO hydrogel 

    LA/F/rGO hydrogel was obtained by a fast reduction process using the F/rGO 

precursor dispersion and L-ascorbic acid via solvothermal process. Breifly, 20 ml 

F/rGO precursor was first experienced solvothermal process under 90 0C for 3 h. The 

L-ascorbic Acid was then added to the dispersion and the reduction reaction process 

was continued for another 96 h. The final product would be obtained after lyophilizing 

procedure. The LA/F/rGO hydrogel product was stored in ethanol solution at 50 0C.  
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3.2.4 Material Characterizations 

    A Fourier transform infrared (FTIR) spectrometer was used to characterize the 

material chemistry (e.g., functional groups) (Thermo Scientific Nicolet, iS50 FT-IR). 

The material structure was characterized using a field-emission scanning electron 

microscope (FESEM on a working distance of 7.5 mm, 15 kV for different 

magnification) and transmission electron microscopy (TEM, JEOL JEM-ARM200C 

S/TEM, beam voltage: 200kV). The crystal structure was recorded by X-ray diffraction 

(XRD) using a Rigaku Ultima IV XRD with high intensity Cu Ka radiation at a 2 0/min 

scanning speed and 2 theta scanning axis. The X-ray sources was 40 kV and 44mA. X-

ray photoelectron spectroscopy (XPS) measurement was conducted using a Kratos 

AXIS 165 XPS.  

3.2.5 Oil Adsorption Experiments 

The LA/F/rGO hydrogel was put in various organic solvents or oils for 

approximately 1 minute and then taken out. Then it was placed on a filter paper for 

removing the surface residue solvents and weighted. The adsorption capacity (Q) % (or 

weight gain) was caculated according to the following equation: 

 100
f

i

W
Q

W
=    3.1 

    where Wf (g) and Wi (g) are the final and initial weight of the LA/F/rGO hydrogel 

during oil adsorption process, respectively.  
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3.2.6 Oil Bouncing Experiment 

    The LA/F/rGO hydrogel was first placed on the water surface (which was partially 

pre-soaked in water at 500 C) for 15 minutes. A U-shape needle was applied to produce 

the oil droplets (i.e., hexadecane mixed with red dye) under water for injection. The 

generated oil drop would rise due to the low density and buoyance force underwater, 

moving toward the floated hydgoel. A video camera was used to monitor the whole 

interaction process.   

3.2.7 Oil-Water Separation 

    The synthesized LA/F/rGO hydrogel was applied to test its capability in separating 

oil and water from their mixture. In a typical experiment, LA/F/rGO hydrogel was first 

placed in a syringe (2 cm in diameter and 13 cm in length) shown in Figure 3.7. The 

hydrogel was then pre-treated (or pre-soaked) with water or oil. The pre-treatment using 

water was achieved by pushing 10 ml DI water through the LA/F/rGO hydrogel under 

a mild external pressure (i.e., by the syringe piston), which was repeated for three times. 

The hydrogel pre-soaked with water was then applied to separate toluene and water by 

flowing a mixture of water and toluene (marked with red dye). The oil pre-soaking 

process was achieved by immersing the LA/F/rGO hydrogel in a glass via filled with 

chloroform which was soaked at 50 0C for 24 h. The hydrogel pre-soaked with oil was 

then used for the oil-water separation test, in which a mixture of methylene blue marked 

water solution and chloroform was used as the model oil-water system. 
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3.3 Results and Discussion 

3.3.1 Synthesis of 3D Fluorinated rGO nanosheets (F/rGO) Macrostructure 

Precursor  

    The F/rGO precursor was prepared by a facile one-step low temperature 

solvothermal process at 50 °C for 24h in the presence of 1H,1H,2H,2H-

perfluorodecanethiol (PF) in ethanol. The strong activity of thiol group in PF would 

facilitate the grafting of polymer chains onto the GO nanosheets via Michael’s Addition 

reaction, during which the graphene oxide sheets started getting partially reduced. The 

GO dispersion mixed with PF showed brown color, which turned into black color after 

the partial reduction of GO and Michael’s Addition reaction process at 50 °C. The 

resulted black suspension would be used as F/rGO precursor for further hydrothermal 

treatment. 

3.3.2 Synthesis and Characterization of 3D LA/F/rGO 

    The F/rGO precursor was first treated under a solvothermal process at 90 °C for 6 

hours, partially reducing the GO nanosheets to initiate the formation of porous hydrogel. 

A strong reducing agent, L-ascorbic acid (LA), was introduced into the mixture and the 

reaction was continued for another 12 hours, and the hydrogel would then be formed, 

facilitated by the π-π interaction of the rGO-rGO nanosheets. The LA/F/rGO hydrogel 

would then experience a lyophilization process and a uniform crosslinked structure 

could be formed. The LA/F/rGO hydrogel was stored in ethanol solution at 50 °C. In 
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order to preserve the surface structure of the hydrogel, the hydrogel would then 

experience critical point drying procedure. The illustration figure is shown in Figure 

3.1. 

 

Figure 3.1. Illustration of the formation process for LA/F/rGO hydrogel. The 

hydrothermal reaction time was set as 6 h and the reduction process was set as 1 h.  

    The typical size of the synthesized cylinder-shape LA/F/rGO hydrogel was 10 mm 

in diameter and 15 mm in height, limited by the size of the glass bottle container used, 

and the dry hydrogel density was as low as 19 mg/cm3 suggesting a highly porous 

structure to be used as an adsorbent. As shown in Figure S3.1, it was found that the 

reaction time, GO concentration and mass ratio of GO and PF could influence the size 

of the final product. With increasing the reaction time, the more complete reaction and 

more condensed hydrogel could be achieved.  
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Figure 3.2. SEM images of LA/F/rGO hydrogel before (a1-c1) and after (a2-c2) 

burning treatment. AFM images for single fluorographene nanosheets under different 

reaction times (d-6h, e-24h) and the associated height profiles. 

    The morphology of the LA/F/rGO hydrogel was characterized by scanning 

electron microscopy (SEM). Figure 3.2 (a1-c1) shows the typical SEM images of the 

LA/F/rGO hydrogel, revealing its porous and crosslinking structure. As indicated in 

Figure 3.2 (a1-c1), the pore diameters in LA/F/rGO hydrogel are around several 

micrometers. Burning treatment was used to regenerate the hydrogel materials after oil 

adsorption and to test its thermal stability (as further discussed in Section 2.3). Figure 
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3.2 (a2-c2) show the typical SEM images of the LA/F/rGO hydrogel after burning 

treatment on the flame of fire lighter (Turboflame Ranger Windproof Lighter), and no 

obvious structure change could be observed. Figure 3.2d-3.2e show the topographic 

AFM images for single fluorographene nanosheets and the aggregates on the nanosheet 

surface under different reaction times (d-6h, e-24h) and the associated height profile, 

suggesting that with increasing the reaction time, more PF chains could be grafted to 

the graphene nanosheets. 

    The AFM height profile (Figure 3.2d) demonstrates the thickness of single layer 

graphene nanosheet after 6 h reduction process is around 0.34 nm in the prestine area 

of graphene nanosheet, consist with theoretical thickness value (i.e., 0.334 nm) of single 

layer graphene nanosheet, and small aggregates are present on the nanosheets surface.50 

The high-resolution topographic AFM image (Figure 3.2e) shows that more aggregates 

are deposited on the graphene nanosheets after 24 h reduction process. The 

corresponding height images have clearly demonstrated the successful grafting of PF 

chains on the graphene nanosheets, which increases with increasing the reaction time.  
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Figure 3.3. TEM image of pure graphene (a, b) and PF grafted graphene (d, e) and 

high-resolution Fast Fourier Transform (FFT) image of graphene hydrogel (c, f). 

    The high resolution TEM images of pure graphene and PF modified rGO 

nanosheets are presented in Figure 3.3 (a, b) and Figure 3.3 (d, e), repectively. Figure 

3.3f shows that the TEM image of layered graphene hydrogel has a typical nanosheet 

thickness ~0.34 nm. The PF grafted nanosheets were further characterized by field-

emission scanning electron microscopy with energy dispersive X-ray spectroscopy 

(FESEM-EDX) as shown in Figure 3.4 and Figure S3.2. The EDX spectrum (~ 1.2 

Cps/eV for F and ~ 0.7 Cps/eV for S) and elemental mapping in Figure 3.4 and Figure 

S3.2 clearly demonstrate the successful grafting of PF on graphene nanosheets. 
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Figure 3.4. Elemental mapping for LA/F/rGO hydrogel.  

 

Figure 3.5. (a) Fourier transform infrared (FTIR) spectra of GO and LA/F/rGO. (b) X-

ray diffraction (XRD) patterns of rGO and LA/F/rGO hydrogel.  

    Figure 3.5a represents the Fourier transform infrared (FTIR) spectra of LA/F/rGO 

and GO nanosheets. The FTIR spectrum of GO shows absorption peaks at around 3300 

cm-1 (O-H stretching vibration), 2900 cm-1 (-CH2 stretching vibration), 1630 cm-1 
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(C=C), 1400 cm-1 (C-OH stretching vibration) and 1050 cm-1 (C-O-C stretching 

vibration), respectively. However, the stretching vibration is different for the LA/F/rGO 

sepectrum, which shows that only 3300 cm-1 (O-H stretching vibration), more peaks at 

2900 cm-1 (-CH2 stretching vibration), and 1000 to 1350 cm-1 (C-F multi-stretching 

vibration)  suggest the successful modification of PF polymer on the rGO nanosheets. 

It is also evident from the absence of C=C peak in the FTIR spectrum of LA/F/rGO 

(Figure 3.5a) that the grafting of PF polymer to rGO was achieved through Michael’s 

Addition reaction. The FTIR results indicate that GO nanosheets were partially reduced 

during the solvothermal process. Figure 3.5b represents the X-ray diffraction (XRD) 

patterns of LA/F/rGO and rGO. GO is widely known to have a diffraction peak at 

around 9.8°, corresponding to the (002) diffraction peak. After the hydrothermal 

reaction, the peak shifts to 23.0°, indicating that the GO nanosheets were partially 

reduced. 

3.3.3 Oil Adsorption Behaviors of LA/F/rGO hydrogel and Regeneration by 

Thermal Treatment.  

One advantage of the novel LA/F/rGO hydrogel was that it was oleophobic yet 

comparatively more hydrophobic for adsorption of oils and organic solvents from oil-

water mixtures, with potential application in oil-spill recovery. The photographs in 

Figure 3.6 (a1-a6) show the burning process of oil-saturated LA/F/rGO over increased 

time period (from 0 to 50 s) for recycling, and the shape of the LA/F/rGO hydrogel 

remained well even after burning on the flame of a fire lighter (Turboflame Ranger 
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Windproof Lighter). The photographs in Figure 3.6 (b1-b3) demonstrated the 5-minute 

selective adsorption process for toluene on water surface. Figure 3.6 (c1-c3) showed 

the selective adsorption process for hexadecane on the water surface in a 20-ml glass 

bottle. Figures 3.6 (b1-b3) and (c1-c3) clearly show that the as-prepared LA/F/rGO 

hydrogel can readily and effeciently remove the organic solvents from water (as further 

discussed in Figure 3.7). The unchangeable structure from Figure 3.6 and FESEM 

image from Figure 3.2 after thermal treatment, together with the cyclic performance 

shown in Figure S3.4, demonstrated a promising excellent thermal stability in practical 

application. 

As shown in Figure 3.7, the LA/F/rGO hydrogel possesses an outstanding 

adsorption capacity (~ 2-10 times higher than reported literature) of various oils or 

organic solvents (up to 20 times of the hydrogel weight), including aromatic compounds 

(e.g., toluene, divinylbenzene) and hydrocarbons (e.g., hexadecane, 1-

bromohexadecane.), which are common pollutants in nature environment.51 Figure 

S3.3 shows the XPS spectra for C, O, S, F elements at 163.9, 285, 532, and 689 eV 

attributed to S2p, C1s, O1s and CF2 before and after continuous burning. As further 

demonstrated in Figure S3.4, after five adsorption cycles of various organic solvents 

(i.e., ethanol, acetone, methanol and diethyl ether), the adsorption volume or adsorption 

capacity of the LA/F/rGO hydrogel was not signficantly changed. The XPS spectra and 

the recycling tests clearly demonstrate the good thermal stability of the LA/F/rGO 

hydrogel and its excellent regeneration capability as a promising adsorbent for oils.  
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Figure 3.6. Photographs on burning oil-saturated LA/F/rGO hydrogel for 0 s to 50 s 

(a1-a6) and 5-minute selective adsorption process of toluene on water surface in a petri 

dish (b1-b3), 1-minute selective adsorption of hexadecane on water surface in a 20-ml 

glass bottle (c1-c3) and recyclability through fire burning treatment on the flame of a 

fire lighter (Turboflame Ranger Windproof Lighter). 
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Figure 3.7. Weight gain of the LA/F/rGO hydrogel during adsorption of various organic 

solvents. 

3.3.4 Oil-Water Separation and Bouncing Activity of LA/F/rGO hydrogel 

    The new LA/F/rGO hydrogel also posesses excellent performance in oil-water 

separation. Due to the amphiphobic surface properties of the as-prepared LA/F/rGO 

hydrogel material, it woud allow selective filteration/separation of oil or water 

depending on the pre-soaking treatment.  
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Figure 3.8. Oil-water mixture separation process using (a) LA/F/rGO hydrogel pre-

treated/pre-soaked with water to permit water flow for separation of oil, and (b) 

LA/F/rGO hydrogel pre-treated/pre-soaked with oil to permit oil flow for separation of 

water. 

    Figure 3.8a shows that after the hydrogel was pretreated (or pre-soaked) with 

water, it would allow the aqueous solutions to pass through while inhibit the flow of oil 

(toluene as a model oil), achieving the successful separation of oil-water by gravity. 

The water pre-soaking process was achieved by pushing 10 ml DI water through the 

LA/F/rGO hydrogel filter (shown in Figure 3.8a) under a mild external pressure (i.e., 

by the syringe piston) which was repeated for three times. The FESEM images of the 

LA/F/rGO hydrogel demonstrated the layered porous structure of the as-prepared 

hydrogel, which provides the space for water molecules to be stored and form a water 

zone layer during the water pre-soaking process. Such water zone layers developed 

during the water pre-soaking process facilitate the flow of aqueous media but 

effectively inhibit the flow of oil media during oil-water separation process.  
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In contrast, Figure 3.8b shows that after the LA/F/rGO hyrogel was pretreated (or pre-

soaked) with oil, it would allow the oil media to pass through under gravity while inhibit 

the flow of aqueous solutions, demonstrated as an effective water separator. The oil pre-

soaking process was achieved by immersing the LA/F/rGO hydrogel in a glass vial 

filled with chloroform which was soaked at 50 0C for 24 h. The oil treated hyrogel was 

then used for the oil-water separation test as shown in Figure 3.8b, in which methylene 

blue treated water solution mixed with chloroform was used the model oil-water 

separation system. 
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Figure 3.9. (a) Bouncing behavior to oil droplet of LA/F/rGO hyrogel underwater (also 

see video in Supporting Information). (b) Schematic for oil droplet interacting with the 

hydrogel surface and the possible interaction mechanism for the bouncing phenomenon. 

    The lyophilized LA/F/rGO hydrogel shows intriguing bouncing behaviors to oil 

droplets, as shown in Figure 3.9. To demonstrate its bouncing behaviors to oil droplets, 

the pre-soaked (described in experiment session) LA/F/rGO hydrogel was first placed 

on the water surface after which, the light oil droplets would be introduced under the 

hydrogel and float up towards the hydrogel surface due to buoyancy force. It was 

interesting to notice that after a short period of stacking, the droplet would be bounced 

away from the hydrogel surface, typically over several centimeters (e.g., ~5 cm) 

(Figure 3.9a). This intriguing bouncing behaviors is highly related to the amphiphobic 

nature of the LA/F/rGO hydrogel surfaces, mainly due to the fluorinated functional 

groups and rough surface structures of the hyrogel, as confirmed by the contact angle 

measurement shown in Figure S3.5. The contact angle for water on the hydrogel in air 

was 125.1° and for toluene in air was 115.3°. In contrast, the contact angle for oil on 

the hydrogel surface under water increased to 121.5° for toluene in water and 155.6° 

for hexadecane in water. The unique porous structures of the as prepared hyrogel allows 

a certain amount of surrounding water molecules stored to form a water zone around 

certain areas of the hydrogel surfaces. When the rising oil droplet driven by buoyancy 

approached and reached the vicinity of the hydrogel surfaces, various surface 

interactions would play a role, such as electrical double layer interaction, van der Waals 

forces, hydrophobic interaction, and hydration interaction. These surface interactions 
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would act together with the hydrodynamic interaction on the oil droplet. The overall 

surface interactions between the oil droplet and the LA/F/rGO hyrogel underwater 

would be repulsive, which repelled and bounced the oil droplet away from the hydrogel 

surfaces (as illustrated in Figure 3.9b). Such an intriguing oil bouncing behavior of the 

as-prepared LA/F/rGO hydrogel demonstrates its important application potential in 

inhibiting the leaking/spreading of spilled oil.  

3.4 Conclusions 

    In summary, this work reports a facile, novel, environmental-friendly and 

economical method for synthesizing the fluorographene nanosheets through Michael’s 

Addition reaction and –fabricating amphiphobic LA/F/rGO hydrogel. The obtained 

LA/F/rGO hydrogel has a low density of ~19 mg/ml, good thermal stability and a 

considerable adsorption capacity (up to 20 times its original weight) towards various 

organic solvents, demonstrated as a promising material for efficient adsorbents in waste 

water treatment. The as-prepared LA/F/rGO hydrogel shows intriguing spontaneous 

repellant to oil droplets underwater, viz., the oil droplets could be bounced away from 

the hydrogel material underwater. The selective permeation of oil or water flow 

depending on the pre-soaking condition makes the LA/F/rGO hydrogel a new 

membrane or filtration material for oil/water separation. The intriguing bouncing 

performance of the LA/F/rGO hydrogel suggests that it has signficant potential 

application as new oil fence material. Our results provide new insights into the 

development of novel and effective approaches on tackling oil leakage in ocean and oil-
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water separation in related industrial processes, with useful implications for fabrication 

of new fluoride graphene nanosheet based multifunctional materials with a wide range 

of engineering and environmental applications. 
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Chapter 4 Tannic Acid Modified MoS2 Nanosheet Membranes with 

Superior Water Flux and Ion/Dye Rejection 

4.1 Introduction 

    Membranes made from the stacking of 2D materials including graphene 

oxide (GO) and transition metal dichalcogenides (TMDCs) laminar nanosheets 

have shown great potential in a variety of applications, including water 

desalination and purification as well as ion separation.1-12 In ion separation, GO 

membranes have demonstrated a high rejection rate of cations, > 90%, in aqueous 

solutions, rendered by the electrostatic interaction between the cations and the 

anionic oxidized groups on the surfaces of GO nanosheets as evidenced by many 

relevant works published recently: M.Shan et.al developed a GO/PA/OCNT 

membrane with high rejection rate towards NaCl through diffusion process 

processes 114 LMH of water permeation;13 J.Zhang et.al found that a similar 

porous structure of OMWCNT membrane could reach the same level of water 

flux.14-17 GO membranes also show a high rejection of organic dyes, such as ~80% 

for Rhodamine B, though many papers have been published on the high 

performance of adsorption process for the removal of dyes, for example: J. Lin 

et.al developed a NF2A membrane with high rejection rate 99.2% of Methylene 

blue;18 H.Kang et.al discovered GO/OCNT composite membrane could have the 

same rejection effect towards the rejection of Methylene blue,19 however, the 
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separation efficiency would not meet the practical requirement restricted by the 

adsorption technology limitations (e.g. time consuming, recyclability etc.).20, 21 

Membrane technology is a promising candidate for the replacement of adsorption 

technology as considered to be more reliable and efficient. However, the 

conventional GO-based membranes generally suffer from their low water flux 

(typically ~25-75 L/(m²h.bar) (LMHB), 100 nm thick) and swelling in water.1, 22-

27 

    MoS2 membranes, a typical TMDCs membrane made of MoS2 laminates, on 

the other hand, have better non-swelling performance in water and the water flux 

of MoS2-based membranes (~1 µm thick) can be improved to the level of ~300 

L/(m²h.bar), over 5 times higher than that of the GO-based membranes with 

comparable thicknesses.28-36 Furthermore, the ion rejection has been reported to 

be as high as >75% because of the interaction between the cations and the highly 

active sulfur bond in MoS2.
37-42 Therefore, MoS2-based membranes are 

considered as better candidates for water treatment including dye removal as 

compared to conventional GO-based membranes.43-49 However, how to further 

improve the separation performance of MoS2-based membranes such as water 

flux and rejection rate of cations/organic dyes are very challenging. which is 

highly desirable for practical applications as energy-efficient membranes in water 

desalination, purification, and ion/dye separation. Tannic acid, as an 

environmental-friendly molecule has been used as a polar solvent to exfoliate the 
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TMDCs nanosheets efficiently. In addition, the tannic acid could enhance the 

membrane water flux significantly.  

    In this work, we report a novel method for preparing tannic acid (TA)-

modified MoS2 (or MoSe2) nanosheets with a high yield production and have 

demonstrated the superior performance of water flux and rejection of 

cations/organic dyes on the as-prepared membranes based on the TA-modified 

MoS2 (TAMoS2) nanosheets. The reported method in this work would be cheaper 

and more energy efficient than the previous methods using hours of high-power 

sonication process. Under static diffusion mode, a hybrid membrane is designed 

and shows a fast water flux and high rejection of cations including K+, Na+, Li+, 

Ca2+, and Mg2+. When tested under vacuum-driven filtration condition, this 

hybrid membrane demonstrates ultrafast water flux as well as high rejection 

towards multiple model organic dyes, e.g., Basic Blue, Toluidine Blue and 

Rhodamine 6G, showing superior performance as compared to conventional 

membranes based on other 2D materials (e.g., graphene oxide). This work 

demonstrates the great potential of using TA-modified MoS2 membranes in water 

treatment applications. 
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4.2 Materials and Methods 

4.2.1 Two-stage Exfoliation Method 

    In Stage I, 0.25 g bulk Molybdenum (IV) sulfide powder (particle size: ~6 µm 

(max. 40 µm), Sigma Aldrich, Canada) and 0.25 g Molybdenum (IV) selenide (~325 

mesh, 99.9% trace metals basis, Sigma Aldrich, Canada) were treated by thermal 

condensation recycling process with the assistance of 0.1 g L-Ascorbic acid (99%, 

Sigma Aldrich, Canada). The reaction temperature was set to 190 °C under oil bath and 

the duration was 12 h. Then, the supernant of the mixtures were obtained after 

centrifugation (Eppendorf AG 22331 Hamburg centrifuge, 460W, 50-60Hz, 120V, 6A) 

at 4000 rpm for 5 min. The precipitate from Stage I was resolved in 200 ml DI water 

(>18MΩ cm) and collected back to the thermal condensation recycling process. In 

Stage II, the supernant from Stage I was sonicated with 0.25 g tannic acid (Sigma 

Aldrich, Canada) slowly added in for 30 min using Bransonic ultrasonic cleaner 

(2510R-DTH at, 100 W, frequency of 42 kHz +/- 6%) to create a homogeneous 

suspension. The suspensions from Stage II for both MoS2 and MoSe2 were centrifuged 

using an Eppendorf AG 22331 Hamburg centrifuge at 4000 rpm for 15 min. The upper 

solutions were then collected as water stabilized, TAMoS2/TAMoSe2 nanosheets. 

4.2.2 Preparation of MoS2-based Membranes 

    TAMoS2 membranes, bare MoS2 nanosheet membranes, and hybrid membranes 

were fabricated through vacuum filtration method supported on commercial Mixed 

Cellulose Ester (MCE) substrates (circle WME range, 0.45μm pore size, sterile, 
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individually packed, white, 47mm, 100 pieces). The water stabilized TAMoS2 

suspensions as prepared from Stage II shown above were diluted and used directly in 

the vacuum filtration process for the preparation of TAMoS2 membranes. The bare 

MoS2 nanosheets that were simply prepared by ultrasonication for 240 h as reported 

previously50 were used for the preparation of bare MoS2 nanosheet membranes. The 

hybrid membranes were fabricated on MCE substrates by vacuum filtration of mixed 

suspensions consisting of a certain weight percentage of TAMoS2 with balanced bare 

MoS2 nanosheets in DI water. The vacuum pressure was set to be -0.7 bar during the 

preparation of the membranes. The thickness of the membranes was controlled by the 

loading amount of TAMoS2 and/or bare MoS2 nanosheets in suspensions. 

4.2.3 Membrane Testing Condition 

    NaCl, KCl, LiCl, MgCl2, CaCl2 were the ion solutions used for water flux and ion 

rejection tests under static diffusion (Figure S4.10). The diffusion setup is consisted of 

two equal-sized 25 ml reservoir. The duration time was set to be 300 min. The feed side 

was DI water, and 0.25M cation solution was used as draw side under room temperature 

and atmospheric condition. Inductive Coupled Plasma Emission Spectrometer was used 

to determine the cation concentrations in the solutions. 

    The water flux and rejection rate for the rejection tests of multiple dyes were 

measured under vacuum filtration. 150 ml 0.1 mg/ml dye solution was vacuum filtrated 

through the tested membranes at a constant vacuum pressure of -0.7 bar. The 

concentration before and after filtration for the target dyes were measured by UV-Vis 
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analysis. The concentration standard line was conducted by UV-Vis analysis as shown 

in Figure S4.13a, Figure S4.13b, and Figure S4.14. 

4.2.4 Osmotic Pressure 

    The osmotic pressure is calculated by using Vant Hoff equation51 

  4.1 

                                               

П = osmotic pressure (in atm, 1 atm = 1.01325 bar); C = concentration gradient across 

the membrane in g/mole; R = universal constant 0.0821 atm*L/mole*K; T = 

temperature in K. 

4.2.5 Water Transport 

    The rate of water permeation through the semipermeable membrane is defined as 

44, 51 

 w

V
J

S h


=


  4.2 

𝐽𝑤 is the water permeation rate in LMH; ∆V is the volume change for water after 

osmotic pressure static diffusion process at steady state; h is steady state diffusion time; 

S is the effective membrane area. 

4.2.6 Ion Transport 

    The rate of cation permeation through the membrane is defined as 44, 51 
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  4.3 
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𝐽𝑠  is the cation flow rate of cation through the membrane; 𝐶𝑖  is the feed side 

concentration after osmotic pressure static diffusion process; h is steady state diffusion 

time; S is the effective membrane area.  

4.2.7 Surface Force Measurement 

    The surface forces between water droplets and MoS2 or TAMoS2 substrate in 

toluene were directly measured using the drop probe atomic force microscope (AFM) 

technique using an MFP-3D-BIO AFM (Asylum Research, Santa Barbara, CA). The 

detailed experiment setup has been reported elsewhere.52 Briefly, the water droplets 

were generated in toluene using an ultra-sharp glass pipet. MoS2 or TAMoS2 substrate 

was carefully placed in toluene near the water droplets. A custom-made rectangular tip-

less AFM cantilever (400 70 2 μm) was used to pick up one water droplet with a 

radius around 70 μm to prepare a water drop probe. Then, this probe was moved above 

the substrate for the force measurements. During a typical force measurement, the drop 

probe was driven by a piezo to approach the substrate at a velocity of 1 μm/s till a 

loading force of 4 nN was reached, followed by the retraction of the probe from the 

substrate. Meanwhile, the deflection of the cantilever was monitored by an optical laser 

system. The spring constant of the cantilever was measured using the thermal tune 

method. Thus, the force profiles were obtained from the AFM software. Multiple force 

measurements were conducted between the water drops and MoS2 or TAMoS2 substrate 

to validate the force profiles.  
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4.2.8 Yield Calculation 

    The yield was calculated from Equation 4.4, 

   4.4               

where Y: TAMoS2 nanosheets yield; MT: total mass for TAMoS2 nanosheet after freeze 

drying; Mm: Initial MoS2 weight; MTA: Initial tannic acid added into the system; MLA: 

Initial L-ascorbic acid added into the system. 

4.2.9 Sample Characterization 

    Transmission electron microscopy (TEM) imaging was conducted on a JEOL 

JEM-ARM200CF S/TEM microscope operated at 200 kV. AFM imaging was carried 

out in tapping mode using a Dimension Icon AFM (Bruker, Santa Barbara, CA). X-ray 

diffraction (XRD) patterns were obtained from Rigaku Ultima IV, multipurpose X-ray 

(Cu-source) diffraction system at 40 kV and 44 mA, using the powder mode and 

scanned from 3° to 60°.  Scanning electron microscopy (SEM) imaging and energy 

dispersive X-ray spectroscopy (EDX) mapping were performed on Zeiss Sigma Field 

Emission SEM operated under high vacuum. The SEM instrument is equipped with a 

Bruker EDX system with dual silicon drift detectors each with an area of 60 mm2 and 

a resolution of 123 eV. X-ray photoelectron spectroscopy (XPS) was carried out using 

a Kratos AXIS Ultra-x-ray photoelectron spectrometer. Fourier-transform infrared 

spectroscopy (FTIR) was performed using a Nicole is 50 FTIR spectrometer (Thermo 

Fisher Scientific) with attenuated total reflection (ATR) mode. UV-vis absorption 

spectra were measured using a UV-2000 spectrophotometer in quartz cuvettes with a 
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path length of 2 mm. Inductive Coupled Plasma (ICP) Emission Spectrometer was used 

to determine the cation concentrations in solutions. 

4.3 Results and Discussion 

4.3.1 Synthesis and Characterization of TAMoS2 (TAMoSe2) Nanosheets 

    The general synthesis procedure and experimental setup of TAMoS2 (TAMoSe2) 

nanosheets are illustrated in Figure 4.1a and Figure S4.1, respectively. The bulk MoS2 

(or MoSe2) powders were first mixed with LA acid in DI water and stirred at a 

comparatively high speed of 500 rpm under 190 °C, to realize the insertion of LA 

molecules into bare TMDC layers. Insertion of single polar molecule,50, 53 including 

water, ethanol, acetone, etc., has been widely reported by other researchers. It was also 

reported that at a temperature higher than 100 °C, graphene would be strongly attached 

to TMDCs nanosheets, because of the interaction between highly active sulfur bonds in 

TMDCs and π bonds from the conjugated aromatic structure in graphene.54-56 

Therefore, it is expected that after the pre-hydrothermal treatment at 190 °C, the 

hydroxyl functional groups on the LA acid (of molecular weight 176.13) have been 

interacted with highly active sulfur bonds,57-59 which weakens the van der Waals 

interactions between the adjacent TMDC layers. After Stage I, the mixture was cooled 

down to room temperature and an extensive ultrasonic process (Stage II) was conducted 

by adding a relatively large-size TA molecules (of molecular weight 1701.23) to the 

mixture. The abundant hydroxyl and aromatic functional groups on the TA molecules 

facilitate their attachment to the previously weakened TMDC layers. The hydroxyl 
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functional groups on TA molecules also carried highly negative charges in DI water 

(see the discussion later) during the ultrasonic process, so they would stabilize the 

exfoliated nanosheets in water, realizing the efficient exfoliation of the MoS2 (MoSe2) 

laminates to be TA-modified MoS2 (MoSe2) (TAMoS2 (TAMoSe2)) nanosheets. 

Compared to a typical yield of 5%-20% from conventional synthesis methods using 

single polar molecule in previous reports,50 a significantly higher yield of 90% ± 5% 

was achieved through this novel, two-stage exfoliation process, projecting the scalable 

production of TAMoS2 (or TAMoSe2) nanosheets. It is also noted that the yield of the 

exfoliation by using either LA molecules alone or TA molecules alone was lower than 

20%, revealing the importance of this small LA - large TA, two-stage exfoliation 

strategy in improving the exfoliation efficiency. This method significantly decreased 

the ultra-sonication time with the assistance of pre-thermal treatment as shown in Table 

S4.4, illustrating an environmental-friendly and sustainable method for mass 

production of exfoliated TAMoS2 nanosheets. 
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Figure 4.1. Schematic illustration of the exfoliation process for TAMoS2 (TAMoSe2) 

nanosheets (a); HRTEM image of TAMoS2 nanosheets demonstrating the 

microstructure of TA-modified MoS2 nanosheets (b); FFT pattern (c) obtained from the 

highlighted region in red in (b); reverse FFT-filtered atomic resolution image showing 

the atom arrangements in (002) plane of MoS2 nanosheets (d); enlarged HRTEM image 

(e); high-resolution XPS patterns of C 1s and O1s (f), HAADF-STEM image and 

STEM-EDX mapping of TAMoS2 nanosheets (elements C and O) illustrating the 

attachment of TA molecules onto the surface of MoS2 nanosheets (g). 
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    The microstructure and morphology of the exfoliated TAMoS2 nanosheets are 

shown in high-resolution transmission electron microscopy (HRTEM) images (Figure 

4.1b-4.1e and Figure S4.2). The nanosheet morphology is shown in Figure 4.1b, where 

the presence of the amorphous TA molecules can be clearly observed at the edge and 

on the surface of the exfoliated nanosheets, as labelled by the arrows in Figure 4.1b. 

The microstructure of the nanosheets is determined by performing fast Fourier 

transform (FFT) of the selected region in the red frame in Figure 4.1b. The FFT pattern 

in Figure 4.1c and its reverse FFT-filtered atomic resolution image in Figure 4.1d 

illustrate the hexagonally symmetric structure with the hexagon width of 3.7 Å, which 

confirms that the exfoliated nanosheets are MoS2 nanosheets and the exposed zone is 

[002] zone axis of MoS2. Figure 4.1e further demonstrates that amorphous TA 

molecules are deposited onto the surfaces of the exfoliated MoS2 nanosheets, as 

indicated in the red region in Figure 4.1e, leaving some pristine MoS2 zones uncovered. 

It was reported that 2D MoS2 sheets generally do not have perfect lattices but present 

sulphur vacancies. These sulphur vacancies allow the strong covalent bonding between 

the organic and the inorganic molecules, rather than simply weak physisorption of 

organic molecules onto the MoS2 sheets.50, 60-62 The presence of the defects on the 

surface of TAMoS2 nanosheets is also shown in Figure S4.2. The small lateral size of 

the TAMoS2 nanosheets is determined by TEM to be around 256 nm, as shown in 

Figure S4.3. 

    The chemical composition and chemical states of the nanosheets were investigated 

by X-ray photoelectron spectroscopy (XPS) (Figure 4.1f and Figure S4.4). 

Deconvolution of the C 1s and O 1s (Figure 4.1f) shows the presence of C-C sp2 bond 

from aromatic functional groups, C-OH bond from hydroxyl functional groups, and O-
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C=O bond from ester functional groups, indicating the successful deposition of TA 

molecules onto the exfoliated MoS2 nanosheets, which is consistent with HRTEM 

results. The TAMoSe2 nanosheets can also be successfully synthesized through the 

newly developed, two-stage exfoliation process (Figure S4.4). In addition, high-angle 

annular dark field-scanning TEM (HAADF-STEM) and STEM-EDX mapping images 

in Figure 4.1g show that TA molecules are homogenously distributed on the exfoliated 

MoS2 nanosheets, macroscopically. The thickness of the exfoliated nanosheets was 

further analyzed by AFM (Figure S4.5a). TAMoS2 nanosheets were dispersed 

homogenously in Milli-Q water and dropped onto the mica surface. The AFM height 

profiles of the TAMoS2 nanosheets show a monolayer height of ~ 0.8 nm (red line 1 

and red line 2 in Figure S4.5a) and a double-layer height of ~1.5 nm (green line 1 and 

green line 2 in Figure S4.5a), thicker than the height of unmodified MoS2 nanosheets 

with a monolayer of ~0.65 nm and a double layer of ~1.3 nm from previous report.31, 

63, 64 Thus, the above thickness difference is attributed to the deposition of TA molecules 

onto the outer surfaces of the exfoliated MoS2 nanosheets, as also shown from the FTIR 

results in Figure S4.6. Thicker multilayer TAMoS2 nanosheets may indicate thicker 

TA molecule deposition, as suggested in Figure 4.1. In order to further confirm the 

deposition of TA molecules, TAMoS2, LAMoS2 and MoS2 were also characterized by 

XRD, as shown in Figure 4.2. It is clearly presented in the XRD patterns that, compared 

to the peaks in MoS2 sample, most peaks are preserved in LAMoS2 sample. However, 

there is only one broad amorphous bump besides (002) peak in the exfoliated TAMoS2 
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sample, suggesting that the deposits are mainly TA molecules from the second 

exfoliation stage.  

 

Figure 4.2. XRD spectra for TAMoS2, LAMoS2 and MoS2. 

    Ultraviolet-visible (UV-vis) spectroscopy (Figure S4.7) was employed to evaluate 

the concentration gradient of TAMoS2 (TAMoSe2) nanosheets in aqueous solutions 

with gradually increased absorption peaks at wavelength 615 nm and 670 nm. The same 

phenomenon has also been observed for TAMoSe2 nanosheets, as shown in Figure 

S4.7b. Furthermore, TAMoS2 (TAMoSe2) nanosheets demonstrate superior water 

stability to bulk MoS2 (MoSe2) powders and bare-MoS2 (MoSe2) sheets (Figure S4.5b, 

c and Figure S4.8). After 150 days of settling, the suspension of TAMoS2 (TAMoSe2) 

nanosheets still show excellent stability with more than 80% of the original TAMoS2 

(TAMoSe2) nanosheets remaining well dispersed in water (Figure S4.8). In contrast, 

most of the bulk MoS2 (MoSe2) powders settled down with only 10% of the original 

MoS2 (MoSe2) powders remaining dispersed in water. To the best of our knowledge, 
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the stability of TAMoS2 (TAMoSe2) nanosheets in aqueous solutions reported here 

demonstrates a superior performance among other conventional surfactant-supported 

exfoliation methods. The significantly improved suspension stability can be attributed 

to the abundant hydroxyl functional groups from the deposited TA molecules on the 

exfoliated MoS2 (MoSe2) nanosheets (Figure S4.5c). 

4.3.2 High water flux and high ion rejection rates for MoS2 membranes with TA 

modification under osmosis pressure 

 

Figure 4.3. (a) Membrane thickness standard line versus loading amount for bare-MoS2 

membranes, TAMoS2 membranes, and a hybrid membrane with 1 wt% TAMoS2; (b) 

Top view SEM image of a 40-µm-thick TAMoS2 membrane with an inset image of a 

freestanding 40-µm-thick TAMoS2 membrane (upper) and an inset image of a flexible 

5-µm-thick TAMoS2 membrane on a support (lower). 

    Three types of MoS2 (MoSe2)-based membranes, i.e., bare-MoS2 membranes, 

TAMoS2 membranes, and a hybrid membrane with 1 wt% TAMoS2 in MoS2 

membranes, were fabricated through vacuum filtration technique, where the thickness 

of the membranes was controlled by the loading of the nanosheets in the filtration water 
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(Figure 4.3a). Figure 4.3a shows that the thicknesses of all three types of membranes 

display the same linear relationship with the nanosheets loading in the filtration water. 

The top-view scanning electron microscope (SEM) image of a TAMoS2 membrane is 

also shown in Figure 4.3b. The inserted photographs in Figure 4.3b show a 40-µm-

thick freestanding TAMoS2 membrane (upper inserted image) and a 5-µm-thick 

flexible TAMoS2 membrane supported on a mixed cellulose ester substrate (lower 

inserted image). Figure S4.9 demonstrates that the as-prepared TAMoS2 membranes 

are very stable in water, demonstrating excellent non-swelling property of TAMoS2 

membranes as compared to GO membranes. This non-swelling property was also 

reported for bare-MoS2 membranes,65 which is essential for the membranes to be used 

in solution-phase applications.  

    The ion rejection rate and water flux tests were performed under static diffusion 

mode using the setup as shown in Figure S4.10. The feed side is DI water and the draw 

side is 0.25 M ionic solution under room temperature and atmospheric pressure. Two 

magnetic stir bars were used on both sides for stirring to avoid possible concentration 

gradient. The ion rejection performance of 5-µm-thick bare-MoS2 membranes show 

reasonable rejection rates higher than 75% for various cations including K+, Na+, Li+, 

Ca2+, and Mg2+ (Table S4.1), as displayed in Figure 4.4a. These values are comparable 

to those of MoS2 membranes (~80%) made from unmodified MoS2 nanosheets in 

previous reports.24 The high rejection rates were attributed to the interaction between 

the cations and the highly active sulfur bond in MoS2.
60, 62 It is also demonstrated in 

Figure 4.4a that 5-µm-thick TAMoS2 membranes show higher ion rejection rates than 
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those from bare-MoS2 membranes, revealing the advantages of using TA-modified 

MoS2 nanosheets in the membranes. The deposited TA molecules, possessing abundant 

hydroxyl functional groups and aromatic ring structure, were suggested to capture the 

cations through the cation-π interaction and the interaction between the hydrated 

cations and the oxidized groups, in addition to the highly active sulfur bonds from 

uncovered the MoS2 nanosheets (as shown in Figure 4.1e), and therefore, demonstrates 

the improved ion rejection performance. It is intriguing that the hybrid membrane with 

1 wt% of TAMoS2 nanosheets shows the best ion rejection rates (>97%) than the other 

two MoS2-based membranes (Figure 4.4a). The corresponding ion permeation rates 

are the lowest for the hybrid membrane (Figure 4b). We hypothesize that the TA 

molecules in the added TAMoS2 nanosheets may interact with the highly active sulfur 

bonds and defects in adjacent bare MoS2 nanosheets, forming interconnected channels 

that may fully utilize the functional groups and sulfur bonds in the hybrid membranes 

when capturing cations. More importantly, Figure 4.4c also shows that the 5-µm-thick 

hybrid membranes possess fast water flux at around 32 L m-2 h-1 (LMH), higher than 

TAMoS2 membrane (~27.5 LMH) and MoS2 membrane (~17 LMH). Previous work 

reported that conventional GO membranes (with the thickness of 5 μm) had the water 

flux of ~ 0.007 LMH,22, 43, 66 while ~10% NaCl rejection rate was achieved; 5-μm-thick 

MoS2/Sunset Yellow (SY) membrane showed ~99% of NaCl rejection with the water 

flux of ~0.033 LMH.32 In addition, 6-μm-thick MoS2/Neutral Red (NR) membrane 

demonstrated 105 LMH of the water flux driven by osmosis pressure, however only 

~37% of NaCl rejection rate was achieved32. The detailed comparison has been shown 
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in Table S4.2. Therefore, the 5-μm-thick hybrid membrane fabricated in this work 

demonstrates excellent performance in terms of a high-water flux at 32 LMH as well 

as a high ion rejection rate >97% over various cations. 

 

Figure 4.4. Comparison of 5-µm-thick hybrid membrane with 1% TAMoS2, TAMoS2 

membrane and MoS2 membrane in terms of rejection rate (%) (a); cation permeation 

rate (b) and water flux (c). Feed side is DI water and 0.25M cationic solution as the 

draw side under room temperature and pressure, the stabilized time is set as 360 min. 

Inductive Coupled Plasma Emission Spectrometer was used to obtain the cation 

concentrations in solutions. 

    The stability test of the hybrid membrane is illustrated in Figure S4.11. Potassium 

and Calcium ions have been selected to conduct the stability test. The feed side is DI 
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water, and 0.25M cation solution is used as draw side under room temperature and 

atmospheric pressure. The result shown in Figure S4.11 demonstrates a stable 

permeation performance. 

4.3.3 Effect of TA Molecules on Water Flux 

    The effect of TA molecules on water flux was further investigated using AFM 

force measurements. In order to understand the trend of the effect of TA molecules, the 

vacuum pressure-driven nanofiltration method was used to obtain the water flux under 

vacuum pressure of -0.7 bar on hybrid membranes containing both TAMoS2 nanosheets 

and bare-MoS2 sheets, within which the weight percentage of TAMoS2 nanosheets was 

carefully controlled. As expected, Figure 4.5a shows that, when only 1 wt% of 

TAMoS2 nanosheets was added into the 5-µm-thick hybrid membrane, the water flux 

reaches 15,000 ± 100 L/(m²h.bar). This value is even higher than as best-reported rGO-

based membrane ~10,000 L/(m²h.bar)67 under similar vacuum pressure-driven 

conditions. Further increasing the weight percentage of TAMoS2 nanosheets in the 

hybrid membrane decreases the water flux. This trend is consistent with the results in 

Figure S4.12 with two other thicknesses (40 µm and 400 µm) of the hybrid membranes. 
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Figure 4.5. The synergistic effect to achieve the ultrafast water flux of ~15,000 

L/(m²h.bar) at 1% weight percentage of TAMoS2 nanosheets (a); AFM force 

measurement of a water droplet to TAMoS2  membrane surface (b) (based on 

experimental setup shown in Figure S4.10); AFM force profile of a water droplet 

interacting with a bare MoS2  membrane surface (c); schematic illustration showing the 

structure to achieve the synergistic effect (d). 

    In GO membranes, the oxidized zones act as spacer to provide relatively large 

interlayer distance as well as the hydrogen bonding to accommodate water molecules.68, 

69 The pristine graphitic zones in rGO membranes facilitate rapid water permeability by 

nearly frictionless flow69, 70 and hence, rGO membranes have a higher water flux than 

that for GO membranes. It is therefore expected that the interaction between water and 

TAMoS2 and that between water and MoS2 are different. Thus, AFM force 

measurements were conducted between water droplets and TAMoS2 or MoS2 substrates 



98 
 

(Figure 4.5b-4.5c), during which a water droplet anchored on an AFM cantilever was 

driven to approach substrate surface in toluene. Long-range attraction was detected 

between water droplet and TAMoS2 (Figure 4.5b). However, this long-range attraction 

phenomenon was not observed when the water droplet was approaching bare MoS2 

surface (Figure 4.5c). As compared to the MoS2 case, the polyphenol groups of TA on  

the TAMoS2 substrate could show stronger dipole-dipole interaction with water, thus 

contributing to the long-range attraction and strong affinity to water. It is also suggested 

that a small amount of TA molecules would facilitate the attraction of water molecules 

to the membrane and increase the water flux of the membrane; however, too many TA 

molecules on the surface would retard the water flux by impeding the water molecules 

leaving the membrane (Figure 4.5a, Figure 4.5d). The AFM force measurements 

explain the existence of the peak water flux in hybrid membranes, as shown in Figure 

4.5a, which may provide useful information for designing functional membrane 

structure with tunable performance.  

4.3.4 Ultrahigh water flux and dye rejection rate for MoS2 membranes with TA 

modification in vacuum-driven conditions 

    To further demonstrate the practical significance of the hybrid membrane with the 

optimized TA composition, we measured its rejection rates of model organic dyes (i.e., 

basic blue, toluidine blue and rhodamine 6G) under vacuum pressure-driven filtration. 

The water flux and the rejection rate for model dyes were then tested at the same time 

on the three types of membranes through vacuum filtration. As shown in Table S4.3, 

most previous results demonstrated a high rejection rate toward the target organic dyes 
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but at low water flux in conventional membrane systems (e.g., GO/Psf membrane 

(~80% rejection rate toward methylene blue);20, 71 NF2A membrane (~99.2% 

methylene blue rejection rate, 19.5 L/(m²h.bar));20 Desal 5DK membrane (~95% direct 

red rejection rate, 25-35 L/(m²h.bar)); polysulfone membrane (~97% acid red rejection 

rate, 0.23-0.28 L/(m²h.bar))20), which limit the practical application of these 

membranes. Interestingly, Figure 4.6a, Figure 4.6b and Figure 4.6c show that the 

hybrid membrane with 1 wt% of TAMoS2 developed in this work displays an 

outstanding combination of the performance, 15,000 ± 100 L/(m²h.bar) and nearly 

99.87 ± 0.1% rejection of basic blue, toluidine blue and rhodamine 6g. To the best of 

our knowledge, this is the best performance reported for MoS2-based membranes, 

demonstrating their great potential for energy-efficient membranes. 

 

Figure 4.6. Water flux and rejection rates for 5 µm-thick 1% TAMoS2 hybrid 

membrane, TAMoS2 membrane and MoS2 membrane on Basic Blue (a); Toluidine Blue 
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(b) and Rhodamine 6G (c) under vacuum filtration ~0.7 bar. The abbreviation LMHB 

represents L/(m²h.bar).  

4.4 Conclusions 

    In summary, tannic acid-modified, water-stabilized MoS2 (MoSe2) nanosheets 

have been successfully synthesized through a two-stage, L-ascorbic acid (LA)-assisted 

exfoliation method with a high yield of 90% ± 5%. The as-prepared vacuum-filtered 

membranes from the resultant TAMoS2 nanosheets show excellent non-swelling 

stability in water. The hybrid membrane with 1 wt% of TAMoS2 in MoS2 nanosheets 

at a thickness of 5 µm shows fast water flux around 32 L m-2 h-1 (LMH) and >97% 

rejection of various cations under osmosis pressure static diffusion mode, which are 

higher than the membranes with other compositions. Under vacuum-driven filtration 

conditions, such a hybrid membrane demonstrates ultrafast water flux of 15,000 ± 100 

L/(m²h.bar) and 99.87 ± 0.1% % rejection of various model organic dyes, e.g., basic 

blue, toluidine blue and rhodamine 6g, which shows the best performance reported for 

MoS2-based membranes. AFM force measurement reveals a long-range attraction 

between water droplet and TAMoS2 surface, while this was not observed on bare MoS2 

surface, suggesting the important role of TA addition. The superior performance of TA-

modified MoS2 membranes demonstrate their significant potential for practical 

applications in water desalination, purification and ion/dye separation. Our results also 

provide new insights into the design and development of novel functionalized 2D 

material membranes with a wide range of engineering and environmental applications.  
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Chapter 5 Novel Sodium Alginate-Assisted MXene Nanosheets for 

Ultrahigh Rejection of Multiple Cations and Dyes 

5.1 Introduction 

Energy-efficient membrane is urgently needed to access sufficient quantities of 

water for commercial and industrial uses with an explosive growth of population but 

limited availability of fresh water.1 To overcome the global water shortage, seawater 

that is rich in minerals and abundantly stored on earth has attracted considerable interest 

from many researchers. Currently, the most advanced membrane techniques for 

desalination and purification include forward osmosis, reverse osmosis (RO), 

membrane distillation, pervaporation and nanofiltration (NF), which require a lot of 

extra costs including replacement of semipermeable membranes, pumps, initial 

investment, utility cost and operational cost.2-7 Application of forward osmosis as a 

typical pretreatment for reverse osmosis process is limited for its low water flux and 

membrane fouling.8-15 Therefore, it is of both fundamental and practical importance to 

develop suitable membrane materials to improve the separation efficiency (e.g., high 

rejection rate and water flux), which would be an effective solution to optimize water 

production costs and quality.3, 16-19 

Recently, two-dimensional (2D) materials including graphene oxide (GO) and 

transition metal dichalcogenides (TMDCs) laminar nanosheets have emerged as 

promising film/membrane materials in the field of water desalination and purification 
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as well as ion separation.20-25 In terms of ion separation, those 2D membranes have 

exhibited some rejection rates towards multiple cations during the osmosis process, 

which is attributed to the electrostatic attraction between cations and surface functional 

groups (e.g., hydroxyl and carboxyl) as controlled by the intercalation molecules (e.g., 

tannic acid, galic acid, sodium alginate).26-31 However, the membranes generally suffer 

from their low water flux (typically 25-75 L m-2 h-1 (LMH), 100 nm thick). In addition, 

the separation efficiency of the membranes is usually limited by the surface fouling and 

low rejection rates towards multiple small cations. Therefore, developing a suitable film 

or membrane material and fully understanding its permeation behavior for desalination 

process are urgently needed in order to significantly improve the rejection rate of those 

hydrated ions while maintaining high water flux.3, 18, 32-35 

The MXene films consisting of stacked MXene nanosheets have been widely 

investigated due to their unique electrical property and facile surface modification. 

Nb2CTx is a class of MXene nanosheets with very high surface area and hydrophilicity, 

which makes it a promising membrane material for water treatmentas compared to other 

2D Mxene.27, 36-38 However, the separation efficiency for Nb2CTx nanosheet membrane 

is relatively low as compared to other 2D material membrane, which significantly limits 

its further advances towards energy-efficient membranes.20, 39, 40 It is known that the 

fabricated MXene nanosheets membrane with low rejection rate (~ 20%-50%) towards 

multiple ions could be enhanced through surface termination for better performance.1, 

41-43 Hence, it is expected that the modification of Nb2CTx nanosheets membrane would 

promise a better separation performance for water treatment. Sodium alginate with 
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abundant carboxyl functional groups possesses outstanding ion rejection behavior, 

which has been widely used as a surface modifier. To the best of our knowledge, no 

previous work has been reported for Nb2CTx MXene nanosheets based membrane in 

the field of water treatment with ultrahigh rejection rates of multiple small cations/dyes 

while maintaining high water permeation rate through forward osmosis process and 

nanofiltration.44, 45 

In this work, we report a novel, facile and scalable method for preparing sodium 

alginate (SA)-modified Nb2CTx (NbSA) Mxene nanosheets membrane with high water 

flux and rejection rate towards multiple dyes and ions. The NbSA MXene nanosheets 

membrane exhibits enhanced ion rejection performance (>95%) towards multiple 

cations as compared to Nb2CTx MXene nanosheets membrane (~20%). In addition, the 

NbSA nanosheets membrane demonstrates an outstanding rejection performacne 

(~100%, 100 ppm) towards multiple dyes including Basic blue, Rhodamine 6g and 

Toluidine blue through vacuum filtration (0.7 bar, ID = 36 mm, 100 mL solution per 

load run), while remaining high water flux (~2200 L m-2 h-1 bar-1 (LMHB)) 

comparatively. This work demonstrates the potential application of NbSA membranes 

in wastewater treatment and provides new insights into the development and design of 

energy-efficient membranes based on functionalized 2D materials for various 

engineering and environmental applications. 
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5.2 Materials and Methods 

5.2.1 Synthesis of Nb2CTx MXene nanosheets 

Bulk Nb2AlC (purity: 98%, particle size: 38 μm, - 400 mesh) was purchased 

from Weina Scientific (Shanghai) co. Ltd. 1.013 g Nb2AlC powders were immersed in 

50 mL Hydrofluoric Acid (49 wt%, Sigma Aldrich) with stirring at 200 rpm in a Teflon 

container at room temperature . After the reaction for 72 h, the bulk suspension was 

rinsed by ethanol (max 0.01% H2O, Sigma Aldrich). The rinsed suspension was then 

taken out for centrifugation process (Eppendorf 5430) at 5000 rpm for 10 minutes. The 

sediments were washed by ethanol for at lease three times to completely remove 

hydrofluoric acid. The obtained multilayered Nb2CTx MXene nanosheets sediments 

were used for the next delamination process. The whole process undergoes the 

following reactions (5.1-5.3):33, 41, 46 

Mn+1AlXn + 3HF = AlF3 + Mn+1Xn +1.5H2                                 5.1 

Mn+1Xn + 2H2O = Mn+1Xn(OH)2 + H2                                      5.2 

Mn+1Xn + 2HF = Mn+1XnF2 + H2                                           5.3 
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5.2.2 Delamination of Nb2CTx MXene nanosheets 

The multilayered Nb2CTx MXene nanosheets sediments were mixed with 

dimethylsulfoxide (DMSO, >99.7 wt.%, Sigma Aldrich) under stirring for 18 h at room 

temperature, after which the suspension was centrifuged to separate the multilayered 

Nb2CTx MXene nanosheet sediments from the liquid DMSO. Deionized water (DI 

water) was then added to wash the sediments for several times for completely removal 

of the remaining DMSO. Thereafter, the residue was mixed with DI water at a weight 

ratio of 1:500 (Nb2CTx MXene nanosheets to water), and the suspension was then 

placed under ultrasonication process for 6 h. After ultrasonication, the suspension was 

centrifuged at 5000 rpm for 10 minutes, and the supernant was then filtrered by a porous 

polyvinylidene fluoride (PVDF) membrane substrate (47 mm diameter, 0.22 μm pore 

size, Fisher Scientific). The obtained sediments was dried in the oven at ~60 oC for 12 

h. The dried powders were then redispersed in water at a weight ratio of 1:500 (Nb2CTx 

MXene nanosheets to water) and stored at room temperature. 

5.2.3 Synthesis of NbSA nanosheets 

The Nb2CTx MXene nanosheet suspension (2 mg/ml) was mixed with 1 mg/ml 

sodium alginate solution (Sigma Aldrich) at a weight ratio of 1:1. The mixture was then 

placed under ultrasonication process by Bransonic ultrasonic cleaner (2510R-DTH at 

100 W, frequency of 42 kHz +/- 6%) for 24 h to create a homogeneous suspension.  

The resulted suspension was then dilluted and used as filtration precursor for 

membranes with varied thickness. In addition, the NbSA coated silica surface for AFM 

imaging characterization was prepared by spin coating (1000 rpm). The resulted pre-

treated sample was dried in a desiccator at room temperature overnight before further 
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characterization. 

5.2.4 Characterization 

The Nb2CTx MXene nanosheets and NbSA nanosheets were characterized by 

Transmission electron microscopy (TEM), Atomic force microscopy (AFM), X-ray 

diffraction (XRD), Scanning electron microscopy (SEM) imaging and energy 

dispersive X-ray spectroscopy (EDX) mapping, X-ray photoelectron spectroscopy 

(XPS), UV-vis absorption spectra and Inductive Coupled Plasma (ICP) Emission 

Spectrometer. The TEM imaging was conducted on a JEOL JEM-ARM200CF S/TEM 

microscope operated at 200 kV. The AFM imaging was conducted in tapping mode 

(Icon, Bruker). Rigaku Ultima IV, multipurpose X-ray (Cu-source) diffraction system 

at 40 kV and 44 mA was used to obtain XRD powder mode patterns, and the scanning 

angle was from 5° to 80°. Zeiss Sigma Field Emission SEM was used for imaging and 

EDX mapping with a high resolution of ~10 nm. A Bruker EDX system was equipped 

with dual silicon drift detectors, each with an area of 60 mm2 and a resolution of 123 

eV. A Kratos AXIS type Ultra-x-ray photoelectron spectrometer was used for XPS. 

5.2.5 Preparation of NbSA Membranes 

NbSA membranes were fabricated through vacuum filtration method supported by 

commercialized Polyvinylidene fluoride (PVDF) membranes (0.22 μm, 47 mm in 

diameter, ~0.7 bar).  The filtered NbSA membranes were dried under room 
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temperature for three days and stored in a petri dish sealed with parafilm for the water 

treatment.  

5.2.6 NbSA Nanosheet Membrane testing condition 

NaCl, KCl, LiCl, MgCl2, and CaCl2 were the salt solutions for the tests of water 

flux and caion rejection under osmotic static diffusion (Figure S2). The experimental 

setup consists of two equal-sized 200 ml reservoir. The duration time was set to be 360 

min. The feed side was DI water and 0.25 M salt solution was used as draw side under 

room temperature and atmosphere. ICP Emission Spectrometer was used to obtain the 

cation concentrations in solutions after the above tests. For dye rejection test, 100 ppm 

of basic blue, rohdamine 6G and toluidine were used as feed solution through vacuum 

filtration (~0.7 bar). The filtered solution was taken out for further UV analysis based 

on the concentration standard line calibrated. 

5.2.7 Osmotic pressure 

The driving force for forward osmosis process is the osmotic pressure attributed 

to the concentration difference between feed side and draw side. 

The osmotic pressure is calculated by using Vant Hoff equation47, 48 

                                                          5.4 

where П is the osmotic pressure in atm (1 atm = 1.01325 bar), C is the concentration 

gradient across the membrane in g/mole, R is the universal constant 0.0821 

atm*L/mole*K or 0.08314 L*bar*K-1*mole-1, and T is the temperature in K. The 
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osmotic pressure gradually decreases due to the water transport from feed side to draw 

side. 

5.2.8 Water transport rate 

The rate of water permeation through the semipermeable membrane is defined 

as:2, 47, 49 

 
w

V
J

S h


=


  5.5                       

where  is the water permeation rate in LMH, ∆V is the volume change for water 

after osmotic pressure static diffusion process at steady state, h is the steady state 

diffusion time, and S is the membrane effective area. During water transport process 

from feed side to draw side, a reverse transport for ions might occur. 

5.2.9 Water transport rate (vacuum filtration) 
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Where ΔP is the applied outer pressure. 

5.2.10 Ion transport rate  

The rate of cation permeation through the membrane is defined as:2, 47 

 0 0( )t t
s

CV C V
J

S h

−
=


 5.7 

where  sJ  is the flow rate of cation through the membrane, 0 0,C V is the feed 

concentration and volume at time 0 and ,t tC V  indicate the final salt concentration and 

feed volume over time, h is the steady state diffusion time, and S is the membrane 

effective area. 
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5.2.11 Ion rejection rate 

The ion rejection rate could be calculated as:2, 47 

           5.8 

                        

Where C0 and V0 are the initial feed concentration and volume, respectively; Ct and Vt 

indicate the salt concentration and feed volume at time t, respectively; Cd and Vd are 

the initial concentration and volume on the the draw side, respectively.  

5.2.12 Dye rejection rate 

The dye rejection rate could be calculated as:31, 50, 51 

                      
0 0

(1 ) 100%
p pC V

Dye rejection
C V

= −    5.9 

Where, C0 and V0 are the initial feed concentration and volume, Cp and Vp are the 

permeate concentration and volume, respectively, at the final state. 
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5.3 Results and Discussion 

5.3.1 Synthesis of Nb2CTx Mxene and NbSA nanosheets 

 

Figure 5.1. Schemetic illustration for the synthesis process of Nb2CTx MXene 

nanosheets and NbSA nanosheets: (A) Hydrofluoric Acid (40 wt% concentration) 

etching process for the removal of Al from Nb2AlC powders and the delamination 

process by using DMSO solution as polar solvent followed by washing and 

ultrasonication steps. (B) Ultrasonication process for the synthesis of NbSA nanosheets 

by using sodium alginate (1 mg/ml concentration). 

The top-down method known as wet etching by hydrofluoric acid (HF) was used 

to synthesize Nb2CTx MXene nanosheets in this work (see the Experimental Section).27, 

33, 52 The etchant (HF) can selectively etch Al atoms from the layered precursors 

Nb2AlC (MAX phase),25, 53 and the schematic of the detailed process is shown in Figure 

5.1A. In this process, the Al atoms are etched and occupied by O, OH or F atoms. As a 

result, the interactions between the MXene layers become weak since the Al-M metallic 
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bonds are replaced by hydrogen bonding and van der Waals interaction,28, 41, 52 thereby 

leading to the easy delamination under ultrasonication in the polar solvent (viz., DMSO 

in this work). The obtained Nb2CTx MXene nanosheets can be filtrated and stabilized 

in water, which enables further modification with eco-friendly and biodegradable 

water-soluble organic molecules. 

It was reported that the binding energy of TMDCs nanosheets (~0.21 eV) was 

much lower than that between the nanosheets and small organic molecules (e.g., tannic 

acid ~75.95 eV).16, 26, 41 On the basis of binding energy consideration, the NbSA 

nanosheets could be readily synthesized by sonicating the mixture of sodium alginate 

solution and Nb2CTx MXene nanosheet solution as shown in Figure 5.1B, which could 

facilitate the two components to form strong hydrogen bonding interactions.54, 55 The 

Field Emission Scanning Electron Microscopy (FE-SEM) was used to investigate the 

morphology for both Nb2CTx MXene nanosheets and NbSA nanosheets as 

demonstrated in Figure 5.1A and Figure 5.1B, respectively. The lateral size of Nb2CTx 

MXene nanosheets is around 500-800 nm and the amorphous structure could be easily 

observed on the surface of NbSA nanosheets due to the adsorption of sodium alginate. 
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5.3.2 Characterization of NbSA nanosheets 

 

Figure 5.2. (A) High resolution TEM image of NbSA nanosheets (the inserted image 

on the right is written by a brush pen with MXene ink), (1) amorphous structure; (2) 

lattice structure with a lattice spacing of 1.1038 nm; (B) Atomic Force Microscopy 

(AFM) height profile of NbSA nanosheets coated on silica surface with the value of ~3 

nm. 

The NbSA nanosheets were further characterized by transmission electron 

microscopy (TEM) as shown in Figure 5.2A. Based on the high resolution TEM image, 

a homogeneous amorphous structure appeared in most regions of the nanosheets 

(Figure 5.2A1), while the crystalline structure could still be detected in some regions 

(Figure 5.2A2), illustrating the successful adsorption of sodium alginate molecules on 

Nb2CTx MXene nanosheets. The FFT and inverse FFT pattern in Figure 5.2A 

demonstrate the lattice spacing between Nb2CTx MXene nanosheets (crystalline region 

of NbSA nanosheets in TEM) are around 1.10 nm, which mathces the lattice spacing 
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(0.9-1.2 nm) of Nb2CTx MXene nanosheets reported previously depending on the 

ethcing time period, etchant type, temperature and etchant concentration.38, 46, 56 Atomic 

force microscopy (AFM) was used to characterize the morphology of the NbSA 

nanosheets. As demonstrated in Figure 5.2B, the NbSA nanosheets are uniformly 

distributed on the silica wafer with the thickness of around 3 nm. 

 

Figure 5.3. Characterization of NbSA nanosheets. (A) X-ray diffraction (XRD) 

analysis for Nb2CTx-SA (NbSA) nanosheets; Nb2CTx nanosheets and Nb2AlC powders 

as compared to JCPDS #: 30-0033 (Nb2AlC) card; (B and C) X-ray photoelectron 

spectroscopy (XPS) analysis for Nb2CTx – SA nanosheets (B) C1s and (C) O1s. 

In addition, the NbSA nanosheets were further characterized by X-ray 

diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) as shown in Figure 5.3. 

As compared to the XRD peak of Al at 39ο for Nb2AlC, an obviously shifted and 
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weakened peak was observed for Nb2CTx MXene and NbSA nanosheets as shown in 

Figure 5.3A, which demonstrates a successful delamination for Nb2CTx MXene 

nanosheets. The large amorphous peak between 15o and 25o detected for NbSA 

nanosheets corresponds to the sodium alginate molecules deposited on Nb2CTx MXene 

nanosheets. The XPS spectra for NbSA nanosheets in Figure 5.3B and Figure 5.3C 

show the peaks at binding energy of 281.5 eV, 283.5 eV and 285.5 eV for C1s 

corresponding to NbC, C-C and C-O-C bonds, respectively;57-59 while the binding 

energy peaks of 532.5 eV and 533.0 eV for O1s ascribe to C-O and C=O bonds, 

respectively.25, 60 The existence of C-C, C=O and C-O-C functional groups further 

demonstrate the successful modification of Nb2CTx MXene nanosheets with sodium 

alginate.  
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5.3.3 Synthesis and characterization of NbSA membrane  

 

Figure 5.4. (A) Schematic illustration for synthesizing NbSA nanosheet (as shown on 

the right enlarged FE-SEM image) membrane through filtration method on 

polyvinylidene fluoride (PVDF) filter substrate (~0.7 bar) (B) Schematic image for the 

NbSA nanosheet membrane including cross view image and top view image. 

Using the synthesized NbSA nanosheets (inserted image in Figure 5.4A), the 

NbSA membrane was fabricated through vacuum filtration as shown in Figure 5.4A. 

The photographs of the membrane in Figure 5.4B clearly show the cross view and top 

view of the free standing membrane. The membrane thickness could be controlled by 

altering the loading volume of NbSA solution (Figure S5.1). Nb2CTx MXene 

nanosheets membrane, with an average pore size (~4 nm ) (Figure S5.5) and porosity 

(8%±3%) (calculated using Eq. (S5.1)), was also synthesized through the same 

filtration process for the comparison of water treatment. 
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5.3.4 Ion rejection performance through osmosis process 

 

Figure 5.5. (A) Forward osmosis process results for Nb2CTx nanosheet membrane 

including the rejection rate/permeation rate for multiple cations; (B) Forward osmosis 

process results for NbSA nanosheet membrane. The feed side is DI water and the draw 

side is 0.25 M salt solution; both sides are under magnetic stirring at 100 rpm to avoid 

concentration gradient. 

The 2D material type Nb2CTx MXene nanosheets membrane performs different 

rejection and permeation rates for various kinds of cations as shown in Figure 5.5A. 

The typical experimental setup for rejection and permeation for various kinds of cations 

under osmotic pressure static diffusion mode is shown in Figure S5.2. The osmotic 

pressure, water transport rate and ion transport rate could be calculated by using Eq. 

5.1 to Eq. 5.3, respectively. The feed side is 200 mL DI water and the draw side is 0.25 

M salt solution. Therefore, the osmotic pressure is calculated to be 12 bar for 

monovalent salt solution (e.g., NaCl, KCl and LiCl) and 18 bar for divalent salt solution 

(e.g., MgCl2 and CaCl2). As shown in Figure 5.5A, the ionic permeation rates for 

different cations are determined as: K+ (~8.7±0.2% mol m-2 h-1 (MMH)), Na+ 
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(~6.3±0.1% MMH), Li+ (~2.4±0.02% MMH), Ca2+ (~2.3±0.02% MMH), and Mg2+ 

(~1.7±0.02% MMH). The different rates for cation permeation might be due to the 

combined influence of the water transport rates and the hydration numbers for each 

unique cations as shown in Table S5.21, 25, 33. The rejection rate for a 5-µm-thick 

Nb2CTx MXene nanosheets membrane (diffusion 10 h, salt concentration 0.25 M) is 

21.2±2.1% for K+, 22.5±2.2% for Na+, 12.5±3.3% for Li+, 20.4±4.2% for Ca2+, and 

22.5±3.5% for Mg2+. The low cation rejection rates are mainly due to the presence of 

surface functional groups (e.g., -OH, -C-O-C-, -F and -COOH as detected by XPS 

analysis in Figure 5.3) on the Nb2CTx MXene nanosheets. The -OH and -COOH 

functional groups could have interactions with metal ions inside the Nb2CTx MXene 

nanosheets membrane layer channels. However, the pristine area for Nb2CTx nanosheet 

is not able to form chelates with metal ions, thereby resulting in the inefficident 

rejection of metal ions.  

In terms of NbSA nanosheets membrane, the rejection rates for various kinds of 

cations could reach almost 100% as shown in Figure 5.5B. The rejection rate for a 5-

µm-thick NbSA nanosheets membrane (diffusion 10 h, salt concentration 0.25 M) is 

92.4±6.8% for K+, 93.3±4.8% for Na+, 95.2±4.1% for Li+, 96.7±2.9% for Ca2+, and 

92.5±5.2% for Mg2+. The corresponding ionic permeation rates for these cations are as 

follows: K+ (~1.2±0.9% MMH), Na+ (~0.1±0.08% MMH), Li+ (~0.2±0.15% MMH), 

Ca2+ (~0.3±0.2% MMH), and Mg2+ (~0.4±0.2% MMH). The obtained high cationic 

rejection rates are mainly because of the abundant hydroxyl and aromatic functional 

groups of sodium alginate molecules anchored on the nanosheets, which could easily 
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form chelates and cation-п interactions with the metal ions. Moreover, the deposited 

sodium alginate molecules could closely pack on the NbSA nanosheets, thus resulting 

in the formation of a dense membrane, which may block the cationic movement channel 

through the membrane. In addition, the NF process might have similar enhanced water 

permeation and cation rejection performance due to the negatively charged surface 

properties. 
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Figure 5.6. Stability test of the membrane for rejection rate versus permeation rate of 

multiple cations (A) K+; (B) Na+; (C) Li+; (D) Ca2+; (E) Mg2+. The process is forward 

osmosis with DI water as feed side and 0.25 M salt solution as draw side. The magnetic 

stir bars with 100 rpm speed are added at both sides to avoid concentration gradient.  

In addition, the stability test for NbSA membrane is illustrated in Figure 5.6A, 

Figure 5.6B, Figure 5.6C, Figure 5.6D and Figure 5.6E, corresponding to K+, Na+, 

Li+, Ca2+, and Mg2+, respectively. The test time period is set as 600 minutes under room 

temperature and atmospheric pressure. Apparently, the NbSA nanosheets membrane is 

almost impermeable to all selected cation solutions and demonstrates the long-term 

rejection/permeation stability.  

The osmosis static diffusion water fluxes of the 5-µm Nb2CTx MXene nanosheets 

membrane and 5-µm NbSA nanosheets membrane are displayed on Figure S5.3. 

Evidently, the 5-µm NbSA nanosheets membranes fabricated in this work exhibited 

fast water flux at around 1.7-2.2 LMH, while maintaining ultrahigh rejection rates 

towards multiple cations (e.g. K+, Na+, Li+, Ca2+ and Mg2+). The comparison results are 

listed in Table S5.3. At a comparable thickness (e.g. ~5 µm), previous work reported 

that graphene oxide (GO) membrane exhibited the water flux of ~0.007 LMH, 

achieving a 97% NaCl rejection rate; MoS2/SY (Solvent yellow) membrane showed 

~99% NaCl rejection with the water flux of ~0.033 LMH.25, 61, 62 The conventional 

MoS2 membrane shows a high-water flux of ~75 LMH, while only ~27% rejection rate 

is achieved.25, 61, 62 Similarly, the MoS2/NR (Neutral red) membrane demonstrates a 105 

LMH water flux but ~37% rejection rate, and commercialized PVDF membrane 
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performs ultrahigh water flux with the value of 2300 LMH but permeable to all solutes 

as well. Moreover, the Ti3C2Tx MXene nanosheet membrane with a thickness of ~1.5 

μm exhibits a water flux value of 37.4 LMH with only ~20% rejection rate towards 

NaCl,46, 52, 57 which is far from practical application.   

5.3.5 Vacuum filtration process towards multiple dyes 

 

Figure 5.7. (A) Water flux and rejection rate toward target dyes (Rhodamine 6G, Basic 

Blue and Toluidine); (B) UV standard concentration line for Rhodamine 6G; (C) UV 

standard concentration line for Basic Blue; (D) UV standard concentration line for 

Toluidine Blue. The vacuum is ~0.7 bar and the dye concentration is 100 ppm.  

The synthesized NbSA membrane possesses high water flux towards multiple 

dyes while remaining almost impermeable to all those selected dyes. As shown in 

Figure 5.7, the NbSA nanosheets membrane demonstrates an ultrahigh rejection rates 
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(~100%) toward multiple target dyes including Rhodamine 6G, Basic Blue and 

Toluidine Blue at a concentration of 100 ppm, while maintaining high water flux of 

~2200 LMHB through vacuum filtration process. Previous works as shown in Table 

S5.4 demonstrate some 2D type material membranes in the application of dye and salt 

rejection through vacuum filtration method display either low rejection rate or low 

water flux. For example, a 26-33 nm GO/FLG (Filaggrin) membrane shows only ~80% 

rejection rate towards Rhodamine B dye; NF2A type membrane with a thickness of 22-

53 nm demonstrates a high rejection rate of 99.2% towards Methylene Blue dye with 

only 19.5 LMHB of the water flux; many other types such as Desal 5DK membrane 

possess 95% rejection rate for Direct red while only 25-35 LMHB water flux is 

achieved; Polysulfone membrane has a rejection rate of 97% with only 0.23-0.28 

LMHB water flux value. In this work, the 5-μm thick NbSA type membrane 

demonstrates ultrahigh rejection rate towards multiple dyes (~100%) – Rhodamine 6G, 

Basic Blue and Toluidine Blue as target dyes while maintainig high water flux 

comparatively (~2200 LMHB).  

In addition, the membrane filtration process is relatively stable with only 

13.55% loss in water flux after 2000 s filtration as shown in Figure 5.8. The outstanding 

separation performance listed above demonstrates the great potential application of the 

as-prepared 2D materials in terms of the wastewater treatment. The filtration process 

for high rejection rate and water flux toward multiple dyes is also shown in the two 

supporting videos for two independent tests in the Supplementary Information. 
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Figure 5.8. Declines in water flux with Basic blue dye solution (100 ppm) from 

filtration up to 2000 s. 

5.3.6 Li+/Mg2+ selective separation after long-term stability 

Lithium is a significant energy material and a strategic resource for the twenty-

first century. The highly active lithium is natually and abundantly occuring  in 

compound form with water molecules or other ions (especially Mg2+).63, 64 Therefore, 

it is urgently needed to separate lithium from those compounds to meet the increasing 

demand globally. In this work, it is surprisingly found that the NbSA nanosheet 

membrane after long-term stability for the forward osmosis process (~10 h) shows 

selective permeation performance for Li+/Mg2+ mixture solution at a ratio of 1:1 (0.25 

M draw solution concentration) as shown in Figure S5.4. The selective permeation 

might be due to the combined influence of the water exchange rates and the hydration 

numbers for both Li+ and Mg2+ as shown in Table S5.2.1, 25, 33 It was worth mentioning 

that within a nanoconfinned channels, the water molecules could form clusters with 
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either Li+ or Mg2+; meanwhile, due to the concentration gradient, the ion-water clusters 

would move through the nanoconfinned channels by dynamic water-ion exchange 

process. From Table S5.2, the water-ion exchange rate for Li+ has three magnitude 

times higher than Mg2+, resulting in a selective separation performance.65-67 

5.4 Conclusion 

In this study, sodium alginate modified Nb2CTx MXene nanosheets have been 

successfully synthesized through one-step ultrasonication method. The as-prepared 

NbSA nanosheet membrane from the vacuum filtration process shows excellent non-

swelling stability in water and could be freely standable after the evaporization of 

moisture. The NbSA nanosheet membrane with a thickness of 5 µm shows ultrahigh 

rejection rates (>95%) towards multiple cations while maintaining high water flux of 

1.7-2.2 LMH under forward osmosis process, which is competitive to benchmarking 

membranes reported previously. In terms of vacuum filtration, the NbSA nanosheet 

membrane demonstrates ultrahigh rejection rates (~100%) towards multiple target dyes 

including Rhodamine 6G, Basic Blue and Toluidine Blue while possesses high water 

flux of ~2200 LMHB, which is of superior level of separation performance and has 

never been reported for Nb2CTx MXene nanosheets-based membranes. 

Previously, the 2D material based membranes demonstrate either relatively low 

water permeation with high rejection rate or high water permeation with low rejection 

rate towards target contaminants.31, 35, 51, 54, 55 The performance of those membranes was 

limited by its surface properties and area, which could be investigated further. This 

study provides a one-step facile ultrasonication method for the fabrication of sodium 

alginate modified Nb2CTx MXene nanosheets. The introduction of surface functional 

groups (e.g., -OH, -C-O-C- and -COOH) of the membrane could lead to a high water 

permeation and rejection rate towards multiple ions and dyes. This work has 
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demonstrated the building up of energy-efficient membranes in terms of desalination 

and wastewater treatment, holding great promise for the design and develoment of 

novel functionalized 2D material membranes in a wide range of engineering and 

environmental applications. For future study, the mechanism for underlying the 

transport phenomena of hydrated dyes or ions within nanoconfinned lamellar channels 

could be investigated. Moreover, the selective separation performance and mechanism 

on Li+/Mg2+ mixture solution, which could be further investigated in details. 
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Chapter 6 Conclusions and Future Work 

6.1 Major conclusions 

In this study, a series of functionalized 2D nanomaterials were investigated and 

characterized using multiple complementary experimental techniques for unravell ing 

the selective separation performance of the 2D nanomaterials and the underlying 

mechanisms of interfacial phenomena during separation, such as heterogeneity on 

nanosheet surface, steric hinderance effects and transport phenomena/mechanism 

within the nanoconfined channels. 

A facile, novel, environment-friendly and economical method was proposed for 

synthesizing the fluorographene nanosheets through Michael’s Addition reaction and 

fabricating amphiphobic L-ascorbic acid fluorinated rGO (LA/F/rGO) hydrogel that 

owns a low density of ~19 mg/ml, good thermal stability and a considerable adsorption 

capacity (up to 20 times its original weight) towards various organic solvents. A 

bouncing activity of the as-prepared LA/F/rGO hydrogel was observed for intriguing 

spontaneous repellence to oil droplets underwater. Alternatively, the bouncing activity 

of oil or water was dependent on the pre-soaking media condition for the LA/F/rGO 

hydrogel. 

Another commonly used 2D materials MoS2 (MoSe2) nanosheets modified with 

tannic acid have been successfully synthesized through a two-stage, LA-assisted 

exfoliation method with a high yield of 90% ± 5%. The vacuum-filtered TAMoS2  
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nanosheets membranes showed excellent non-swelling stability in water and fast water 

flux around 32 L m-2 h-1 (LMH) with >97% rejection of various cations under osmosis 

pressure static diffusion mode with 1 wt% of TAMoS2 in MoS2 nanosheets at a 

thickness of 5 µm. Under vacuum-driven filtration, an ultrafast water flux of 15,000 ± 

100 L/(m²h⋅bar) and 99.87 ± 0.1% rejection of various model organic dyes, e.g., basic 

blue, toluidine blue and rhodamine 6G, have been reported. In addition, a long-range 

attraction between water droplet and TAMoS2 surface has been observed from AFM 

force measurement, while such an attraction was not observed on bare MoS2 surface. 

The artificial TMDCs nanosheets membrane (NbSA nanosheet membrane) has been 

synthesized and modified by sodium alginate through one-step ultrasonication method 

followed by the vacuum filtration process. The 5 µm NbSA nanosheet membrane 

showed ultrahigh rejection rates (>95%) towards multiple cations while maintaining 

high water flux of 1.7-2.2 LMH under forward osmosis process. Under vacuum 

filtration, the membrane exhibited ultrahigh rejection rates (~100%) towards multip le 

target dyes including rhodamine 6G, basic blue and toluidine blue while possessing 

high water flux of ~2200 LMHB. In addition, the one-step ultrasonication method for 

the fabrication of sodium alginate modified Nb2CTx MXene nanosheets introduced a 

bunches of surface functional groups such as: -OH, -C-O-C- and -COOH to the 

membrane, which could lead to a high-water permeation and rejection rate towards 

multiple ions and dyes. The mechanism underlying the transport phenomena of 

hydrated dyes or ions within nanoconfined lamellar channels was investigated, and the 

synergistic effect mechanism between ion-water clusters and ion exchange rates was 
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proposed for the first time to demonstrate the selective separation performance for Li+ 

and Mg2+.  

6.2 Original contributions 

In this work, three different types of starting materials incorporated with 

multiple guest materials were synthesized for the first time, and the resultant composite 

materials were studied in terms of stability, performance and transport mechanisms. 

The starting materials included: graphene oxide (GO), molybdenum disulfide (MoS2) 

and niobium MXene. The detailed original contributions for those materials are listed 

as: 

1a. A new, facile and cost-effective method has been demonstrated for the first 

time to fabricate fluorinated rGO nanosheets and fluorographene hydrogelin the 

presence of L-ascorbic acid through Michael’s Addition reaction.  

1b. The partially fluorinated structure derived switchable oil/water separation 

performance has been demonstrated for the first time. 

2a. The two-stage highly efficient exfoliation method with the assistance of LA 

for the production of high yield, tannic acid-modified, and water-stabilized 

TAMoS2 (TAMoSe2) nanosheets has been reported for the first time.  

2b. The synergistic effect between polyphenol groups of TA molecules and 

MoS2 (MoSe2) nanosheets has been demonstrated for top-level separation performance 

with ultrafast water flux under vacuum-driven filtration conditions without sacrific ing 

dye rejection rate.   
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3a. The sodium alginate modified Nb2CTx MXene nanosheets-based 

membranes have been synthesized for the first time through a one-step ultrasonica t ion 

method.  

3b. The introduction of guest materials that contained mixed carboxyl or 

hydroxyl functional groups played significant roles in achieving fast and selective ion 

transport within surface modified 2D material-based nanosheets channels.  

3c. The selective separation performance for similar property material (Li+ and 

Mg2+) through simple forward osmosis process was discovered. This phenomenon was 

possibly explained by the different interaction mechanisms for Li+ and Mg2+ with 

modified 2D material-based nanosheet surface.    

6.3 Suggestions for future work 

(1) The mechanism underlying the transport phenomena of multiple dyes or 

hydrated ions within nanoconfined lamellar channels could be investigated. More 

complicated environments with the combined effects of water chemistry (e.g., pH, ion 

type and concentration)should be further investigated. 

(2) A comprehensive understanding of enhanced water permeation, ion rejection 

rate and selectivity for guest-material- functionalized 2D material-based membrane 

could be investigated in details. 

(3) The stronger and more direct evidence could be explored to support the 

proposed mechanisms, e.g., revealing the relationship between membrane selectivity 

and surface modification of 2D nanosheets.  
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(4) More efforts should be focused on the fundamental principles behind the 

explored results for better understanding the transport phenomena of wanted or 

unwanted species within the confined nanochannels. 
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Appendix 

 

Figure S3.1. Photographs of LA/F/rGO hydrogel synthesized under different conditions: (A) 

different reaction time at 90 0C; (B) different loadings of GO dispersion (5mg/ml) at consistent 

1H,1H,2H,2H-Perfluorodecanethiol concentration (0.1 g); (C) different GO (5mg/ml) dispersion 

to 1H,1H,2H,2H-Perfluorodecanethiol mass ratio. For B and C, the reaction temperature was set 

at 90 0C and the reaction time was set as 96 h. 
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Figure S3.2. FESEM component image (a) and component mapping data for C, O, F, S (b). 
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Figure S3.3. XPS spectra for C1s of the LA/F/rGO hydrogel (a1) before burning and (a2) after 

burning treatment on the flame of a fire lighter (~280 0C), and core level S (b1) before burning and 

(b2) after burning treatment for 10 minutes. 

    The C, O, S, F elements in the LA/F/rGO hydrogel was evidenced by the XPS spectrum in 

Figure S3.3 at 163.9, 285, 532, and 689 eV, attributed to S2p, C1s, O1s and CF2, respectively. In 

high resolution C1s XPS spectrum in Figure S3.3 (a1) and (a2), the nearly disappearing of oxygen 

containing carbon (epoxy C-O at 286.5 eV, carbonyl C=O at 287.9 eV, and carboxyl O=C-O at 

289.0 eV), further confirmed the successful reduction of graphene nanosheets by the strong 

reduction reagent. The existence of high peak C=C (sp2)/C-H at 284.3 eV, C-F functional groups 
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at 285.7 eV and CF3 at 291.8 eV indicated the successful Michael’s Addition chemical reaction for 

the PF polymer onto the rGO nanosheets.52, 53 There is no obvious change for S element in Figure 

S3.3 before (b1) and after (b2) burning treatment (discussed in Section 2.3), indicating that the 

thiol groups have been successfully grafted onto the graphene nanosheet surfaces. 

 

Figure S3.4. Adsorption cycle for various organic solvents: Ethanol (a), Acetone (b), Methanol 

(c), and Diethyl Ether (d). 
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Figure S3.5. Hydrophobic performance for LA/F/rGO hydrogel (a1-a4); Images of contact angles 

for LA/F/rGO hydrogel in air and water (b); Images for Toluene (c1) and Chloroform (c1) drop on 

LA/F/rGO hydrogel. 
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Figure S4.1. Pre-hydrothermal treatment process (Stage I) of MoS2 (MoSe2) suspension with the 

assistant of L-ascorbic acid.1-3 
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Figure S4.2. HRTEM image of exfoliated TAMoS2 nanosheets with defects and the attachment 

of TA/LA molecules at those defects shown in the circles. 
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Figure S4.3. Lateral size distribution of TAMoS2 nanosheets. The lateral size here is defined as 

the length for the diagonal line of each nanosheet. The size distribution curve is counted from 100 

TEM images by measuring the diagonal line. Additional TEM images are listed below. 

 

Figure S4.4. High-resolution XPS analysis of TAMoSe2 nanosheets for O 1s and C 1s. The sp2-

C, C-OH, and O-C=O functional groups represent the successful graft of TA molecules onto 

MoSe2 nanosheets. 
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Figure S4.5. AFM height profiles and topographic image (a) of TAMoS2 nanosheets; water 

stability performance of TAMoS2 (TAMoSe2) compared with bulk MoS2 (MoSe2) powders (b); 

Zeta Potential analysis of TAMoS2 (TAMoSe2) nanosheets dispersed in aqueous solutions with a 

wide range of pH values (c). 
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Figure S4.6. FT-IR spectra of TAMoS2 and MoS2 nanosheets. 
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Figure S4.7. Ultraviolet light (UV) of (a) TAMoS2 and (b) TAMoSe2 nanosheets after exfoliation 

for multiple concentration range: 0.1 mg/ml, 0.2 mg/ml, 0.3 mg/ml, 0.4 mg/ml, 0.8 mg/ml. 
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Figure S4.8. Photographs of the stability performance for TAMoS2/TAMoSe2 nanosheet (left), 

MoS2/MoSe2 sheet (right) and bulk MoS2/MoSe2 powder (middle) suspension recording from day 

1 to day 150. The TAMoS2/TAMoSe2 nanosheets (left) show brilliant performance on its stabilities 

with very small amount of sediments after 150 days, while the MoS2/MoSe2 sheets (right) show 
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relatively good stabilities with a small amount of sediments present. Most of the bulk MoS2/MoSe2 

powder (middle) suspension settled down demonstrating their poor stability in water. 

 

Figure S4.9. Photo image of stability of GO membrane (a), (b) and TAMoS2 membrane (c), (d) 

soaking under DI water for 5 days.  
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Figure S4.10. Photographs of osmosis set up with D = 5 cm dimension; the two peristaltic pumps 

could provide tiny turbulence (a-d) and vacuum filtration set up (e). 

(e) 

membrane 
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Figure S4.11. Stability test of K+ and Ca2+ though 40 µm hybrid membrane with 1% TAMoS2. 

The duration time is set to be 300 min. The feed side is DI water and 0.25M cation solution as 

draw side under room temperature and pressure, the stabilized time is set as 360 min. Inductive 

Coupled Plasma Emission Spectrometer was used to obtain the cation concentrations in solutions. 

 

Figure S4.12. The synergistic effect to achieve the ultrafast water flux at 1% weight percentage 

of TAMoS2 nanosheets in hybrid membranes with the thicknesses of 40 µm thick (a) and 400 µm 

thick (b). 
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Figure S4.13. Methylene Blue concentration gradient standard line based on UV-vis spectra (a), 

(b); Water flux and rejection rate for 40 μm-thick 1% TAMoS2 hybrid membrane, TAMoS2 

membrane and MoS2 membrane under vacuum filtration ~0.7 bar (c). 
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Figure S4.14. UV-vis spectrophotometer concentration gradient standard line for (a), (b) Basic 

Blue; (c), (d) Toluidine Blue and (e), (f) Rhodamine 6G. 
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Figure S4.15. High resolution image for Figure 4.5b inserted picture. 

    The measured environment was in toluene with water droplet radius R = 73 µm and the tip 

velocity was 1 µm/s. It is interesting to detect an attraction force between the water droplet and the 

surface of the TAMoS2 membrane (an attractive attachment value of 0.2 nN for water molecules 

to the TAMoS2 membrane surface at a piezo displacement distance of 0.1 µm). 
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Table S4.1. Effective and hydrated ionic radius in this work in literature72 

UNIT (Å) K+ Na+ Li+ Ca2+ Mg2+ 

EFFECTIVE 

IONIC 

RADIUS 

1.38 1.02 0.76 1.00 0.72 

HYDRATED 

RADIUS 

3.31 3.58 3.82 4.12 4.28 

 
Table S4.2. Comparison of literature values for target membranes under static diffusion mode. 

Membrane type Water flux 

(LMH) 

Membran

e thickness 

Feed & 

concentration 

(M) 

Rejection Reference 

Graphene Oxide 0.007 5 μm NaCl 0.1 ~10% 73 

MoS2/SY 0.033 5 μm NaCl 0.1 99% 1 

MoS2 75 6 μm NaCl 0.1 ~27% 31 

MoS2/NR 105 6 μm NaCl 0.1 ~37% 1 

PVDF 2300 5 μm NaCl 0.1 ~0% 74 

PA/GO/OCNT 114 N/A NaCl 0.5 N/A 13 

OMWCNT 116.5 N/A N/A N/A 17 

Hybrid membrane 

with 1% TAMoS2 

320 5 μm NaCl 0.25 ~97.93% This work 

TAMoS2 275 5 μm NaCl 0.25 ~93.2% This work 

MoS2 170 5 μm NaCl 0.25 ~74.3% This work 
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Table S4.3. Comparison of literature values for target membrane with Vacuum Filtration 

separation performance. 

Membrane type Water 

flux 

(LMHB) 

Membrane 

thickness 

Feed & 

concentration 

(M) 

Rejection  Reference 

Graphene Oxide 27.6 ~18nm NaCl 0.02 19%  75 

Graphene Oxide 71 + 5 ~150nm NaCl 0.034 25-40%  76 

MoS2/CV ~270 5 μm NaCl 1 ~ 20%  1 

Graphene 

Oxide/CNTs 

11.3 ~40 nm NaCl 0.01 39.70%  68 

GO/FLG NA 26-33 nm Rhodamine B ~80%  77 

GO/Porphyrin ~ 0.88 N/A NaCl 0.034 ~25%  78 

NF2A 19.5 22-53 nm Methylene blue 

N/A 

99.20% 18  

GO/OCNT 21.71 N/A Methylene blue 99.3% 19 

GO/OCNT-LbL 6~10 N/A NaCl N/A 79 

Desal 5DK 25-35 N/A Direct red 95%  80 

Polysulfone 0.23-0.28 N/A Acid red 

0.00025 

97%  81 

Hybrid 

membrane with 

1% TAMoS2 

~10,000 5 μm Methylene 

blue 0.1mg/ml 

~98.26% This 

work 

TAMoS2  ~1300 5 μm Methylene 

blue 0.1mg/ml 

~95.43% This 

work 

MoS2 ~2000 5 μm Methylene 

blue 0.1mg/ml 

~92.04% This 

work 
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Table S4.4. Comparison of literature values for the exfoliation time of MoS2 with the assistance 

of polar solvent under sonication bath. 

Materials Time  Reference 

wool keratin (WK)-MoS2  24 h 82 

NMP-MoS2 3 h 83 

Multiple polar solvents 

exfoliation 

48 h 50 

Lithium intercalation 1H-

MoS2 

48 h 84 

(H3Mo12O40P/MoS2)n 

 

3 h 85 

MoS2‐GG, MoS2‐XG, MoS2‐

TA 

100 h 53 

Two-stage exfoliation of 

preparing tannic acid (TA)-

modified MoS2 (or MoSe2) 

nanosheets 

5 minutes This work 
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Figure S5.1. Thickness standard line for NbSA nanosheet membrane. 
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Figure S5.2. Experimental setup for forward osmosis process. 
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Table S5.1. Effective ionic radius and hydrated radius for multiple cations including K+; Na+; 

Li+; Ca2+ and Mg2+21, 68. 

 

 

Table S5.2. Hydration number and lifetime/exchange rate (s) for multiple cations including K+; 

Na+; Li+; Ca2+ and Mg2+21, 68. 
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Membrane type Water flux 

(LMH) 

Membran

e thickness 

Feed & 

concentration 

(M) 

Rejection Reference 

Graphene Oxide 0.007 5 μm NaCl 0.1 ~97% 69 

MoS2/SY 0.033 5 μm NaCl 0.1 99% 8 

MoS2 75 6 μm NaCl 0.1 ~27% 70 

MoS2/NR 105 6 μm NaCl 0.1 ~37% 8 

PVDF 2300 5 μm NaCl 0.1 ~0% 71 

Ti3C2Tx MXene 37.4 1.5 μm NaCl 0.1 ~20% 72 

NbSA  5 μm NaCl 0.25 

KCl 0.25 

LiCl 0.25 

CaCl2 0.25 

MgCl2 0.25 

99% This work 

Table S5.3. Comparison of literature values for target membrane with Forward Osmotic separation 

performance. 
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Membrane type Water 

flux 

(LMHB) 

Membrane 

thickness 

Feed & 

concentration (M) 

Rejection  Reference 

Graphene Oxide 71 + 5 ~150nm NaCl 0.034 25-40%  73 

MoS2/CV ~270 5 μm NaCl 1 ~ 20%  74 

Graphene 

Oxide/CNTs 

11.3 ~40 nm NaCl 0.01 39.70%  8 

GO/FLG NA 26-33 nm Rhodamine B ~80%  75 

GO/Porphyrin ~ 0.88 N/A NaCl 0.034 ~25%  76 

NF2A 19.5 22-53 nm Methylene blue N/A 99.20%   77  

Desal 5DK 25-35 N/A Direct red 95%  78 

Polysulfone 0.23-0.28 N/A Acid red 0.00025 97%  79 

NbSA ~2000 5 μm Basic blue 100 ppm 

Rhodamine 6G 

100ppm 

Toluidine 100 ppm 

~99% This work 

Table S5.4. Comparison of literature values for target membrane with Vacuum Filtration 

separation performance. 
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Figure S5.3. Water flux for Nb2CTx nanosheet membrane and NbSA nanosheet membrane 

through forward osmosis process. The Feed side is DI water and the draw side is 0.25 M cationic 

solution. Magnetic stirrers are added to both side to avoid concentration gradient21. 
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Figure S5.4. Lithium and Magnesium separation by NbSA nanosheet membrane through forward 

osmosis process after long term stability test. The Feed side is DI water and the draw side is 0.25 

M mixture cationic solution (Li+/Mg2+ = 1:1). Magnetic stirrers are added to both side to avoid 

concentration gradient21. 
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Figure S5.5. NbSA membrane pore size distribution as top view shown as inserted image. 

Membrane porosity was measured by using the dry-wet weight method. The equation is listed as: 

 (%) w d

w

W W
Porosity

A

−
=

 
  S5.1 

Where Ww is the wet sample weight (g), Wd is the dry sample weight (g), ρw is the density of pure 

water (g/cm3), A is the area of membrane in the wet state (cm2), and δ is the thickness of membrane 

in the wet state (cm). 
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Figure S5.6. Adsorption kinetics at different concentrations (ppm) of (A) basic blue on NbSA 

nanosheet membrane, bottom to top, 10, 50, 100, 150 and 200; (B) Rhodamine 6G on NbSA 

nanosheet membrane, bottom to top: 10, 50, 100, 150 and 200; and (C) Toluidine on NbSA 

nanosheet membrane, bottom to top, 10, 50, 100, 150 and 200. The solid lines were obtained by 

fitting the data using the pseudo second-order kinetics. 
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Table S5.4. Pseudo-second order Adsorption Kinetics for Basic blue 

Basic blue qe mg/g 

Parameter 10ppm 50ppm 100ppm 150ppm 200ppm 

K2 0.00876 0.00161 8.50E-04 0.0379 3.22E-04 

qe 5.52007 44.8067 75.1169 82.466 140.174 

R2 0.986495 0.967559 0.96869 0.9250 0.94727 

 

Table S5.5. Pseudo-second order Adsorption Kinetics for Rhodamine 6G 

 Rhodamine 6G qe mg/g 

Parameter 10ppm 50ppm 100ppm 150ppm 200ppm 

K2 0.00182 0.00234 0.00117 0.00104 0.00104 

qe 21.57772 23.11408 46.22499 52.0069 52.00691 

R2 0.906843 0.942412 0.942412286 0.942412 0.942412 

 

Table S5.6. Pseudo-second orderAdsorption Kinetics for Toluidine 

 Toluidine qe mg/g 

Parameter 10ppm 50ppm 100ppm 150ppm 200ppm 

K2 0.00247 0.00187 0.00104 9.38E-04 8.52E-04 

qe 21.95858 28.89473 52.00696 57.78585 63.56416 

R2 0.942412 0.942412 0.942412 0.942412 0.942412 
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Table S5.7. Desorption rate for NbSA membrane (shaking speed: ~ 100 rpm) 

 

Desorption rate 

(mg/h) 

Basic blue 0.0625 

Toluidine 0.0313 

Rhodamine 6G 0.0167 
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Figure S5.7. Zeta potential for sodium alginate (SA), Nb2CTx nanosheet and their mixture under 

multiple concentration ratios (SA/Nb2CTx). 

In general, the surface charge properties (indicated by zeta potential values in Figure S5.7) 

would not significantly increase before and after modification of Nb2CTx nanosheets at different 

concentration ratios (SA/Nb2CTx) (e.g., 1:1, 5:1, 2:1, 1:5). After membrane modification, the flow 

rate decreases but the surface charge density remains almost unchanged, indicating the surface 

charge properties would not have significant influence on membrane performance. 
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Figure S5.8. Cycle test for Basic blue dye (100 ppm). 

 

 

 


	Chapter 1_20200519-JH finalized
	Chapter 2 20200519finalized
	Chapter 320200519finalized
	Chapter 420200519finalized
	Chapter 520200519finalized
	Chapter 6_20200519
	bibliography finilize
	appendix

