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Abstract 

Water Treatment Technology with Nanocarbon 

Byeongho Lee 

School of Mechanical and Aerospace Engineering 

The Graduate School 

Seoul National Univerisity 

Nano-carbon materials such as carbon nanotube and graphene have been studied over the last 2 

decades with great attention for their feasibility in future applications due to their exceptional 

properties like high current carrying capacity, ballistic charge transport, high thermal conductivity, 

chemical inertness, and high mechanical strength and so on. The materials has received 

considerable attention in the fields of water treatment because of fast mass transport resulted from 

surface hydrophobicity, large surface area and anti-microbial activity. In the thesis, the structures 

consisting only of nano-carbon materials are synthesized and then characterisitics undiscoverable in 

the existing water treatment matrials and possibility of the structures as materials for water 

treatment is reported.  

1) A Carbon Nanotube Wall Membrane for Water Treatment: Various forms of carbon 

nanotubes have been utilized in water treatment applications. The unique characteristics of carbon 

nanotubes, however, have not been fully exploited for such applications. Herein, a millimeter-thick 

ultrafiltration carbon nanotubes membrane that can provide a water permeability that approaches 

30,000 L m-2 h-1 bar-1, compared to the best water permeability of 2,400 L m-2 h-1 bar-1 reported for 

carbon nanotube membranes, is developed. The developed membrane consists only of vertically 

aligned carbon nanotube walls that provide 6 nm wide inner pores and 7 nm wide outer pores that 

form between the walls of the carbon nanotubes when the carbon nanotube forest is densified. The 

experimental results reveal that the permeance increases as the pore size decreases. The carbon 

nanotube walls of the membrane were observed to impede bacterial adhesion and resist biofilm 
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formation. 

2) Graphene membranes for nanofiltration: Graphene membranes for water treatment that are 

functionalized with chelates is presented. With the present of charged molecules on graphene, vastly 

improved ion rejection result. Although graphene membranes reported so far showed much higher 

permeability than commercial nanofiltration membrane (NF), Rejection of monovalent and divalent 

salts is similar to that of commercial NF. Herein, to fabricate the graphene membrane with high 

rejection to salts, graphene oxide is functionalized with N-(trimethoxysilylpropyl) ethylenediamine 

triacetic acid (EDTA-silane) positively charged at one side and then reduced it. The graphene 

membrane shows more than 80 % rejection rate for NaCl2. A significant increase in rejection rate is 

comparable with performance of commercial NF. The excellent performance of the graphene 

membrane is resulted in charge effect and size exclusion based on positively charged chelate 

molecules and small interlayer spacing in wetted.  

3) Carbon Nanotube-Bonded Graphene Hybrid Aerogel Sorbents: Carbon nanotube (CNT)-

bonded graphene hybrid aerogels are prepared by growing CNTs on graphene aerogel surface with 

nickel catalyst. With the presence of bonded CNTs in graphene aerogel, vastly improved 

mechanical and electrical properties result. A significant increase in specific surface area is also 

realized. The presence of CNTs transforms the hybrid aerogels into a mesoporous material. 

Viscoelasticity of the hybrid aerogels are found to be invariant with respect to temperature over a 

range between -150 ℃ and 450 ℃. These characteristics along with improved properties would 

make the hybrid aerogels an entirely different class of material for applications in the fields of 

biotechnology and electrochemistry. Mesoporous nature of the material along with a high specific 

surface area also makes the hybrid aerogel attractive as a water treatment substance. Both anionic 

and cationic dyes can be removed effectively from water with the hybrid aerogel. A number of 

organics and oils can selectively be separated from water by the hybrid aerogel. The hybrid aerogel 

is easy to handle and separate due to its magnetic nature, and can readily be recycled and reused. 

Keywords: carbon nanotube, graphene, membrane, water treatment, vertically aligned CNT 

(VA CNT), graphene buckypaer, graphene film, aerogel, sorbent  

Student number: 2009-30902 
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Chapter 1. Introduction 

1.1 Motivation & Research background 

 Fast population growth, industrialization and urbanization have made clean water an 

increasingly scarce resource. According to the World Health Organization, 1 billion people 

do not have access to clean, piped water. A World Resources Institute analysis adds that 2.3 

billion people—41% of Earth’s population—live in water-stressed areas(Fig. 1-1 upper 

image), a number expected to climb to 3.5 billion by 2025.(1) Also, existent fresh water is 

only 2.5% on earth.(Fig. 1-1 lower image) To make matters worse, global population is 

rising by 80 million a year, and with it the demand for new sources of fresh water. To solve 

the water problem, water desalination represents one promising solution.(2) The two 

technologies at center of conventional desalination—evaporation and reverse osmosis (RO) 

(Fig 1-2), which involves pushing water through a semipermeable membrane that blocks 

dissolved salts. A typical seawater RO plant requires 1.5 to 2.5 kilowatthours (kWh) of 

electricity to produce 1 m3 of water; a thermal distillation plant sucks up to 10 times that 

amount.(1)  

Water treatment technologies are required to reduce energy consumption for clean water 

production when considered the technologies in connection with worldwide energy shortage 

problem. Membrane-based water treatment and sorption technologies have recently received 

wide attention.(Fig 1-2) Polymer membranes widely used in membrane-based water 

treatment shows high perforamace in ion and particles rejection but not in water 

permeability. Thus, development of new materials with high permeability has emerged as a 

key issue in the membrane-based water treatment. Sorption technologies remove 

contaminants such as solvent/oil, metal ion and solid particles into water through absorption 
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and adsorption. The technologies do not need energy for revmoal of the contaminants, but 

porous structures with large surface area are required. High-performance sorption matrials 

fulfilling the requirements are limited.     
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Fig 1-1 Spreading water shortages underscore the need for new solutions and existent fresh 

water on earth(1). 
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Fig 1-2 Schematics of the most widely used desalination technologies. 

 

 

  

 

 

 

 

 

 

1.2 Thesis objective 
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 Water treatment technology has received attention as an important technology since water 

scarcity is one of the most serious global challenges for humanity. Membrane-based water 

treatment technology, which can remove particles and ions from wastewater and seawater 

fast and efficiently, has come into the spotlight.(3) However, this membrane technology has 

drawbacks such as high energy consumption and membrane fouling.(4) Therefore, many 

researchers have attempted to develop high performance membrane and antifouling 

membrane by applying nanotechnologies in the membrane technology.(5) Especially, 

Carbon Nanotube (CNT) and graphene is emerging as the next-generation membrane 

material overcoming a trade-off phenomenon between permeability and rejection rate in the 

conventional membrane due to the fast mass transport and antimicrobial characteristic of 

CNT (6) and graphene.(2, 7) Vertically Aligned CNT array(VA CNT, = CNT forest) 

sythesized by Chemical Vapor Deposition(CVD) and graphene buckypaper have been 

recently reported as promising nanocarbon strucutures to realize the unique phenomenon.(8-

15)    

Graphene and CNT have intrinsically large specific surface area(SWNT: 1315 , graphene: 

2,630 m2 g-1)(16, 17) and hydrophobicity but the surface property is easily changed to 

hydrophilic surface through plasma or acid treatment. The characteristics facilitate synthesis 

of porous structure with large surface area. Many researcher report porous 3D structures 

consisting of only nancarbon materials.(18-25) The reported graphene or CNT aerogel, 

which have very porous large surface area and hydrophobicity in spite of low density 

(100~10-1 mg cm-3).(20, 26) showed outstanding performance in oil/solvent absorption and 

heavy meter ion and dye molecule adsorption capacity.(18, 23) Since then, reusability and 

enhancement in mechnial properties and collection of oil/solvent absorbed into the 
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aerogel(27) have been demonstrated. Therefore, Nanocarbon aerogels have come into 

spotlight as high-performance sorption materials.  

This thesis have focused on developing various form of nanocarbon strucuture for water 

treatment, introdcing and experimentally demontrating on unique characteristics which have 

never been reported by the conventional water-treatment materials.       
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1.3 Overview on nanocarbon materials 

1.3.1 Carbon nanotube 

Carbon nanotubes(CNTs), consisting of cylindrical grapene sheets of sp2-bonded carbon 

atoms, are allotropes of carbon with a cylindrical nanostructure. Since CNTs discovered in 

1991 by Iijima,(28) they have been studied in various application fields for decades. CNTs 

are classified into single wall nanotubes(SWNT) with only one cylindrical shell and multi 

wall nanotubes(MWNT), which are made of mutiple coaxial shells. The shells is made of 

sp2–bonded carbon atoms that form a hexagonal network without any edges.(refer to Fig 1-3) 

The MWNT of interlayer spacing is about 0.34 nm. The CNTs are typically longer than a 

micrometers, with diameters ranging from less than 1 nm to several dozen nanometer. The 

diameter of carbon nanotubes varies roughly between 0.4 nm and 3 nm for SWNTs and from 

1.4 nm and 100 nm for MWNTs. As a result of these dimensions and this aspect ratio, CNTs 

are expected to have some features of low dimensional materials. 

To define a SWNT in terms of its geometry structure formation, it is easy to approach 

form the original structure of the graphene. Figure 1-3 represents a schematic diagram of 

graphene and vectors to define the CNT structure. The chiral vector(Ch) connecting the 

points which map on to each other when the unrolled sheet is rolled up to form a nanotube, 

which can be expresse as Ch=na + mb≡(n, m), where a and b are the unit vectors and 

integers (n, m). the vetor (n, 0) denote zigzag type and the vectors (n, m) denote armchair 

type, and the larger the value of n, the larger the diameter of a rolled up nanotube. The chiral 

angle θ of the nanotube with repect to the zigzag direction (θ= 0°) and the unit vector and b 

of the hexagonal honeycomb lattice. The armchair tube corresponds to θ= 30° on this 

direction. All the armchair tubes show metallic behavior and others show either 
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semiconducting or metallic depending on their (n, m) configuration. In general, metallic 

tubes are formed only if n - m= 3p, where p is an integer, otherwise semiconducting. Thus, 

in principle, one can expect a third of bulk SWNT materials are metallic and two third are 

semicondcting. In terms of the integer (n, m), the rolled-up tube diameter   =    / =

   3(  +  +  )/ 	 where a0 is the nearest-neighbor C-C distance, i.e. is 1.42 Å in 

graphite, Chl is the length of the chiral vector Ch, and the chiral angle θ is given by 

θ = tan   √3 /( + 2 )   

SWNTs and MWNTs are usually produced by arc-discharge,(29) laser ablation,(30) 

chemical vapor deposition,(31) or gas-phase catalytic process (HiPco) method.(32) These 

methods are impossible to avoid impurities, consist of carbon coated metal catalysts and 

carbon nanoparticles or amorphous carbon. In addition, structural defects, such as dangling 

bonds, are often found in most type of carbon nanotubes. The main techniques applied for 

purification of CNT are oxidation of contaminants(33-36), flocculation and selective 

sedimentation(37), filtration(38), size-exclusion chromatography(39), selective interaction 

with organic polymers(40-43), or microwave irradiation(44-46).  
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Fig 1-3 Classification and structure of CNTs. 
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1.3.2 Graphene 

Graphene is an allotrope of carbon in the form of a two-dimensional, atomic-scale, 

hexagonal lattice in which one atom forms each vertex. It is the basic structural element of 

other allotropes, including graphite, charcoal, carbon nanotubes and fullerenes. It can also be 

considered as an indefinitely large aromatic molecule, the limiting case of the family of flat 

polycyclic aromatic hydrocarbons. Graphene has many extraordinary properties. It is about 

200 times stronger than steel by weight,(47) conducts heat and electricity with great 

efficiency and is nearly transparent.(48) Researchers have identified the bipolar transistor 

effect, ballistic transport of charges and mass and large quantum oscillations in the material. 

High-quality graphene proved to be surprisingly easy to isolate, making more research 

possible. 

Graphene has been synthesized in various ways. Graphene was first exfoliated mechanically 

from graphite in 2004 by Novoselov, Geim and co-workers.(49) This simple, low-budget 

technique has been widely credited for the explosive growth of interest in graphene. Graphene 

flakes have been invaluable to the study and elucidation of graphene properties. Unfortunately, 

however, they are usually available at a size of several microns (or tens of microns at best), 

have irregular shapes, and their azimuthal orientation is not deterministically controlled. 

Technological applications that take advantage of graphene’s extraordinary electronic 

transport properties require structurally coherent graphene on a large scale (e.g., wafer-scale), 

or large arrays of graphene flakes positioned with a unique azimuthal orientation on a 

substrate.  

Graphene and few-layer graphene (FLG) have been grown by chemical vapor deposition 

(CVD) from C-containing gases on catalytic metal surfaces and/or by surface segregation of C 

dissolved in the bulk of such metals.(refer to Fig 1-4 upper image) Depending on the solubility 
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of C in the metal, the former or the latter can be the dominant growth process, or they can 

coexist. A lot of work has been devoted since to the study of the formation of single or few 

layer graphite by surface segregation of C during annealing of various C-doped metals, 

including Cu,(50) Ni(51), Fe(51), Pt,(52) Pd,(52) and Co(52). The deposition of graphene on 

Cu surfaces provides a good example of a purely surface-mediated CVD process.(50) The 

solubility of C in Cu is minimal (less than 0.001 atom% at 1000 °C(53) vs. 1.3 atom% at 

1000 °C in pure Ni(54)), thus graphene can form on Cu only by direct decomposition of the C 

containing gas on the catalytic Cu surface. The graphene growth process is self-limiting(53) 

practically stopping at one monolayer (ML). Such control is very difficult in the case of 

graphene grown on Ni, due to the considerable solubility of C in Ni. Graphene has also been 

grown epitaxially on Ru(0001) by surface segregation(55, 56) and on Ir(111) by low-pressure 

CVD.(57, 58)  

The electrical properties of CVD graphene cannot be tested in situ on the conductive metal 

substrates. Thus, processes to transfer graphene on an appropriate insulating substrate have 

been developed.(50, 59, 60) The ability to select the host substrate independently of the 

sacrificial growth substrate is a major advantage for graphene grown on metals. At the same 

time, the transfer process often affects negatively graphene’s integrity, properties, and 

performance. Wrinkle formation, impurities, graphene tearing, and other structural defects, can 

occur during transfer. Graphene growth on (not necessarily flat) substrates with sizes limited 

only by the size of the reactor, or in a continuous roll-to-roll process,(61) enables graphene 

production at a large scale and lowers the cost per unit area. This will potentially enable 

several large area applications of graphene in the future (e.g., transparent electrodes for large 

area electronics and solar cells as ITO replacement).(62)  
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The most common approach to graphite exfoliation is the use of strong oxidizing agents to 

yield graphene oxide (GO), a nonconductive hydrophilic carbon material.(63-66) (refer to Fig 

1-4 lower image) In 1958, Hummers reported the method most commonly used today: the 

graphite is oxidized by treatment with KMnO4 and NaNO3 in concentrated H2SO4.(64) The 

most common source of graphite used for the chemical reactions, including its oxidation, is 

flake graphite, which is a naturally occurring mineral that is purified to remove heteroatomic 

contamination.(67) GO prepared from flake graphite can be readily dispersed in water and has 

been used on a large scale for preparing large graphitic films, as a binder for carbon products, 

and as a component of the cathode of lithium batteries.(68-71) Moreover, the hydrophilicity of 

GO allows it to be uniformly deposited onto substrates in the form of thin films, which is 

necessary for applications in electronics(72) and water treatment.(12-15) It is also often 

essential that the GO can be transformed back into a conductive graphitic material, and indeed, 

either in thin films or in bulk, partial restoration of the graphitic structure can be accomplished 

by chemical reduction (72-75) to chemically converted graphene (CCG). However, the 

graphitic structure (with its desired properties) is not fully restored using these conditions, and 

significant defects are introduced.(76) 
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Fig 1-4 The most widely used two methods for graphene synthesis. CVD method (upper image) 

and Chemical exfoliation (=graphite oxidation, lower image) 
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1.4 Advantages of nanocarbons for water treatment 

Nanocarbons (graphene, CNT)-based water treatment materials have exhibited unique 

characteristics that have naver been reported in the conventional water treatment materials and 

have gained attention as the high-performance water treatment materials. The unique 

charaateristics are summarized into fast mass transport phenomena and antimicrobial property. 

(refer to Fig 1-5) Vertically aligned CNT membranes showed far higher permeability than that 

predicted by conventional fluid flow theory.(11, 77) The high permeability is resulted from 

hydrophobicity of CNT, which gives rise to frictionless flow (or slip flow) of water moleules 

in CNT, and ballistic motion of water chains into CNT interior.(78) When water molecules 

pass through CNT interior, hydrogen bonds between the mocules are formed in CNT and then 

water molecules pass through CNT interior in file (that is, in the form of water chain). High-

permeable CNT membranes is realized by the fast mass transport phenomena occurring into 

CNT. Recently, high-permeable graphene oxide or single layer graphene (CVD-grown 

graphene) membranes have been reported.(12-15, 79)  

CNT membranes have exhibited excellent anti-microbial property. Unique geometric shape 

(high aspect ratio) and outstanding mechanical strength of CNTs cause physical damage to cell 

of bacteria (physical piercing). Also, active oxygen species produced from CNTs seriously 

damage the cell (oxidative stress, refer to Fig 1-5 right section).(80) The CNT’s ability to 

inactivate bacteial, which control the propagation of bacteria and biofilm formation on the 

CNT membranes, prevents the membranes from performance degeradation. Recently, 

excellent anti-microbial property of graphenes have been reported.(81)         
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Fig 1-5 Advantages of nanocarbons for water treatment. 
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Chapter 2. A carbon nanotube wall membrane for 

Water Treatment 

2.1 Introduction 

Carbon nanotubes (CNTs) were recently formed into a nanoporous membrane 

structure(10), and molecular transport through the tubes was observed. This vertically 

aligned CNT membrane with opened CNT tips, known as an open-ended CNT membrane, 

has since been used in water treatment applications.(8, 11) At approximately the same time, 

another type of CNT membrane was introduced(82), in which the interstices between 

nanotubes in a vertical array of CNTs were utilized as membrane pores; this membrane is 

known as an outer-wall CNT membrane.(9, 83)    

Fluid flow in CNTs has attracted considerable interest because of the frictionless or near 

frictionless flow(11, 77, 84-86) in CNTs. However, the water permeance through CNT 

membranes(8, 10, 11) was initially not considerably different from that attainable using a 

commercial polysulfone (PSf) ultrafiltration (UF) membrane, which is approximately 

several hundred liters per square meter per hour (LMH bar-1). Only recently has a water 

permeability of 2,400 LMH bar-1 been achieved.(9) This permeability is not considerably 

greater than the permeability that can be attained using non-CNT membranes. However, the 

observed flow rate in a CNT membrane is several orders of magnitude greater than that 

predicted by conventional fluid flow theory.(77) This fact suggests that the permeance 

through a CNT membrane should and could be substantially enhanced compared to the 

values reported to date. 
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Vertically grown CNT forests(87) have typically been used as outer-wall CNT membranes. 

Although water treatment is the primary interest here, the outer-wall membrane is a 

vertically aligned mesoporous structure. This type of mesoporous structure has received 

considerable attention because of its strong potential in the fields of catalysis, optics, 

biosensors, and biomolecule separation.(88, 89) Therefore, the ability to manipulate the 

structural characteristics of CNT membranes, such as their pore dimensions, pore density, 

and tortuosity, is desirable for various applications. One efficient approach for manipulating 

such structural characteristics is through densification of the vertically grown CNT forest. 

Two relatively simple densification methods have been developed: capillary densification(90) 

and mechanical densification.(91) The capillary densification method is not suitable for this 

purpose because CNTs collapse and form bundles upon densification(90) and cannot be 

manipulated. By contrast, the mechanical densification method, which involves compressing 

the CNT forest in the direction perpendicular to the CNT walls, can be used to vary the pore 

size, for instance, between 7 nm and 38 nm.  

In this chapter, it is demonstrated that the water permeability of a CNT membrane can 

approach 30,000 LMH bar-1 when the CNTs in the membrane are fully utilized in the form 

of a CNT wall membrane that is well defined and when they are tailored for rapid transport. 

New conceptual outer-wall membrane, which is then transformed into a CNT wall 

membrane, is first introdued.  
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2.2 Types of vertically aligned CNT membranes 

Vertically aligned CNT membranes are clssified into two categories, i.e. open-ended 

membrane and outer-wall membrane. Several studies of the CNT membranes have reported 

open-ended membrane opening the fullerene cap at the tip of CNT demonstrate fast mass 

transport through inner pore of CNT.(6) Fig 2-1(a) shows an illustration of open-ended 

membrane. It is measured that water permeability of the open-ended membrane is three 

orders of magnitude higher than that evaluated based on the classical Hagen-Poiseuille 

equation. The surprising results are due to weak interfacial force between water molecules 

and atomically smooth and hydrophobic CNT wall and water molecular ordering occurring 

inside of the CNT tube.(78, 92, 93) Fig 2-2 shows a brief explanation about two phenomena 

in charge of the fast mass transport occurring inside of the CNT. However, the open-ended 

membrane only utilizes inner pore of CNT for water flow and requires complicated and 

difficult manufacturing processes such as gap filling and removal of CNT fullerene cap. 

Moreover, since inner diameter of the CNT is pore dimension of the membrane, it is hard to 

control the dimension of the pore. Other type of VA CNT membrane which uses interstitial 

spaces between CNTs as the membrane pore has many attractive advantages and are defined 

as outer-wall membrane.(6) Fig 2-1(b) shows an illustration of outer-wall membrane. The 

dimension of the interstitial spaces between the VA CNTs has been known to several tens of 

nanometers in case of approx. 1010 #/cm2 in areal density,(91) and outer-wall of VA CNT is 

composed of sp2 bonded carbon and provides hydrophobic surface the same as inner wall. It 

means that the outer-wall membrane have the great potential as the high-performance 

membrane for the water treatment. Also, as-grown VA CNT array is directly utilized for the 

outer-wall membrane without complicated manufacturing processes like the open-ended 

membrane. Since the pore dimension of the outer-wall membrane is unrelated to inner 
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diameter of the VA CNT, the pore dimension of the outer-wall membrane may be controlled 

by simple method. In spite of many advantages of the outer-wall membrane, the membrane 

only reported potentials as membranes for the separation of gas molecules and filters for 

post-distillation of crude oil.(9, 82, 83) Although it is essential to study on the characteristics 

of water permeation and the particle rejection for the application in the water treatment, the 

systematical reports have not yet been reported. 
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Fig 2-1 Illustrations of Vertically Aligned CNT membranes. a) Open-ended VA CNT membrane. 

b) Outer-wall VA CNT membrane. 
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Fig 2-2 A brief explanation about two phenomena in charge of the fast mass transport occurring 

inside of the CNT. 
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2.3 Experimtal setup & Methods 

2.3.1 CNT synthesis and characterization 

Vertically aligned CNTs were synthesized using water-assisted CVD in a horizontal 

quartz tube furnace with an inner diameter of 4 inches. Layers of 1-nm-thick Fe and 20-nm-

thick Al were deposited onto a silicon (Si) substrate using an e-beam evaporator and sputter. 

The substrate area (A0) for the open-ended CNT membrane and those for Df values of 1, 3, 6 

and 10 were 0.5 × 0.5, 1 × 1, 1.8 × 1.8, 2.5 × 2.5 and 3.2 × 3.2 cm2, respectively. The CNTs 

were grown in a quartz tube at 810 °C (using a ramp rate of 810°C min-1) for 16 min with 

C2H2 (210 sccm) as the carbon source, Ar (480 sccm) as the carrier gas and H2O vapor 

(generated by bubbling Ar at 222 sccm through water at 60 °C) as a growth enhancer. All 

gases were simultaneously introduced into the tube at the beginning of the growth process.  

The CNTs that were separated from the substrate were weighed using a Sartorius BT 224S 

balance. The microstructure of the CNTs was characterized using scanning electron 

microscopy (SEM) images recorded using a Carl Zeiss SUPRA 55VP FE-SEM at an 

acceleration voltage of 15 kV. The tortuosity of the CNTs was measured from an SEM 

image magnified by a factor of 500,000. The inner structure, inner diameter and wall number 

of the CNTs were statistically measured, and the pores of the open-ended membrane were 

observed from transmission electron microscopy (TEM) images recorded using a JEOL 

JEM-3000F high-resolution transmission electron microscope at an acceleration voltage of 

300 kV. For the CNT purity measurements, Raman spectra were obtained using a confocal 

laser micro-Raman spectrometer equipped with a 532 nm laser source (LabRam 300, JY-

Horiba) and a 100× objective lens. Thermogravimetric analysis (TGA) measurements 

(SETSYS 16/18) were performed over the temperature range from 20 to 800 °C at a heating 
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rate of 5 °C min-1. Functionalization at CNT tips was analyzed by deconvolution of the C 1s 

spectrum obtained by X-ray photoelectron spectroscopy (XPS, PHI 5000 VersaProbe II; Al-

Kα source). 
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2.3.2 Fabrication of carbon nanotube wall membrane 

Vertically aligned CNTs were separated from the substrate. The CNTs were compressed 

by applying mechanical force in the direction perpendicular to the CNT axis (Figs. 2-3 and 

2-4). The mechanically densified CNTs were positioned on a commercial PTFE membrane 

(Millipore FluoroporeTM membrane filter, average pore size: 3 μm) treated with ethanol. 

The PTFE membrane serves as a support layer for the CNTs. The CNT array on the PTFE 

membrane was surrounded by semi-cured highly viscous epoxy to clamp the CNT array 

under the high test pressure and to prevent test fluids from leaking through the side of the 

CNT array. The CNT array surrounded by the epoxy was then cured at room temperature for 

24 h. The gel-like high-viscosity epoxy was obtained by curing the low-viscosity epoxy at 

room temperature for 24 h. Therefore, the epoxy did not permeate into the interstitial space 

between the CNTs (i.e., the effective pore of the outer-wall CNT). Full curing of the epoxy 

required 48 h. The resulting membrane was the outer-wall CNT membrane used in the 

experiments. After the outer-wall membrane was fabricated, the outer-wall membrane was 

dipped into water and the outer-wall pores (interstitial space between the CNTs) were 

subsequently filled with water under vacuum. The permeability of the water-absorbed outer-

wall membrane was measured using a dead-end filtration system (Fig. 2-5). 
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Figure 2-3. Schematics for mechanical densification of the CNT array. All sides of the CNT array are evenly pressed to reduce it to the desired 

area. 
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Figure 2-4. Schematics for outer-wall CNT membrane fabrication. Step 1: Vertically aligned 

CNT growth on a silicon substrate (chemical vapor deposition). Step 2: Mechanical 

densification according to the procedure reported in ref. (91). Step 3: Transfer of densified 

CNTs onto a PTFE membrane (average pore size: 3 μm) from the substrate. Step 4: 

Surrounding the periphery of the densified CNT array with highly viscous epoxy (the epoxy 

does not permeate into the space between the densified CNTs and PTFE membrane because of 

its very high viscosity). 
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Figure 2-5. Schematic of the dead-end membrane filtration system. Water permeability and 

rejection tests were performed using N2 gas at 1 bar. The permeate was collected and weighed. 

The water permeability was calculated from the permeate volume (mL), time (5 min) and total 

membrane area (~1 cm2).  
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2.3.3 Anti-microbial tests of CNT membranes 

  A carbenicillin-resistant derivative of Pseudomonas aeruginosa PAO1 tagged with green 

fluorescent protein (GFP) (Center for Biofilm Engineering, Montana State University) was 

used as a model bacterial strain. The feed solution was composed of 10 mL of 1/100 tryptic 

soy broth (TSB; Bacto, Franklin Lakes, NJ) and approximately 1 × 107 CFU mL-1 of the 

initial bacterial concentration. Then, the outer-wall CNT membrane (Df of 10), the CNT wall 

membrane and the commercial PSf UF membrane (UE4040, Woongjin Chemical Co., Korea) 

were immersed into the feed solution in six-well plates with stirring at 50 rpm at 25°C for 72 

h. The feed solution was replaced with 10 mL of 1/300 TSB solution every 24 h. Each 

sample was collected at 24 h, 48 h and 72 h and then stained with a BacLight Live/Dead 

Bacterial viability kit (Molecular Probes, USA). After the samples were stained, bacterial 

adhesion and biofilm formation were observed by confocal laser scanning microscopy 

(CLSM; Eclipse 90i, Nikon, Japan). 
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2.3.4 Pore size characterization of carbon nanotube membranes 

-Nitrogen adsorption/desorption (BJH method) 

The adsorption of nitrogen in mesopores has been interpreted in terms of the capillary 

condensation theory given by the Kelvin equation.(94) The Kelvin equation establishes a 

relationship between the cylindrical pore size and the condensation relative pressure as follows: 

(94) 

   
 

  
= −

    

  

 

(   )
                        (Eq. 2-1) 

where σ is the surface tension of liquid adsorbate, Vm is the molar volume of nitrogen at the 

measurement temperature and r is the pore radius and t is the film thickness of adsorbate, R 

and T are the gas constant and absolute temperature, respectively. For the pore size 

measurement, 20 mg of as-grown or densified VA-CNT arrays were used for adsorption in 

BJH instrument of ASAP 2010 (micromeritics, USA) system. Prior to each adsorption 

experiment, the sample was outgassed in vacuum at 473 K for about 2 h. Nitrogen 

adsorption/desorption measurements were performed at 77 K. The software in the instrument 

prints out information on average pore size, which is the pore size listed in the table, and pore 

volumes and pore areas corresponding to different pore sizes after the experiment is completed. 

Falconer et al.(9) and Futaba et al.(90) reported interstitial pore size between CNTs, BET 

surface area, mesopores surface area, pore volume and micropore volume etc. of vertically-

aligned CNT array with N2 adsorption/ desorption. 

 

- Pore size estimation by polymer molecules rejection test  

The pore size of the outer-wall VA CNT membrane was estimated by fitting to the hindered 

pore-flow solute transport model. This method is commonly used to determine the molecular 



 

 
32 

weight cut-off (MWCO) of membranes for water treatment.(95-97) The Stokes radii for 

various dextran molecules was obtained from their molecular weights using the empirical 

equation(98-100) a = 0.488 × M0.437, which was derived from the Stokes-Einstein relationship.  

From the rejection rate results (Table 2-2), the pore size was calculated using the Ferry-

Renkin equation. Notably, >90% rejection was used for estimation of the pore size because the 

typical method for measuring the MWCO is based on the 90% rejection of dextran solute(95-

97):  

 =   −    −
 

 
 
 

+   −
 

 
 
 

 ×                 (Eq. 2-2) 

where R is the rejection rate, a is the radius of the solute, and r is the radius of the pore. 

-Theoretical calculation of pore size 

Theoretically, an upper limit of the surface density will be reached if all vertically aligned 

CNTs of same diameter are ideally close-packed. As illustrated in Fig. 2-6, it can be derived 

that areal density of ideally close-packed CNT is reversely proportional to the square of the 

CNT diameter D:(101)  

          =
 

    
=

 

√ (   ) 
                      (Eq. 2-3) 

where SCNT is the area occupied by each individual CNT, i.e. the area confined by the 

parallelogram in Fig. 2-6. The area of parallelogram lattice is (√3(D+δ)2)/2. Eq. 2-3 is 

rearranged to give 

   =  
 

√   
−                          (Eq. 2-4) 

By geometrical relationship, diameter of the circumscribed pore circle about the CNTs is 

defined as follows: 

  =   
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Figure. 2-6 Parallelogram lattice of ideally close-packed CNTs (modified ref. (101)) 
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2.3.5 Areal density estimation of VA CNT 

The areal density of the CNTs (# cm-2) was calculated with the geometric shape(101) taken 

into consideration. The mass of the CNTs with a unit length was assumed to linearly increase 

according to the wall number:  

   =
  

   
=  

 √     
 

     
 ∙  

  

      
                (Eq. 2-6) 

where ρn, ρm, mu, N, ac-c, mc, and douter are the areal density (# cm-2) of the CNTs, the mass 

density (mg cm-3) of the CNTs, the mass of the CNTs with unit length, the average wall 

number, the C-C bond length in a nanotube (1.44 Å), the mass of one carbon atom (1.993 × 

10-26 kg), and the outer-wall diameter, respectively. The mass density of the CNTs is defined 

in Eq. 2-7 as follows: 

        =
∆ 

  
                          (Eq. 2-7) 

where ΔM, S, and L are the mass of the CNTs (mg), the CNT growth area (cm2), and the 

CNT height (cm), respectively. 
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2.3.6 Calculation of pore area of the carbon nanotube wall membranes 

The pore area (Apore) in the membranes was calculated as follows: 

      =
       

 

 
×                            (Eq. 2-8) 

      =       −                             (Eq. 2-9) 

where ACNT, douter, ρn, Atotal are the area occupied by the CNTs in the membrane (cm2), the 

outer diameter of the CNTs, the areal density of CNTs (by Eq. 2-6) (# cm-2), and the total area 

(cm2) of the membrane that includes both CNTs and pore area (cm2), respectively. 

 

 

 

 

 

 

 

 

 

 



 

 
36 

2.3.7 Calculation of slip length  

The slip length was calculated using an indirect method.(102) The following equation was 

used: 

 ( )

   
=  +

  

 
                       (Eq. 2-10) 

where Q(λ) and QNS are the flow rates with slip and no-slip boundary conditions, 

respectively; λ is the slip length; and a is the pore radius. Q(λ) is matched with the 

experimentally observed flow rate when choosing the slip length. We used the pore radius 

determined by the pore-flow solute model with dextran for the radius a. QNS was calculated 

using the Hagen-Poiseuille equation [QHP = (πd4Δp)/(128 ηL)] from the Stokes equation. 
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2.3.8 Rejection test of carbon nanotube wall membranes 

Seven types of dextrans (5 kDa, 12 kDa, 25 kDa, 80 kDa, 150 kDa, 410 kDa, 670 kDa; 

Sigma-Aldrich, USA) were used. Dextrans, which are neutral, slightly branched polymers of 

d-glucopyranose, were used as model compounds. Dextran solutions with a concentration of 

100 mg L-1 were prepared in a 0.15 M NaCl solution that had been pre-filtered through a 0.2 

µm AAO membrane (Anodisc, Whatman Co., USA). Dextran rejection tests were performed 

using a modified dead-end filtration system (Fig. 2-5). To minimize concentration polarization 

on the CNT membranes, each CNT membrane was immersed in the dextran solutions for 6 h. 

Permeates were collected for gel permeation chromatography (GPC, Breeze system, Waters, 

USA) analysis after being allowed to stabilize for 30 min. NaNO3 with a concentration of 0.02 

M was used as the eluent for the dextran solutions, and the eluent flow rate was fixed at 0.8 

mL min-1 at 30 °C. The retention times for various dextran molecular weights were obtained as 

a standard (Fig. 2-7). The dextran rejections of the membranes were determined as a function 

of molecular weight by fitting the chromatograms for the individual narrow-molecular-weight 

dextran fractions to the curves for the feed and permeate samples and then utilizing the 

calibration data that relate peak areas to the concentrations of the dextran fractions in the 

sample. 
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Figure 2-7. Calibration plot for dextran solutions. The molecular weights of the dextrans were 5 

kDa, 12 kDa, 25 kDa, 80 kDa, 150 kDa, 410 kDa, and 670 kDa. 
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2.4 Densified CNT array and outer-wall CNT membranes 

 A vertically grown CNT forest and densified CNTs that can be used as outer-wall 

membranes are shown in Fig. 2-8(a) and 2-8(b), respectively. The vertical CNTs were super-

grown using water-assisted chemical vapor deposition (CVD), which extends the lifetime of 

the catalyst through the use of a moderate oxidant and yields high-density and high-aspect-

ratio CNTs (length/CNT inner diameter).(87) The CNT forest shown in Fig. 2-8(a) is 1.3 mm 

high and vertically aligned on a silicon substrate (Fig. 2-9A). A “skin layer” covering the 

surface, which can block the fluid flow, is not observed in the image of the top surface of the 

CNT forest (Fig. 2-9B and 2-10). The average inner diameter and wall number of the CNTs, 

as statistically measured from high-resolution tunneling electron microscopy (HR-TEM) 

images, were 4.8 nm and 2.7, respectively, and they were generally Gaussian-distributed (Fig. 

2-11), with an aspect ratio of 2.7 × 105 (length (1.3 mm)/inner diameter (4.8 × 10-6 mm)). As 

shown in the HR-TEM images (Fig. 2-12A and B), the vertical CNTs have a bamboo-free 

structure without the inner wall crossing the inner space of the CNTs; in addition, no catalyst 

nanoparticles block the inner space.(103) The as-grown vertical CNTs are, on average, 

approximately several tens of nanometers apart from one another, and thus, the interstices 

created by the vertical CNTs can be utilized as membrane pores, i.e., as an outer-wall CNT 

membrane. 

The characteristics of the pore structure of the outer-wall CNT membrane, such as its pore 

dimensions, pore density, and pore tortuosity, can be altered and manipulated using the 

mechanical densification method to obtain better membrane performance or to render the 

membrane more suitable for use in various applications (Fig. 2-3).(91) Figure 2-8(b) presents 

optical images of densified CNT arrays (outer-wall CNT membranes) that were obtained by 

compressing the CNTs (gray area in the figure) to a lateral area of 1 cm2 (black rectangular 



 

 
40 

area in the figure). For convenience, The densification factor, Df, as the ratio of the area 

occupied by CNTs before compression or as-grown CNTs (A0) to that occupied by 

compressed CNTs after densification (A) is defined; thus, a Df (A0/A) value of 10 corresponds 

to a tenfold densification of the as-grown CNTs. Three densified outer-wall CNT membranes 

with Df values of 3, 6, and 10 (Fig. 2-8(b)) and one as-grown outer-wall CNT membrane (Df 

of 1) were used in the experiments. The cross-sectional scanning electron microscopy (SEM) 

images presented in Fig. 2-8(c)-(f) show that larger densification factors result in greater 

densities of the CNTs. The size of the interstitial space between neighboring CNTs, which is 

the average pore size in the outer-wall CNT membrane, was measured using the pore-flow 

solute transport model with dextran that is an industrial standard method for pore size 

measurement of membrane(98-100) (see chap. 2.3.4). The characteristics of the outer-wall 

CNT membrane are summarized in Table 2-1. The results in this table indicate that the pore 

size can be controlled from several tens of nanometers, which corresponds to the membrane 

with a Df of 1, to 6.7 nm, which corresponds to the membrane with a Df of 10. Also, The pore 

size, which is an average pore size in the outer-wall CNT membrane, was measured by 

Barrett-Joyner-Halenda (BJH) method(104-106) and estimated by theoretical calculation(refer 

to chap. 2.3.4).(101) Falconer et al.(9) and Futaba et al.(90) reported values of interstitial pore 

size between CNTs, BET surface area, mesopores surface area, pore volume and micropore 

volume of vertically-aligned CNT array with N2 adsorption/desorption. Figure 2-13 shows N2 

sorption isotherms of outer-wall membranes (Df 1-10). These isotherms are type Ⅱ 

physisorption isotherms(94), which means that nitrogen physisorbs on CNT walls. Figure 2-14 

shows values by three methods is similar. It means that BJH method is very effective for pore 

size measurement of membranes. Furthermore, the results in Table 2-1 also indicate that the 

pore density can be increased by an order of magnitude—from 8.14 × 1010 # cm-2 (Df of 1) to 
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83.3 × 1010 # cm-2 (Df of 10) as a result of the mechanical densification. Another characteristic 

of interest for membranes is the tortuosity of the pores, which was statistically measured from 

high-magnification SEM images. The tortuosity (Γ) was calculated from Le/L, where L is the 

straight CNT length and Le is the curved CNT length. The results in Table 2-1 clearly indicate 

that the tortuosity approaches unity as the densification factor increases, which, in turn, 

indicates that the CNTs or the pores in the outer-wall membrane can be straightened by the 

densification.  

These results demonstrate that mechanical densification is a simple yet effective approach 

for manipulating and altering the membrane characteristics to obtain the desired membrane 

performance. The process for fabricating the outer-wall CNT membrane is illustrated in Fig. 2-

4. The outer-wall membrane has an area of 1 cm2 and a thickness of 1.3 mm.  

Water permeability is well known to decrease as the pore size of the membrane is decreased 

to remove finer impurities. However, the outer-wall CNT membrane does not follow this well-

known behavior, as revealed by the water permeability plotted in Fig. 2-8(g), which was 

determined using a dead-end membrane filtration system (Fig. 2-5). This figure clearly shows 

that the water permeability for the outer-wall CNT membrane increases with decreasing pore 

size or increasing densification of the CNT array; the water permeability increases from an 

average of 2,300 ± 1,330 LMH bar-1 for a Df of 1 (as-grown) to an average of 5,800 ± 760 

LMH bar-1 for a Df of 10, which is a greater than twofold increase in the permeability as a 

result of the densification. As shown in Table 2-1, the pore size of the membrane decreases 

with increasing densification, decreasing from 37.8 nm for a Df of 1 to 6.7 nm for a Df of 10. 

Taken together, these experimental results clearly reveal the unique feature of the outer-wall 

membrane, where a smaller membrane pore size leads to greater water permeability, as shown 

in Fig. 2-8(g). 
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To determine the reason for the enhanced water permeability, The pore area (refer to chap. 

2.3.6) and calculated the flow velocity of water was independently obtained from 

experimentally obtained hourly volumes of purified water. As shown in Table 2-1, the flow 

velocity increased with increasing densification, which is the reason for the increase in water 

permeability. It is well known that hydrophobic CNT walls lead to a frictionless flow and thus 

a high flow velocity because of the weak interfacial force between water molecules and 

atomically smooth, hydrophobic CNT walls.(10, 11, 77) Molecular ordering occurring inside 

of the tube has also been proposed as an explanation of the high flow velocity.(78, 92, 93) As 

the densification increases, more CNT wall surface becomes available for water flow, thereby 

resulting in a greater velocity.  

For the unique features of the outer-wall CNT membrane to be valuable, the ability of the 

membrane to reject finer impurities should still be retained as the pore size is decreased for 

higher water permeability. To demonstrate the particle rejection behavior of the outer-wall 

membranes, experiments were conducted using dextran solutions (100 mg L-1) of seven types 

of dextrans (5 kDa, 12 kDa, 25 kDa, 80 kDa, 150 kDa, 410 kDa, and 670 kDa) under 1 bar of 

pressure at 20 °C. The rejection rate (R) was determined according to the equation (Cf - Cp) / 

Cf ×100, where Cf and Cp are the feed concentration and the permeate concentration, 

respectively. Fig. 2-8(h) presents the rejection rates for the various types of dextran solutions 

that were achieved by the outer-wall CNT membranes densified to various levels of Df from 1 

to 10. This figure clearly indicates that a more densified membrane or a membrane with a 

smaller pore size removes finer particles. This result experimentally demonstrates that, in this 

densified outer-wall CNT membrane system, higher water permeability is achieved with a 

smaller pore size while retaining the ability to remove finer impurities. In this regard, the 

outer-wall CNT membranes with Df values of 3, 6, and 10 all demonstrated 100% rejection of 
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670 kDa dextran, indicating that no micron-scale cracks were present in the membranes. The 

particle rejection ability of the outer-wall membranes with a Df of 10 is comparable to that of a 

commercial UF membrane (Table 2-2).  

Some aspects of this CNT membrane could be optimized to obtain better membrane 

performance. First, the CNT walls can be cleaned to obtain higher water permeability. Many 

amorphous carbons and defects are known to be present on the outer walls of CVD-grown 

CNTs.(107) The Raman spectrum of the as-grown CNTs shown in Fig. 2-15 indicate that the 

peak intensity ratio of the G-band to the D-band (IG/ID) is relatively low at 0.93, indicating a 

high density of amorphous carbon and defects on the outer wall. These amorphous carbons 

and defects can retard the flow, particularly in the case of highly densified CNTs, because of a 

reduction in available area of smooth CNT surface that enhances the velocity. Thus, removing 

the amorphous carbon is desirable to increase the velocity. For this purpose, a thermal 

treatment could be used, particularly given that, in an oxygen atmosphere, the oxidation 

temperature of amorphous carbon is lower than that of sp2-bonded carbon.(108, 109) To 

establish a systematic approach to removing the carbon, thermogravimetric analyses (TGA) 

were performed, as shown in Fig. 2-16. This figure shows that the weight loss was only 5 % at 

temperatures up to 600 °C; however, after this temperature was exceeded, a precipitous loss 

occurred, reaching almost 100 % loss at 720 °C. To arrive at an optimal heating schedule, the 

heating time and the final temperature were varied. The corresponding CNT purity determined 

from the Raman peak intensity ratio (IG/ID) is shown in Fig. 2-15.(110) As shown, heating to 

500 °C at a rate of 5 °C min-1 (100 min) yielded the highest intensity ratio; this heat treatment 

was therefore used to remove amorphous carbon in ambient air. 

The water permeability through the outer-wall CNT membrane with a Df of 10 before and 

after the thermal purification of CNTs is shown in Fig. 2-17, along with the water 
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permeabilities reported in the literature for other CNT membranes.(8-11) The water 

permeability of the outer-wall membrane is observed to have more than double as a result of 

the heat treatment due to the corresponding increase in the water flow velocity (Table 2-1). A 

control experiment was conducted to determine whether rendering the CNT surface 

hydrophilic reduces the permeability. For this purpose, a pyrenebutyric acid treatment was 

performed to make the surface hydrophilic.(111) With this treatment, the permeability for the 

thermally purified outer-wall membrane (Df of 10) decreased to 5,378 LMH bar-1 from 13,200 

LMH bar-1. This reduction in permeability can be attributed to the hydrophilicity of the CNT 

walls, which leads to an enhanced interaction between water molecules and the walls. 
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Fig. 2-8. Densified CNT array and performance of outer-wall membrane. a) SEM image of 

super-grown CNT forest (scale bar: 500 μm). (b) Optical photographs of densified CNT forests 

that were used as the outer-wall CNT membranes. The densification factor (Df) is the ratio of 

the CNT area before densification to that after densification. The area (A) is 1 cm2 for all cases, 
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whereas the area occupied by as-grown CNTs (A0) varies depending on the Df value. In the case 

of a Df of 10, 10 cm2 of as-grown CNTs were densified into 1 cm2 of compressed CNTs. c)-f) 

Cross-sectional SEM images (300,000× magnification, scale bar: 100 nm) of densified CNTs. 

Greater Df values indicated that the CNTs were more closely packed and more straightened. 

The figures present the fracture plane images of the CNT array. g) Water permeability, as 

affected by the densification factor (Df) for the outer-wall CNT membrane. Data are shown as 

the mean ± s.d., n = 3 independent outer-wall membranes tested for the permeability 

measurement. h) Rate of rejection by the densified outer-wall CNT membranes obtained with 

seven types of dextran (5–670 kDa). Dextran solutions with a concentration of 100 mg L-1 were 

filtered by the densified outer-wall CNT membrane under a pressure of 1 bar at 20 °C.  
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Figure 2-9. SEM image of the carbon nanotube (CNT) forest. A) Cross-section (scale bar: 500 

nm) and B) top surface (scale bar: 500 nm). 
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Figure 2-10. SEM images of the top surface of the Df 10 thermally purified membrane (left) and 

CNT wall membrane (right). A)-B) before and C)-D) after the dextran rejection test (scale bar: 

250 nm). 
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Figure 2-11. Diameter and wall number distributions of CNTs. A) Outer diameter, B) inner 

diameter, and C) wall number distribution. The average outer diameter, inner diameter, and 

wall number of the CNTs are 7.1 nm, 4.8 nm, and 2.7, respectively. The distributions were 

obtained from high-resolution tunneling electron microscopy (HR-TEM) measurements of 100 

individual CNTs, which are generally Gaussian-distributed (measured from the HR-TEM 

images using the Gatan Digital Micrograph program).  



 

 
50 

 

Figure 2-12. HR-TEM images of the carbon nanotubes: A) and B) CNTs have a bamboo-free 

structure with no catalysts in the inner space. Therefore, the inner space of the CNTs is a 

nanochannel for water molecules (scale bars: A) 40 nm and B) 5 nm). 
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Figure 2-13. Sorption isotherms of outer-wall membranes. With regard to the gas interaction 

with CNT walls, it is noted that there are four different types of adsorption isotherms for 

physisorption. The adsorption isotherms shown above for outer-wall membrane is type Ⅱ of 

physisorption isotherms(94), which means that nitrogen physisorbs on CNT walls.  
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Figure 2-14. Pore size of the CNT membranes estimated by Pore-flow solute model, Barrett-

Joyner-Halenda (BJH) method and theoretical calculation. 
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Table 2-1. Characteristics of the CNT membranes. Note that Df is the area ratio (A A0
-1). The pore diameter of the CNT membranes was 

determined from the dextran rejection test. The pore density was calculated from the areal density of vertically aligned CNTs with geometric 

shape (refer to chap. 2.3.5) taken into consideration. Length (=membrane thickness) and tortuosity were determined from high-resolution SEM 

images. 

*: Estimated using the pore-flow solute model with dextran 

‡: average diameter of inner pore and outer pore 

†: Statistical average diameter by TEM 

Sample 
Densification 

factor 
(D

f
) 

Ratio of area  
(A A

0
-1) 

Pore  
diameter (nm) Pore density 

(10
10 

# cm
-2

) 
Length 
 (mm) Tortuosity 

Purified  
water 

volume rate 
(L h-1) 

Water 
permeability 
(LMH bar-1) 

Flow  
velocity 
(cm s-1) 

Pore area 
(cm

2
) 

Cap opening 
method Polymer 

rejection* 
BJH 

Theoretical 
Calculation 

Outer-wall   
CNT membrane 

1 1 37.8±0.7 32.5 36.4 8.14±0.2 1.3 1.20 0.117 2,300±1330 0.034  0.968  - 
3 0.36 28.8±0.2 18.4 17.1 26.4±0.8 1.3 1.10 0.181 3,600±1340 0.056  0.896  - 
6 0.16 15.8±0.1 13.3 10.3 50.8±1.5 1.3 1.06 0.216 4,300±390 0.075  0.799  - 
10 0.098 6.7±0.1 5 6.5 83.3±2.5 1.3 1.01 0.290 5,800±760 0.120  0.670  - 

thermal  
purification 0.098 6.9±0.1 5 6.5 83.3±2.5 1.3 1.01 0.662 13,200±810 0.274  0.670  - 

CNT wall 
membrane 

10 
(thermal 

purification) 
0.098 6.5±0.1 4.92

‡ 
 

5.67
‡ 

 

166.6±5 1.3 1.01 1.490 29,600±460 0.440  0.938  O
2
-plasma 

Open-ended CNT 
membrane 

1 1 
6.4±0.1  4.84† 4.84† 

8.14±0.2 0.2 1.20 0.070  1200±150 0.742  0.026 mechanical 
O

2
-plasma -

treated 1 8.14±0.2 0.2 1.20 0.096  2,000±100 1.015  0.026 mechanical 
O

2
-plasma -

open 
1 7.76±0.2 1.3 1.20 0.091  1,900±120 1.016  0.025  O

2
-plasma 
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Table 2-2. Dextran rejection rate of the CNT membrane compared to that of a commercial UF 

membrane. 

CNT membrane 
(pore size estimated 

from dextran rejection 
rate) 

Rejection rate of dextran (%) 

5 kDa 12 kDa 25 kDa 80 kDa 150 kDa 410 kDa 670 kDa 

4.0 nm* 5.9 nm* 8.2 nm* 
13.6 
nm* 

17.8 
nm* 

27.7 
nm* 

34.3 
nm* 

CNT wall 
(6.5 nm) 

56.9 
±0.8 

98.3 
±0.2 

100 100 100 100 100 

Df10  
thermal purification 

(6.9 nm) 
53.3 

96.0 
±0.7 

100 100 100 100 100 

Df 10 
(6.7 nm) 

55.5 
±1.3 

97.1 
±0.3 

100 100 100 100 100 

Df6 
(15.8 nm) 

- 1.2 58.6 
95.7 
±0.4 

100 100 100 

Df 3 
(28.8 nm) 

- - - 
9.5 

±3.5 
84.0 
±1.2 

99.7 
±0.1 

100 

Df 1 
(37.8 nm) 

- - -  3.9 15.6 
97.8 
±0.7 

Open-ended VA CNT 
(6.4 nm) 

57.6 
98.8 
±0.1 

100 100 100 100 100 

Commercial UF† 

(6.3 nm) 
61.8 99.1 100 100 100 100 100 

*: Stokes diameter of the dextran 

†: UE4040, Woongjin Chem. Co. 
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Figure 2-15. Raman spectra of vertically aligned CNT as affected by the heating conditions. 

CNTs were heated to the final temperature shown in the figure at a constant heating rate such 

that a combination of, for example, 50 min and 250 °C corresponds to heating at a constant rate 

of 5 °C min-1 for 50 min to reach 250 °C. 
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Figure 2-16. TGA profiles of CNT array. A) TGA curve as a function of temperature, which was 

increased from room temperature to 800 °C at a rate of 5 °C min-1 in air. The weight loss was 

approximately 5 % up to 600 °C, and the CNT was completely oxidized when 720 °C was 

reached. B) TGA curve as a function of annealing time. Note that 100 min was required to reach 

500 °C. The temperature was maintained at 500 °C for 150 min (100–250 min) thereafter. The 

resulting weight loss was approximately 5–6%. 
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Figure 2-17. Water permeabilities obtained in this work and those reported by other 

researchers in the literature based on CNT membranes. Polycarbonate and polysulfone 

membranes (UE4040, Woongjin Chem. Co.) are commercial membranes. The data obtained in 

this work are shown as the mean ± s.d. for n = 3 independent membranes tested for the 

permeability measurement. 
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2.5 A CNT wall membrane 

 Another aspect of the CNT membrane that could be exploited to improve membrane 

performance is the effect of the entrance resistance of the CNT on the water permeability. The 

authors of an earlier study based on molecular dynamics simulations(93, 112) reported that a 

high external pressure (>120 bar at CNT entry, >1000 bar at CNT exit) is required for water 

molecules to pass through the inner pores of pristine CNTs with a hydrophobic surface. These 

theoretical studies suggest that a hydrophilic surface modification should decrease the 

resistance at the entrance and exit of the pores of hydrophobic CNT membranes. For this 

purpose, an oxygen plasma treatment in the form of oxygen reactive-ion etching (RIE) was 

performed on the surface of the outer-wall CNT membrane. Oxygen RIE was chosen to open 

the CNT fullerene caps to make the inner pores of the CNTs available for water passage 

during the process of making the entrances and exits of the pores hydrophilic.(113) The 

formation of hydrophilic functional groups was confirmed by X-ray photoelectron 

spectroscopy (XPS), as shown in Fig. 2-19. Micro-Raman spectroscopy was employed to 

determine whether the RIE also renders the entire membrane surface hydrophilic. The graph 

for the CNT wall section shows that the IG/ID ratio for the wall section did not change after the 

treatment (Fig. 2-20A). The ratio for the CNT end-cap section, however, decreased from 0.926 

to 0.841 (Fig. 2-20B). This decrease occurs as a consequence of the introduction of some 

defects or oxygen-containing functional groups onto the CNT end during removal of the cap 

(Fig. 2-19).  

The dual effects resulting from the oxygen RIE, i.e., opening of sealed CNT tubes and 

making the entrances hydrophilic, led to a significant increase in the water permeability, as 
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shown in Fig. 2-17; the water permeability increased more than twofold compared to that 

obtained after thermal treatment. This attained water permeability of the CNT wall membrane, 

which is close to 30,000 LMH bar-1, is more than an order of magnitude greater than the 

highest water permeability reported for CNT membranes (approximately 2,400 LMH bar-1).(9) 

Figure 2-18 is illustration of a CNT wall membrane.  

To separate the effect of CNT cap opening from that of rendering the entrances hydrophilic, 

separate experiments were performed with open-ended CNT membranes; in these experiments, 

the CNT caps were removed by microtoming (denoted as “mechanical” in Table 2-1). The 

pores of the open-ended membrane formed by microtoming were observed using HR-TEM 

(Fig. 2-21). The increase in water permeability due to the oxygen plasma treatment for the 

same mechanically prepared CNT membranes (second and third rows from the bottom in the 

table 2-1) amounts to 67 %, which indicates that rendering the entrances and exits hydrophilic 

leads to an increase of 67 % for the CNT membrane. Given that the permeability increased by 

a factor of 2.2 as a consequence the oxygen RIE, the increase in the permeability in multiples 

that can be attributed to the opening of capped CNT tubes is 1.9. The permeance of the open-

ended membrane prepared by O2 plasma is 1900 LMH bar-1 (first entry from the bottom in 

Table 2-1) and that of the open-ended membrane fabricated by microtoming is 2000 LMH bar-

1 (the second entry). From these experimental results, The fraction of open-ended CNTs for 

the plasma-treated membrane by dividing 1900 by 2000 was determined, which yields 95 % 

for the fraction of the CNT tips opened by oxygen plasma relative to the microtomed open-

ended CNT tips. The assumption here is that all CNT ends were opened by the microtoming 

(the process for fabricating the open-ended CNT membrane by microtoming and that by 

oxygen RIE are illustrated in Figs. 2-22 and 2-23, respectively). On the basis of the 

permeabilities presented in the third entry from the bottom and in the first entry from the top 
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in the table, the multiple is 1.5 ((2300 + 0.95 × 1200) / 2300), which is in good agreement with 

the independent value of 1.9. The CNT wall membrane exhibits performance similar to that of 

the outer-wall membrane (Df of 10 and thermally purified Df of 10) in terms of the ability to 

reject particles (Table 2-1) despite the significant increase in water permeability. The slip 

lengths affected by densification and by the thermal and plasma treatments are presented in 

Fig. 2-24 (refer to chap. 2.3.7). 
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Figure 2-18. An illustration of CNT wall membrane. The CNT wall membrane that can be 

obtained by thermal and oxygen-plasma treatments of the densified outer-wall membrane 

represents a new class of membrane. 
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Figure 2-19. X-ray photoelectron spectra of the surfaces of the CNT membranes. A) Outer-wall 

CNT membrane (Df of 10). B) O2-RIE-treated CNT wall membrane. The two peaks at 246 and 

246.8 eV are attributed to the sp2 and sp3 components, respectively. The CNT cap of CVD-

grown CNTs generally contains many defects. XPS of the O2-RIE-treated membrane (Fig. 2-

19B) shows two notable points. The sp2 peak intensity at 246 eV is lower than the sp3 peak 

intensity at 246.8 eV because of the many defects at the CNT tips discovered by removing the 

CNT caps. The two additional peaks at approximately 286 and 288 eV are assigned to the C-OH 

and OH-C=O groups, respectively.  
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Figure 2-20. Raman spectra of densified CNT array (Df of 10) before and after plasma 

treatment: A) CNT wall (cross-section) and B) end-cap section (top surface) of the as-grown 

CNT array before and after plasma treatment. The graph for the CNT wall section shows that 

the I`G/ID ratio for the wall section did not change after the treatment. The ratio for the CNT 

end-cap section, however, decreased from 0.926 to 0.841. This decrease results from the 

introduction of some defects or oxygen-containing functional groups onto the CNT end after 

removal of the cap (also refer to Fig. 2-19B). 
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Figure 2-21. TEM image (top view) of open-ended CNT membrane. White dots in the image are 

pores of the CNTs (scale bar: 50 nm). 
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Figure 2-22. Schematics for open-ended CNT membrane fabrication via the microtoming 

technique. Step 1: The CNT forest was transferred from the substrate to double-sided adhesive 

tape. Step 2: The CNT forest attached to the tape was positioned in a cast, and then uncured 

epoxy was slowly poured into the cast. Step 3: The cast was placed in a vacuum chamber for 3 h 

to allow the epoxy to infiltrate into the CNT forest. Bubbles were generated from the CNT 

forest when the epoxy infiltrated the forest. Step 4: After bubble generation stopped, the epoxy-

infiltrated CNT forest was cured for 48 h at room temperature. The cured CNT-epoxy block 

was separated from the cast, and the tape was removed. Step 5: The block was cut to a thickness 

of 100-200 μm using a microtome. 
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Figure 2-23. Schematics for open-ended CNT membrane fabrication via the oxygen RIE 

technique. Step 1: The CNT forest was transferred from substrate to double-sided adhesive tape. 

Step 2: The CNT forest attached to the tape was positioned in a cast, and then uncured epoxy 

was slowly poured into the cast. Step 3: The cast was placed in a vacuum chamber for 3 h to 

allow the epoxy to infiltrate the CNT forest. Bubbles were generated from the CNT forest when 

the epoxy infiltrated the forest. Step 4: After bubble generation stopped, excess uncured epoxy 

was removed from the cast, and the epoxy-infiltrated CNT forest was cured for 48 h at room 

temperature. The cured CNT forest block was separated from the cast, and the tape was 

removed. Step 5: Both sides of the CNT forest-epoxy block with a thickness of 1300 μm were 

plasma-treated. 
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Figure 2-24. Slip length obtained in this work and those reported by other researchers for CNT 

membranes. The inset shows the slip length for outer-wall membranes (Df = 1-10). The values 

for refs. (77) and (11) are the values reported in the literature, and that for ref. (8) was 

calculated from the literature-reported theoretical and experimental flow rates of the 

membrane. This calculation result shows that the slip length increases with increasing 

densification, which explains the increase in flow velocity shown in Table 2-1 in the revised 

manuscript. Hydrophobic CNT walls are well known to lead to a frictionless flow and thus a to 

a high flow velocity as a consequence of the weak interfacial force between water molecules and 

atomically smooth, hydrophobic CNT inner-walls in the case of the open-ended membrane.(8, 
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11, 77) Molecular ordering occurring inside of the tube has also been proposed to explain the 

high flow velocity.(78, 93) As the densification increases, water molecules are surrounded by 

more CNT outer-wall surfaces; therefore, the same reasoning as for the flow inside of the tube 

would apply, which results in an increase in the slip length. Note that the pore size of the 

membrane with a Df of 10 is similar to the inner diameter of the CNTs. The thermal treatment 

for removing the amorphous carbons makes the outer wall surface atomically smooth. 
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2.6 Biofouling characteristics 

Carbon nanotube membranes are known to exhibit anti-biofouling capability because of 

their ability to inactivate bacteria. However, in the case of CNT membranes, the effects of 

biofouling on bacterial adhesion are unknown. To investigate the bio-fouling behavior of the 

outer-wall CNT membrane, bacterial adhesion tests were conducted for 72 h. Pseudomonas 

aeruginosa PA01 was selected in this study because this species is commonly found in 

wastewater and is primarily responsible for membrane biofouling.(114-116) Two independent 

aspects of biofouling are of interest: bacterial adhesion and biofilm formation. To investigate 

bacterial adhesion, confocal laser scanning microscopy (CLSM) images were examined and 

compared for various cases, as shown in Fig. 2-25(a), (d) and (g) for the outer-wall CNT 

membrane (Df of 10), CNT wall membrane, and commercial PSf UF membrane, respectively. 

In these CLSM images, green color indicates live cells and red color represents dead cells. 

After 24 h of testing, fewer cells were observed to have adhered onto both CNT membranes 

compared to the number adhered to the commercial PSf UF membrane, which indicates that 

the CNT membrane has an anti-adhesion property. Interestingly, very few dead cells were 

observed on the CNT membrane surface. This result demonstrates that the CNT membrane 

impedes bacterial adhesion, presumably because of its rough surface at the nanoscale. This 

result reveals another aspect of anti-biofouling behavior that has not previously been observed. 

The ability of the CNT membrane to impede bacterial adhesion is in contrast to the previously 

reported antimicrobial properties of CNTs that are ascribed to the sharp edges of CNTs 

causing physical damage to cell membranes, eventually leading to the inactivation of 

bacteria.(80, 117, 118) 

The behavior of P. aeruginosa PA01 biofilm formation that follows the cell adhesion was 

examined on the basis of the CLSM images obtained after testing for 48 h and 72 h; these 
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images are shown in Fig. 2-25(b), (e) and (h) and Fig. 2-25(c), (f) and (i), respectively. A clear 

distinction is observed between biofilm formation on CNT membranes and that on the 

commercial PSf UF membrane. As evident in Fig. 2-25(i), abundant bacteria adhered onto the 

PSf UF membrane, resulting in the formation of a well-mature biofilm. By contrast, biofilm 

formation is observed to have progressed considerably less on the outer-wall CNT membranes 

(Fig. 2-25(c)) and the CNT wall membrane (Fig. 2-25(f)). In fact, the concentration of P. 

aeruginosa PA01 on the CNT membranes after 72 h (Fig. 2-25(c) and (f)) appears to be similar 

to that after 48 h (Fig. 2-25(b) and (e)). The better resistance to biofilm formation exhibited by 

the CNT membranes is a distinct advantage. 
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Fig. 2-25. Biofouling characteristics of CNT membranes. Confocal laser scanning microscopy 

(CLSM) images as a function of time: (x-axis: 512 μm, y-axis: 512 μm, z-axis: ((a), (d) & (g)) 12–

14 μm after 24 h, ((b), (e) & (h)) 20–26 μm after 48 h, and ((c), (f) & (i)) 23–32 μm after 72 h. In 

the images, live bacteria cells are green and dead cells are red. 
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2.7 Conclusion 

The densified outer-wall CNT membrane is unique in that a decrease in the pore size of the 

membrane results in an increase in the water permeability. Another unique feature of the 

densified outer-wall CNT membrane is that the pore diameter can be readily varied in the 

range between 7 nm and 38 nm through simple mechanical compression. This feature would 

be attractive when the membrane is used as a flexible, vertically aligned mesoporous material 

for potential applications in catalysis, sorption, gas sensing, optics, photovoltaics, and 

macromolecule separation, including protein separation. The CNT wall membrane that can be 

obtained by thermal and oxygen-plasma treatments of the densified outer-wall membrane 

represents a new class of membrane. It can deliver a water purification capacity that exceeds 

that of any CNT membrane by more than an order of magnitude, reaching a level of 30,000 

LMH at 1 bar, which is almost two orders of magnitude greater than that attainable using 

traditional polymer membranes. The anti-biofouling capability of the CNT wall membrane is 

considerably enhanced by its ability to impede bacterial adhesion, in addition to its capability 

to resist biofilm formation. 
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Chapter 3. Graphene membranes for water 

treatment 

3.1 Introduction 

Water treatment technology has been recently received a great deal of attention because 

water scarcity is becoming one of the most serious global challenges for humanity. 

Membrane-based water treatment technology, which removes particles and ions from 

wastewater and seawater fast and efficiently, has come into the spotlight.(119) However, this 

membrane technology has drawbacks such as high energy consumption and membrane 

fouling.(4) Many researchers have attempted to develop new membrane materials with high 

performance by adopting nanotechnologies.(5) Especially, carbon-based nanomaterials such as 

graphene and CNT is the leading next-generation candidate for water treatment membrane to 

overcome limits of the conventional membrane by virtue of ultrafast water permeation and 

separation of ion and molecules.(9-11, 77)  

Chemical exfoliation from graphite called graphene oxide(GO) provides a scalable and cost-

effective approach for production of graphene. In this light, GO is very attractive because 

multilayer film can be produced easily and relatively cheaply by filtrating or depositing GO 

solution on various substrates by drop-casting, spraying, dip and blade coating etc. and it 

should be well stacked in a form of buckypaper for water treatment. In dry state, interlayer 

spacing between GO, which is channel for water molecules or pore in the membrane, became 

known to sub-nanometer.(120) Therefore, the laminates act as molecular and ion sieves 

allowing transport of water molecule. But, Qiu el al.(13), Gao et al.(12), Mi and Hu(14) and 
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Huang, H. et al.(15) reported the graphene membranes show insufficient rejection rate for ion 

in spite of very high water permeance when compared to commercial nanofilter(NF). Geim et 

al. reported the low rejection rate for small ion such as K+, Na+ and so on was because the 

interlayer spacing between graphene in fully hydrated state was larger than that in dry 

state.(120) 

In this chapter, graphene nano-membrane comparable with performance of commercial NF 

for water treatment is introduced. For achieving the aim of high rejection rate for ion and 

molecules, GO with chelates positively charged at one side of the chain was functionalized 

and then chemically reduced. The membrane shows more than 80 % in rejection of NaCl2, the 

best of all GO membrane reported so far in the rejection rate, and 9.6 LMH bar-1 in permeance 

resulted from narrow interlayer spacing of the reduced graphene oxide in fully wetted and 

electrostatic force.  

. 
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3.2 Preparation of EDTA functionalized graphene membranes 

 GO was prepared from graphite powders according to Hummers’ method. To functionalize 

GO, 50 ml of 1 mg ml-1 GO aqueous solution was prepared. Then 5 ml of 1.0 % aqueous 

solution of N-(trimethoxysilylpropyl) ethylenediamine triacetic acid(EDTA-silane) was added 

and stirred for 12 h at 60 - 65 ℃ for silylation. After the reaction finished, 100 ml of 

methanol was added to dilute the unreacted silane molecules. EDTA-GO was acquired by 

filtration (PTFE filter: Millipore JHWP 04700 pore size: 450 nm) and washed with methanol 

and water sequentially. After the filtration and washing is completed, EDTA-GO was dried in 

vacuum oven at 70 ℃ for 48 h.  

To reduce EDTA-GO, the dried EDTA-GO was redispersed into DI water and reduced with 

hydrazine. Hydrazine was added into the EDTA-GO solution (1 μl hydrazine per 5 mg GO) 

and then stirred for at least 8 h at 80 ℃. After reduction process, the product EDTA-rGO was 

obtained by filtration, then oven-dried for further use. 
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3.3 Characterization of EDTA-functionalized Graphene  

The microstructures of the hybrid structures based on graphene sheets are characterized by 

scanning electron microscope (SEM) images and EDS spectra, taken with a Carl Zeiss 

SUPRA 55VP FE-SEM. For revealing the compositions of the hybrid structures, X-ray 

diffraction(XRD) analysis was performed on a Bruker New D8-advance X-ray diffractometer 

equipped with Ge-monochromatized Cu Kα radiation (λ=1.5418 Å). For Fourier transform 

infrared spectrometry(Thermo Scientific Nicolet 670), GO, EDTA-GO and EDTA-rGO were 

scanned from 500 to 4000 cm-1 in buckypaper. The UV-vis spectra of methylene blue and 

K3Fe(CN)6 solutions before and after filtration for rejection rate estimation (refer to Fig 3-1) 

were acquired with optizen pop QX instrument. Contact angle of GO, rGO, EDTA-GO and 

EDTA-rGO layer on PTFE filter was measured with KRÜSS DSA 100 instrument. 

Conductivity of ion solutions (MgCl2, NaCl and KCl solutions) before and after filtration for 

rejection rate estimation was measured with Mettler Toledo SevenCompactTM conductivity 

meter. 
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Fig. 3-1. UV-vis spectra of feed and permeate of MB and [Fe(CN)6]
3- solution. Rejection rate for 

colored solution was estimated with ratio of maximum peak of feed and permeate before and 

after filtration (MB: 665 nm, [Fe(CN)6]
3-: 305 nm) 
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3.4 Results & discussion  

 The graphene membrane for ion sieving is prepared with silylation process. EDTA-silane 

was employed for the process. The chemical structure of EDTA-silane is shown in Fig 3-2a. 

The chain based on silane backbone is composed of methoxy groups strongly linked to GO 

surface via hydroxyl-containing groups such as –OH and –COOH and chelates(-OOC) 

capturing positive ions. In the molecules used here, Na+ is bonded to chelates. The presence of 

ethylenediamine triacetic acid, a water-soluble compound, can enhance the solubility of 

reduced graphene oxide (rGO) in aqueous and polar solvents such as acetonitrile.(121) The as-

prepared EDTA-rGO can then be dispersed into individual graphene sheets in water. To 

synthesize EDTA-rGO, GO functionalized with EDTA-silane(EDTA-GO) was chemically 

reduced with hydrazine. Which results in only removal of functional group of GO unreacting 

to EDTA-silane molecules (epoxy, carbonyl group). Fig 3-3 shows aqueous solution of GO, 

EDTA-GO and EDTA-rGO. Although concentration (1mg ml-1) and volume (5 ml) of the 

solutions are all the same, in color are different. GO solution is brown and EDTA-GO and 

EDTA-rGO solution is black. The color of EDTA-GO solution may be due to partial reduction 

of GO in course of EDAT-silane functionalization. rGO chemically reduced from GO is 

generally not dispersed in aqueous solution due to hydrophobicity of rGO sheets. EDTA-rGO 

is well dispersed in water owing to the presence of EDTA-silane molecules on the sheet in 

spite of removal of O-containing functional group. The as-prepared EDTA-rGO forms more 

stable solution than GO solution in water.(121) The sheets was permanently dispersed in water 

without agglomeration. UV-spectra of the solutions is shown in Fig 3-4. EDTA-RGO and 

EDTA-GO solution absorbed all visible light. The graphene sheets need to well-stacking in the 
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forms of buckypaper for ion separation. EDTA-GO and EDTA-rGO buckypapers were 

prepared by filtering the dispersions and then vacuum drying on PTFE membrane (pore 

size:450 nm) as a support layer.(Fig 3-5) Fig 3-2b shows surface and cross-section SEM 

images of EDTA-GO and EDTA-rGO layer on PTFE membrane. When 3 ml volume of 

solution is filtered, thickness of the buckypapers is about 1 μm (EDTA-GO) and 0.9 μm 

(EDTA-rGO), respectively. The number of the layers are 1178-1766 in the buckypapers. 

Surface of the EDTA-GO is rougher than that of EDTA-rGO. The rough surface may be due 

to difference in dispersibility in water. Based on our observation according time, EDTA-rGO 

is superior to EDTA-GO in dispersibility(121) but significant defects and cracks were not 

observed on both the papers(Fig 3-2b and c). It is observed from the cross-section images that 

the sheets is well stacked (Fig 3-2d and e). Therefore, the buckypaper layer on PTFE support 

can play a role of ion and molecular sieve layer. When ion solution permeate through the layer, 

long EDTA chain bonding on the sheets can block penetration of positive ions through the 

channels by electrostatic force because of charge of the molecules at one side. 

Electroneutrality of water molecules facilitates passing through the channels regardless of the 

chain (Fig 3-2f). While the EDTA-GO buckypaper is non-conductive, EDTA-rGO buckypaper 

is conductive due to removal of O-containing functional group unreacting to EDTA molecules 

(Fig 3-6).(121) 

The FTIR (Fourier Transform Infrared spectroscopy) spectrum of the GO, EDTA-GO and 

EDTA-rGO are shown in Fig 3-7a. Comparing the spectra of EDTA-GO and EDTA-rGO with 

that of GO, several of new peaks are observed which proof the presence of EDTA chain on the 

sheet surface. Two new bands at about 2900 and 2800 cm-1 in the spectra of EDTA-GO and 

EDTA-rGO is associated with the stretching of the methylene groups from the EDTA 

molecules.(121) The band at 1045 cm-1 in EDTA-GO spectrum and the band at 1118 cm-1 in 
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EDTA-rGO spectrum were assigned to the formation of Si-O-C.(121, 122) A band at 1733 cm-

1 is characteristic of the C=O stretching mode of both the carboxylic and carbonyl groups of 

graphene.(121) The band in the EDTA-GO spectrum is reduced in peak intensity because 

methoxy group in EDTA molecules is chemically reacted with H-containing groups. The band 

in EDTA-rGO is disappeared from the spectrum due to reduction with hydrazine. A band at 

1610 cm-1 indicates overlapping of bands of ionized carboxyl group (-OOC) from EDTA 

molecule(121) and sp2 C=C bonds in the carbon lattice. The band at 1172 cm-1 for GO and the 

band at 1053 cm-1 for EDTA-GO suggest the presence of an epoxy group on the graphene 

surface and the band are disappeared in EDTA-rGO spectrum by reduction with hydrazine. 

Sodium and Si backbone from EDTA molecule on the graphene is verified from EDS(Energy 

dispersive spectroscopy, Fig 3-8) spectra. From FTIR and EDS data, it conclude that GO was 

functionalized with EDTA molecules and EDTA-GO was reduced without losses of EDTA 

molecules on the sheets when reducing with hydrazine. 

Interlayer spacing of GO, rGO, EDTA-GO and EDTA-rGO are observed from X-ray 

diffraction (XRD) pattern in buckypaper state (Fig 3-7b). Main peak at 2θ=10.3˚ is observed 

in the pattern of GO, corresponding to interlayer spacing of approx. 8.5 Å. When GO is 

functionalized with EDTA, the spacing is decreased to 7.1 Å (2θ=12.4˚). The result may be 

due to partial reduction of functional group unreacted to EDTA molecules. The chemical 

reduction of GO with hydrazine is resulted in recovery of π-π conjugation within the 

graphene(123-125) and the interlayer spacing is reduced to 3.4 Å (rGO). Similarly, the 

chemical reduction of EDTA-GO leads to decrease in interlayer spacing (EDTA-rGO, 3.7 Å) 

because of removal of O-containing group(e.g. epoxy group) on the sheets. The narrow 

interlayer spacing is feasible to sieve ions. Fig 3-9 show contact angle of the four buckypapers 

on water droplet. Hydrophilicity of GO is demonstrated by low contact angle. rGO shows 
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contact angle over 90˚ owing to hydrophobicity. Contact angle of EDTA-GO and EDTA-rGO 

is higher than that of GO but lower than that of rGO. Especially, EDTA-rGO is more 

hydrophilic than rGO because of the presence of EDTA molecules in spite of elimination of 

functional groups on the sheets. 

Water treatment ability of the EDTA-graphene (EDTA-GO and EDTA-rGO) membranes 

was measured with dead-end filtration system.(Fig 3-10) Figure 3-11a shows rejection rate of 

the membranes to ion and organic molecules in water. The rejection performance of EDTA-

rGO membrane is superior to that of EDTA-GO because of narrow interlayer spacing. EDTA-

GO and rGO membranes exhibit a falling tendency in the rejection rate when solute size is 

decreased. EDTA-rGO showed more than 80% rejection for NaCl, which is the highest 

rejection rate of all graphene membrane reported so far. EDTA-rGO and GO is comparable 

with that of commercial NF membranes in ion rejection [Toray Chem. Co., NE 8040 

(Commercial NF 1) and NE 4040 (Commercial NF 2)]. Geim et al. reported that low rejection 

rate of GO buckypaper to ions smaller than 4.5 Å in radius results due to swelling of the GO 

buckypaper in water, which leads to increase of interlayer spacing, although GO buckypaper 

typically has sub-nanometer sized interlayer spacing in dry.(120) To demonstrate the high ion 

rejection of EDTA-graphene membranes, interlayer spacing of EDTA-graphene membranes in 

water was measured by XRD. Fig 3-12 shows the interlayer spacing in dry and in water. The 

spacing of EDTA-GO in water was increased to 9 Å, which is larger than hydrate diameter of 

Na+ (hydrated size of ions is summarized in Table 3-1).(11, 126-128) Though that of EDTA-

rGO was also increased in water, yet the spacing is smaller than hydrate diameter of Na+. 

Based on the results, charge effects of EDTA-GO can contribute to the separation mechanism. 

Note that Debye length by which is affected the electrostatic repulsion between ions and the 

EDTA charged membrane is 3.1 nm for 10 mM NaCl.(14) The Debye length is dependent on 
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ionic strength (i.e., solution concentration).(129) In general, as ionic strength increases, Debye 

length decreases, which leads to decrease in electrostatic repulsion between ions and the 

charged membrane owing to thinning of the electrostatic double layer, thereby causing the 

rejection rate to drop.(14) The rejection trend of EDTA-GO according to concentration of 

NaCl aqueous solution supports that as shown in Fig 3-13. In case of EDTA-rGO, size 

exclusion mechanism together with the electrostatic repulsion is suggested because of super-

narrow interlayer spacing. The EDTA-rGO based on size exclusion shows the rejection is 

independent on the solution concentration. Fig. 3-11b shows the permeability of EDTA-

graphene membrane along with that reported in the literature for other graphene membrane.(12, 

14, 15) Permeability of EDTA-GO, which is close to 80 LMH bar-1, is more than an order of 

magnitude higher than that of the commercial NF membranes. Also, EDTA-rGO (10 LMH 

bar-1) is more than 30 % in permeability in comparison with the commercials. Graphene 

membranes previously reported show much higher permeability than that of the commercial 

membranes, more than two order of magnitude higher even. But, the membranes is inferior to 

the commercials in ion rejection. Fig 3-14 shows independency of EDTA-graphene 

membranes in permeability for four ion solutions and an organic dye solution. EDTA-

functionalized graphene membranes showing excellent performance in ion rejection have great 

potential in water treatment. 
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Figure 3-2. (a) Chemical structure of EDAT-silane (b) and (c) surface and (d) and (e) cross-

section SEM images of EDTA-GO (left) and EDTA-rGO (right) on PTFE filter (support). (f) A 

schematic view of possible mechanism for ion rejection. 
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Figure 3-3. A photograph of GO, EDTA-GO and EDTA-rGO solution. All solutions are 1 mg 

ml-1 in concentration and 3 ml in volume. GO solution is semi-transparent and brown color, 

EDTA-GO and EDTA-rGO is opaque and black color. 
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Figure 3-4. UV-vis spectra of GO, EDTA-GO and EDTA-rGO solution. All solutions are 1 mg 

ml-1 in concentration. GO solution is semi-transparent and brown color, EDTA-GO and 

EDTA-rGO is opaque and black color. 
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Figure 3-5. PTFE membrane used as support layer (left, pore size: 0.45 μm, membrane 

diameter: 47 mm), EDTA-GO (middle) and EDTA-rGO (right) on the PTFE membrane. 3ml 

of the solutions(concentration: 1mg ml-1) was filtrated.  
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Figure 3-6. Multi-meter test for electrical characteristics of EDTA-GO and EDTA-rGO on 

PTFE filter. EDTA-GO is non-conductive but EDTA-rGO is conductive. 
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Figure 3-7. Characterization of EDTA-graphene. (a) FT-IR spectra of GO, EDTA-GO and 

EDTA-rGO. Gray arrow and red arrow are peaks related with GO and with EDTA-silane in 

the figure, respectively. (b) X-ray diffraction for GO, EDTA-GO, rGO and EDTA-rGO.   
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Figure 3-8. EDS spectra of (A) EDTA-GO and (B) EDTA-rGO on PTFE filter. Sodium and 

silicon peaks from EDTA are observed. Fluorine peak comes from PTFE filter.  
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 Figure 3-9. Contact angle of GO, rGO, EDTA-GO and EDTA-rGO on PTFE filter (support). 
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Figure 3-10. Schematic of dead-end membrane filtration system. Water permeability and 

rejection tests were performed with N2 gas at 10 bar. Permeate was collected and weighed. 

Water permeability was calculated from the information on permeate volume (ml), time and 

total membrane area. 
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Figure 3-11. Performance of EDTA-graphene membranes. (a) Rejection rate measured for 

four ion solution and an organic dye solution and that by other researchers in the literature 

based on graphene membranes. Note that solute size and rejection rate for KCl, NaCl and 

MgCl2 in the figure is that of positive ions (K+, Na+ and Mg2+) (b) Permeabilities of NaCl 

aqueous solution obtained in this work and those by other researchers in the literature based 

on graphene membranes, commercial membrane [NE 8040 (NF 1) and NE 4040 (NF 2), Toray 

Chem., Co.]. 
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Figure 3-12. X-ray diffraction for EDTA-GO and EDTA-rGO soaked into water. 
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Table 3-1. Summary of ions characteristics and performance of EDTA-graphene. Red-colored 

cell is data for EDTA-GO and blue-colored cell is data for EDTA-rGO in permeance and 

rejection in the table  
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Figure 3-13. Rejection rate according to NaCl concentration in water. 
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Figure 3-14. Permeability of four ion solutions and an organic dye solution.  
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3.5 Conclusion 

Graphene membranes for water treatment that shows high rejection rate to ions have 

introduced. For the purpose, the graphene oxide are functionalized with N-

(trimethoxysilylpropyl) ethylenediamine triacetic acid (EDTA) which have positive charge at 

only one side (EDTA-GO) and then the EDTA-functionalized graphene oxide is chemically 

reduced (EDTA-rGO). As a result, Hydrophilic EDTA-rGO can be stably dispersible in 

aqueous solution because of EDTA molecules present on the rGO. EDTA-GO and rGO coated 

on polymer filter showed excellent performance for rejection of organic dye and ions in 

aqueous solution, compared with performance of commercial nanofilter. Especially, EDTA-

rGO showed more than 80 % for NaCl, 94 % for MgCl2 and 99 % for organic dye in rejection 

rate, which is the best results of all graphene membrane reported so far. Based on interlayer 

spacing of the EDTA-functionalized graphene layers in wetted and rejection trend according 

to ion concentration, the electrostatic repulsion between ions and the EDTA charged 

membrane for EDAT-GO and size exclusion for EDTA-rGO can be suggested as separation 

mechanism. EDTA-GO and rGO is superior to commercial membrane in permeability, 

especially more than an order of magnitude in case of EDTA-GO. The reported graphene 

membranes with enhanced performance can compete with the long-existing thin film 

composite membrane and are promisingly qualified as next-generation and cost effective 

membrane for nanofiltration. 
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Chapter 4. Carbon Nanotube-Bonded Graphene 

Hybrid Aerogel Sorbents 

4.1 Introduction 

 Graphene hydrogel was initially introduced as a biocompatible carbon material that is attractive 

in the fields of biotechnology and electrochemistry, such as drug-delivery, tissue scaffolds, bionic 

nanocomposites, and supercapacitors.(130) It can simply be turned into graphene aerogel by freeze-

drying. Since then, graphene aerogel has found applications as electrode for supercapacitor(131) 

and lithium ion battery,(132) electrocatalyst for ethanol fuel cell,(133) sensor material,(134) and 

efficient absorbent of oil.(135) 

For the graphene aerogel to reach its rightful potential, however, its relatively poor electrical and 

mechanical properties need to be improved. Theoretical and experimental studies have indicated 

that three dimensional (3D) pillared nano-carbon architectures, consisting of parallel graphene 

layers supported by vertically aligned carbon nanotubes in between, possess desirable out-of-plane 

electron transport and mechanical properties that are not present in the architectures consisting only 

of graphene sheets. The unique synergistic effect of one-dimensional CNTs and two-dimensional 

graphene sheets has indeed been observed for nano-carbon hybrid materials in the form of 

sheets.(107, 136-142) In many applications, however, aerogels are preferable to sheets as they are 

highly porous, readily compressible and squeezable,(20, 143) and three-dimensionally mesoporous. 

Therefore, CNT-bonded graphene hybrid aerogels, which may integrate the intrinsic properties of 

graphene and CNT, together with unique characteristics of aerogel, could provide an intriguing 3D 

macroscopic architecture with attractive structures and properties. Despite the advantages, there has 



 

 
101 

not been any attempt to produce hybrid aerogel of CNT-bonded graphene although there have been 

numerous efforts to produce CNT-graphene hybrid, bonded and non-bonded.(19, 21, 22, 24, 25, 144)  

In this chapter, CNT-bonded graphene hybrid aerogels as sorbents for water treatment is 

introduced. The hybrid aerogels deliver vastly improved mechanical and electrical properties and 

large surface area as originally envisioned. They also present intriguing properties that were 

unforeseen at the outset. Improved mechanical property and large surface area are essential features 

of a good membrane for water purification, the former for maintaining mechanical integrity of the 

membrane under suction for the purification and the latter for enhancing the impurity removal 

capacity. For these reasons, the utility of the hybrid aerogels as adsorbents for removing harmful 

dyes is demonstrated. It is found that the hybrid material to be amphoteric, removing not only 

anionic dyes but also cationic ones. 
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4.2. Fabrication of carbon nanotube-bonded graphene hybrid aerogels 

 Graphene aerogel is typically prepared by hydrothermal treatment of graphene oxide 

nanoparticles, followed by freeze-drying of the graphene hydrogel thus formed.(130) To form a 3D 

CNT-bonded graphene aerogel, carbon nanotubes have to be grown on the graphene aerogel, which 

requires a catalyst for the CNT growth. A catalyst precursor could be incorporated into the aerogel 

by impregnation. However, the manner in which the catalyst is prepared and loaded onto the surface 

would have an impact on the characteristics of the CNT-bonded graphene aerogel. Inclusion of the 

precursor in the graphene hydrogel can be accomplished by mixing the precursor solution with 

graphene oxide solution and then going through the hydrothermal treatment, as illustrated in Figure 

4-1. The catalysts most widely used are Fe, Co, and Ni in growing CNTs by chemical vapor 

deposition (CVD). (145) In this work, nickel was chosen and the precursor solution used was NiCl2 

solution. As shown in the Figure, chemically exfoliated graphene oxide (GO) was mixed with 

nickel chloride in water and the mixture was sonicated for uniform dispersion at room temperature. 

Heat treatment of the black-colored solution in oven for 6 hours under pressure produced a black-

colored aggregate, which is a hydrogel. The hydrogel containing the nickel chloride solution was 

then freeze-dried for 24 hours to obtain graphene aerogel containing the nickel salt. This 3D 

graphene-metal salt aerogel is to be called G-MS aerogel. With this G-MS, two different methods 

were used to prepare two kinds of 3D CNT-bonded graphene hybrid aerogels. In one, G-MS itself, 

or catalyst metal salt itself, was used in growing CNTs. In the other, the catalyst metal salt was first 

reduced to its elemental metal by annealing (refer to experimental section for details) and this 

aerogel containing Ni nanoparticles is termed G-MN. The 3D CNT-bonded graphene hybrid aerogel 

prepared with G-MS is to be called G-CNT_A; the hybrid aerogel prepared with G-MN, G-CNT_B. 

In both types, one-dimensional CNTs grown on graphene would bridge the graphene layers, making 

the aerogels behave like a porous 3D graphene structure. Given in Figure 4-2 are the transmission 
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electron microscopy (TEM) images of the interface between graphene and CNT, showing that the 

CVD-grown CNT is interconnected with graphene. It has been shown that CNTs grown on single 

layer of graphene are bonded to graphene.(146)  
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Figure 4-1. Schematic illustration of process for fabricating the 3D graphene-CNTs hybrid 

structures. 



 

 
105 

 

 

Figure 4-2. TEM images of interface between graphene and CVD-grown CNT. (b), (c) and (d) 

are high magnification images of the red rectangular part in Figure (a). 
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4.3 Experimental section 

4.3.1 Preparation of CNT-bonded graphene hybrid aerogels 

GO was prepared from graphite powders according to Hummers’ method.(64) In a typical 

synthesis, a certain amount of NiCl2·6H2O powder (sigma aldrich) was quickly added into DI 

water(concentration:1.2 mmol) and then sonicated for about 30 min. 2.5 ml of the NiCl2 aqueous 

solution was added into 2.5 ml of a 4 mg ml-1 GO aqueous suspension stored in a transparent 

cylindrical vial. The resulting mixture is sonicated for 30 min to form a homogeneous NiCl2/GO 

mixture. The vial contained the mixture solution is clamped between teflon plates and then placed 

in vacuum oven for 6 hours at 150 ℃ to form 3D graphene hydrogels. The hydrogel was taken out 

and freeze-dried into 3D graphene-Metal Salts (NiCl2) hybrid structure (G-MS). 

The growth of CNTs was conducted on the NiCl2 loaded G-MS hybrid structure as precursor 

using water-assisted thermal CVD method. The G-CNT_A hybrid structure was synthesized by G-

MS treated in quartz tube at 810 ℃ (at ramp rate of 810 ℃ min-1) for 60min with C2H2 (330 

sccm) as a carbon source, Ar (480 sccm) as a carrier gas, H2 (90 sccm) as a reduction agent of metal 

salts and H2O vapor generated by bubbling water at 60 ℃ with Ar flow (140 sccm) as growth 

enhancer. Also, G-MS for synthesizing the G-MN hybrid structure was heated at 810 ℃ for 15 

min (at ramp rate of 40.5 ℃ min-1) for forming the metallic nano-particles with homogeneous size 

with Ar (480 sccm) as a carrier gas and H2 (90 sccm) as a reduction agent of metal salts. The G-

CNT_B hybrid structure was synthesized by treating the G-MN hybrid structure at the same CVD 

condition as the G-CNT_A. 
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4.3.2 Dye adsorption experiments 

 Two basic dyes (methylene blue and crystal violet), one direct dye (congo red) and acid dye 

(methyl orange) are employed to investigate the adsorption behavior of the G-CNT_A. In typical 

experiment, the G-CNT_A (10 mg) is added in to aqueous dye solution (30 mg L-1) followed by 

slowly stirring at room temperature. Before mixing, a few droplets of ethanol is dropped onto the 

surface of the 3D graphene hybrid structures in order to facilitate absorption of the aqueous dye 

solutions into the structures.(23) In the process of adsorption, the mixture is sampled and the dye 

concentration remaining in the mixture at adsorption time (t) was measured. The dye concentration 

is determined through a UV-Vis spectrometer at the maximum absorbance of each dye (MO: 464, 

CR: 498, CV: 586, MB: 670 nm). The amount of dye qt (mg g-1) absorbed with the aerogel at time t, 

was calculated using the following equation. 

       =
(     ) 

 
                            (Eq. 4-1) 

Where co and ct (mg L-1) are the concentration of dye initially and at time t, V is the volume of 

dye solution (L), and m is the mass of adsorbent used (g).  

 Cetyl trimethylammonium bromide (CTAB) is chosen as the regenerant to investigate the 

desorption behavior of the loaded dye within the G-CNT_A. After adsorption, the adsorbent 

containing the adsorbed dye is added into 200 mL of DI water and 200 mg of CTAB is added into 

above suspension to desorb the dye from the structure. 
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4.3.3 Characterization method 

 The microstructures of the hybrid structures based on graphene sheets are characterized by 

scanning electron microscope (SEM) images, taken with a Hitach S-48000 FE-SEM at an 

acceleration voltage of 15 kV, and transmission electron microscope (TEM) images by a JEOL 

JEM-3000F transmission electron microscope at an acceleration voltage of 300 kV. For revealing 

the compositions of the hybrid structures, X-ray diffraction(XRD) analysis was performed on a 

Bruker New D8-advance X-ray diffractometer equipped with Ge-monochromatized Cu Kα radiation 

(λ=1.5418 Å). The Raman spectra were conducted on a confocal laser micro Raman spectrometer 

with a 532 nm laser source. (LabRam 300, JY-Horiba) and 100X objective lens. EDS spectra and 

elemental composition in Table. 4-2 were measured by Carl Zeiss SUPRA 55VP FE-SEM. The inset 

images in Figure 4-13 were measured with Tecnai F20 analytical TEM at an acceleration voltage of 

200 kV. The specific surface area was determined according to the Brunauer-Emmett-Teller (BET) 

method at 77 K using micromeritics ASAP 2010. The magnetic properties of the hybrid structures 

were investigated using a Vibrating Sample Magnetometer (VSM, Lake shore cryotroni, USA) at 

room temperature. Also, Young’s modulus of the hybrid structures is determined from compressive 

stress–strain curve acquired by measuring the force applied to the structures under compressive 

strain with Japan Instrumentation system’s automatic stand equipped with handy-type force gauge. 

The I-V measurements were performed at room temperature using two-point probe station (MS 

Tech, South Korea) and the electrical conductivity of the structures can be calculated from the data 

of the I-V curve by considering the structure size. The viscoelastic properties were examined using 

Mattler-Toledo Dynamic Mechanical Thermal Analyzer with compression clamp. The tests were 

carried out to 9 % compressive strain at compressive stress 1kPa and frequency 1 Hz in case of 
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room temperature tests and at temperature from -150 ℃ to 450 ℃ in a chamber at compressive 

strain 3 %, compressive stress 1 kPa, frequency 1 Hz in case of the temperature variation tests. The 

UV-vis spectra of dye solutions before and after adsorption tests were acquired with optizen pop 

QX instrument (South Korea). 
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4.4 Characterization of Carbon Nanotube-Bonded Graphene Hybrid Aerogels 

Figures 4-3a through 4-3d show micrographs obtained by scanning electron microscopy (SEM) 

for G-MS, G-MN, G-CNT_A, and G-CNT_B, respectively, with the insets showing TEM images. A 

microparticle of nickel chloride on graphene platelets is exposed in the SEM image of Figure 4-3a, 

and the corresponding selected-area electron diffraction (SAED) pattern of the graphene platelets 

given in Figure 4-3e shows clear diffraction spots that are characteristic of crystalline order: the 6-

fold pattern is consistent with a hexagonal lattice. According to the XRD pattern in Figure 4-5a, all 

of the complex diffraction peaks of the G-MS can be indexed to NiCl2·6H2O (JCPDS No. 025-

1044). A large number of microparticles can be observed to be well-distributed on graphene 

platelets of the G-MS in a low magnification image of Figure 4-4a. A number of nickel 

nanoparticles present on graphene platelets are shown in Figure 4-3b, which is for G-MN aerogel. 

The aerogel of G-MS was transformed into G-MN through reduction of NiCl2 with thermal 

annealing under H2 atmosphere (NiCl2 + H2→Ni + 2HCl). The XRD patterns in Figure 4-5a give an 

indication of the transformation of the NiCl2 to metallic Ni and Figure 4-3f shows the 

corresponding SAED pattern. The diffraction rings in SAED pattern of Figure 4-3f are made up of 

many diffraction spots, which indicate that Ni NPs are polycrystalline.(147, 148) As shown in 

Figure 4-3b and the inset TEM image, Ni NPs can be observed to be distributed homogeneously on 

the graphene sheet and have an average diameter of 65 nm, even after strong sonication for the 

preparation of the TEM sample. The strong sonication had little effect on the G-MN, suggesting a 

relatively strong interaction between the Ni NPs and the graphene sheets. 

In the process of growing CNT on G-MS to prepare G-CNT hybrid aerogel, or G-CNT_A, the 
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metal salt is converted to its elemental nickel by hydrogen injected into the feed gas mixture of 

carbon source gas, growth enhancer, and carrier gas for the CVD growth of CNT. Figure 4-3c 

shows that a large number of entangled CNTs tightly cover the graphene sheets and the bonded 

CNTs are bridging graphenes (also refer to Fig 4-6 magnifying Figure 4-3c image). These CNTs, 

compared with those in G-CNT_B in Figure 4-3d, have a much smaller diameter, shorter length, 

and higher density since the catalyst precursor particles did not go through annealing process, 

which causes aggregation of particles as in the case of G-CNT_B. Figure 4-3d shows the presence 

of a large number of tangled tubular structures over the surface of the graphene sheets. These CNTs 

are mainly multi-walled CNTs (MWNT) with a length of a few μm and outer diameter of several 

tens of nm. The CNT in the inset of Figure 4-3d has an outer diameter of 62.6 nm, which is in 

excellent agreement with the average size of the Ni NPs on the G-MN aerogel. The Raman spectra 

of GO and the 3D graphene hybrid structures are shown in Figure 4-5b. The spectra for GO, G-MS 

and G-MN exhibit two prominent peaks near 1350 and 1600 cm-1 corresponding to the D and G 

bands of graphene. The Raman spectra of the G-CNT_A and G-CNT_B clearly indicate the 

presence of MWCNTs with the appearance of 2D peaks at about 2780 cm-1 and show a decrease in 

the ID/IG ratio due to an increase in sp2 domains resulting from the grown CNTs. 
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Figure 4-3. SEM images of 3D graphene-CNTs hybrid structure. (a) G-MS, (b) G-MN, (c) G-

CNT_A and (d) G-CNT_B. The insets are TEM images. (e) and (f) electron diffraction patterns 

of G-MS and G-MN. 

 

 

Figure 4-4. SEM images of 3D graphene hybrid structures at low-magnification. (a) G-MS, (b) 

G-MN, (c) G-CNT_A and (d) G-CNT_B. 
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Figure 4-5. Characterization of 3D graphene-CNTs hybrid structures. (a) XRD patterns, (b) 

Raman spectra. 
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Figure 4-6. SEM images on CNTs bridging between graphenes. (a) and (b) SEM images are the 

magnified images of Figure 4-3c.  
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4.5 Results & discussion 

4.5.1 Properties of Carbon Nanotube-Bonded Graphene Hybrid Aerogels 

With the introduction of CNTs to bridge the gaps between graphene platelets in the hybrid 

aerogel, improvements in physical properties are expected. As apparent from Figure 4-7a and 4-7b, 

respectively, for mechanical and electrical properties, the hybrid aerogels of G-CNT_A and B are 

much superior to the aerogels of G-MN and G-MS that do not have bridging CNTs. Of the two 

structures with CNTs, G-CNT_B shows a higher elastic modulus because CNTs in G-CNT_B are 

larger and longer than those in G-CNT_A. The linear current (I)-voltage (V) relationship observed 

in Figure 4-7b for the 3D graphene hybrid structure indicates a high conductivity for G-CNT_A and 

B. Two main factors contributing to the enhancement of the electrical conductivity of G-CNT_A 

and B are: (1) tight contact between graphene by thermal reduction and (2) out-of-plane electron 

transport by CNTs bridging the gap between graphenes. Because of tighter contact, for one, G-MN 

aerogel shows a higher electrical conductivity than G-MS aerogel. 

Shown in Figure 4-7c are the specific surface areas for the four aerogels. The hybrid aerogels of 

G-CNT_A and B have a larger specific surface area than the aerogels of G-MS and G-MN without 

CNTs because CNTs grown on graphene sheets have a high aspect ratio. Also, the hybrid aerogel of 

G-CNT_A has a CNT density higher than the hybrid of G-CNT_B and therefore it shows the largest 

specific surface area among the 3D graphene hybrid structures. Mesoporous nature of the 3D 

graphene hybrid structures was confirmed by nitrogen sorption investigation as shown in Figure 4-8 

and 4-9. For the G-MN, G-CNT_A and B, the nitrogen sorption isotherm exhibits an IUPAC 

(International Union of Pure and Applied Chemistry) type Ⅳ curve characteristic, indicating that 

there exist many meso-pores in the structures.(94) The pore size distributions of the structures were 

obtained with N2 sorption (BJH method, mesopores measurement) and the results are shown in 
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Figure 4-9. G-MS and G-MN structures mostly contain pores less than 2 nm in size and macropores 

are not present. But, G-CNT_A and B contain many mesopores. The enhancement in meso-porosity 

results from CNT intercalation between graphene sheets and filling of macropores with CNTs. 

The magnetic property of the aerogels was of interest because there are few porous magnetic 

materials. To investigate the behavior, a series of magnetic hysteresis curves for 3D graphene 

hybrid structures were measured at room temperature, shown in Figure 4-7d. The aerogels of G-MN, 

G-CNT_A and B show ferromagnetic properties. But G-MS does not respond to magnet as shown 

in the inset of Figure 4-7d because it contains a metal salt and not the metal. The coercive force, 

remnant magnetization, and saturation magnetization of the structures are summarized in Table 4-1. 

Numerous Ni NPs on graphene sheets evaporated because G-CNT_A and B were exposed for a 

longer time than the G-MN at high temperature. Thus, saturation magnetization of the two G-CNT 

hybrid aerogels decreased with decreasing amount of embedded Ni NPs. To estimate the amount of 

Ni NPs evaporated, mass change of the aerogel was measured after annealing G-MN for a period of 

time that is equal to the CNT growth time (60 min) but this time under only Ar atmosphere without 

carbon source, H2 and water vapor. The mass has been found to decrease from 26 mg to 21 mg. This 

mass change resulted from evaporation of Ni NPs because the thermal reduction of graphene in 

inert atmosphere is insignificant. 

One interesting observation regarding the mechanical property, which was not expected, was that 

the viscoelasticity is temperature-invariant from -150 ℃ to 450 ℃, as shown in Figure 4-10. 

Viscoelasticity describes the ability of a material to both dissipate energy (viscous) and reversibly 

deform (elastic).(149) Viscoelastic properties of rubbers, which are most widely used, are inherently 

temperature dependent.(150) This is because molecular motion that is the origin of viscoelasticity is 

a thermally activated process. Therefore, viscoelastic materials possess a limited operational 

temperature range (for example, for silicone rubber it is -55 to 300 ℃).(149) Strain dependence 
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tests (Fig 4-10a and b) show that the critical strain of G-CNT_A and B, which is the strain allowing 

reversible deformation, was 1~7 %. But, G-MS and MN show steady decline in moduli along with 

increase in strain, which is caused by slipping among graphenes. The reversible deformation of the 

G-CNT_A and B can be attributed to CNTs supporting the graphenes. The CNTs protect the 

structures from collapsing. Figures 4-10c and d show viscoelastic properties of the structures over a 

wide temperature range. The tests were performed at 3 % strain. In the case of G-MS, the structure 

was seriously damaged and collapsed by chlorine gas generated from NiCl2 contained in G-MS 

when the temperature was higher than 100℃. Therefore, the viscoelastic properties of G-MS in the 

high temperature range could not be measured. Other aerogels show temperature-invariant 

viscoelasticity from -150 to 450 ℃. Sudden decline in moduli over 450 ℃ is due to structure 

collapse caused by rapid oxidation of graphenes and CNTs. Note that the structures are tested in air 

in the high temperature range. It is demonstrated here that the assembly of CNTs and graphenes 

with their exceptional mechanical and thermal stability can lead to thermally stable viscoelasticity.  
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Figure 4-7. Properties of 3D graphene-CNTs hybrid structures. (a) Young’s modulus, (b) I-V 

curve (c) Specific surface area (BET) (d) Room-temperature hysteresis loop of magnetization of 

3D graphene-CNTs hybrid structures. 
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Figure 4-8. Nitrogen sorption isotherms of 3D graphene-CNTs hybrid structures. 

 

 



 

 
121 

 

Figure 4-9. Pore size distribution of 3D graphene hybrid structures measured by N2 sorption. 
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Table 4-1. A summary of properties of 3D graphene hybrid structures. 
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Figure 4-10. Viscoelastic properties of 3D graphene-CNTs hybrid structures. (a) and (b) storage 

modulus and loss modulus as a function of compressive strain variation at room temperature. 

(c) and (d) storage modulus and loss modulus as a function of temperature. 
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4.5.2 Organic dye adsorption  

The high specific surface area that these aerogels possess bodes well for high adsorption capacity. 

As shown in Figure 4-11a, the hybrid aerogel of G-CNT_A having the largest surface area among 

the 3D structures shows the highest adsorption capacity of methylene blue (MB) (626 mg g-1). The 

adsorption is due to π-π interaction and van der waals force between nano-carbon materials (i.e. 

graphene and CNT) and organic dyes.(23, 151) Therefore, the larger the surface area of structure is, 

the more dye molecules the structure adsorbs. After the adsorption, the structure is easily collected 

by the magnet. Thus, the magnetism of the structure is very useful for adsorption and collection in 

water treatment.  

It is known that reduced graphene oxide (rGO) removes anionic dyes.(151) It is also known that 

multi-walled carbon nanotube composite containing magnetic iron oxide nanoparticles is a good 

adsorbent of cationic dyes.(152) The hybrid aerogels of CNT-bonded graphene, therefore, could be 

excellent adsorbents of both anionic and cationic dyes. To prove the point, adsorption capacities for 

two anionic dyes (methyl orange [MO] and congo red [CR]) and two cationic dyes (crystal violet 

[CV] and methylene blue [MB]) in aqueous solution were determined as shown in Figure 4-11b. 

The hybrid aerogel of G-CNT_A was used for the purpose in light of the high capacity discussed 

above for methylene blue (626 mg g-1). This capacity compares with that of CNT-graphene aerogel 

(190mg g-1) in which CNTs are physically mixed with no bonding between CNT and rGO.(23) This 

mixture aerogel based on electrostatic adsorption is an adsorbent much better for positive dyes, the 

adsorption capacity for negative dyes being at least an order of magnitude smaller because of 

residual functional groups.(23) Poly-dopamine coated graphene showed the highest adsorption 

capacity of all adsorbents reported so far for MB (1800mg g-1).(153) However, it adsorbs dyes only 

with Eschenmoser structure. Furthermore, it is impossible to recycle because adsorption process is 

based on chemical reaction between poly-dopamine and dye molecules. As shown in Figure 4-11b, 
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the adsorption capacity of G-CNT_A for the other positive dye of crystal violet is 575 mg g-1, which 

compares with that achieved with the reduced graphene on which CNTs are chemically bonded 

(228mg g-1).(154) The capacities for negative dyes are 560 (congo red) and 532 (methyl orange) mg 

g-1, which are much larger than those of other graphene-based adsorbents (congo red: 33.66(155), 

methyl orange: 101.34(156) mg g-1). The progression of dye adsorption with time is shown in 

Figure 4-11c through 4-11f for the four dyes tested. The color change shows that the water solution 

is cleared of dye in about 240 min in all cases (also refer to UV-vis absorption spectra of the 

solutions in Figure 4-12). It is noted in this regard that G-CNT_A contains only 1 % oxygen as 

shown in the EDS data in Figure 4-13 and Table 4-2, indicating that there are not many oxygen-

related functional groups remaining as a result of the hydrothermal and thermal treatments.  

To look into the nature of adsorption, adsorption isotherms were obtained at room temperature. 

Two different adsorption isotherms, Langmuir(157) and Freundlich(158) model, were used to fit the 

experimental adsorption data for MB and MO on G-CNT_A. The adsorption isotherm indicates 

how adsorption molecules are distributed between the liquid phase and the solid phase when the 

adsorption process reaches an equilibrium state. As shown in Figure 4-14, the data for the two dyes 

were well fitted with Langmuir model rather than Freundlich model under different concentrations 

studied. The results indicate that during the adsorption process, monolayer of the dyes covers a 

homogeneous surface and there is no subsequent interaction between adsorbed and non-adsorbed 

dye molecules.(159)  

Adsorption ability of the hybrid aerogel irrespective of dye charge enables simultaneous 

adsorption of positively and negatively charged dyes. To demonstrate such capability, a mixed 

solution containing MB/MO in 1:1 volume ratio was prepared. Then G-CNT_A was put into the 

solution. Figure 4-15a shows that both dyes oppositely charged are removed by the hybrid aerogel. 

The solution concentration was measured by UV-Vis absorption as a function of adsorption time, 
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shown in Figure 4-15b. The UV-vis spectra clearly show that absorption peaks of MB (636 nm) and 

MO (464 nm) completely disappears after 2h, indicating that both MB and MO have been removed 

by G-CNT_A. The used adsorbent was simply collected by magnet.    

To demonstrate regeneration and reuse of the spent adsorbent, the adsorbed MB dye 

molecules on G-CNT_A were desorbed in cetyltrimethylammonium bromide (CTAB, 

surfactant) solution and then the structure was reused for the adsorption of MB dye. The 

structure was rinsed multiple times in CTAB solution before reuse. The color of the original 

CTAB solution is transparent. Figure 4-16a shows the color of CTAB solution changes to blue 

due to the dye desorbed from the G-CNT_A after the first rinse but after 8th rinse, the solution 

is clear, indicating that the aerogel is free of the dye. Shown in Figure 4-16b are the UV-vis 

spectra of the solution containing dye, the solution made clear of dye by fresh hybrid aerogel, 

and the solution made clear of dye by regenerated hybrid aerogel. The UV-vis spectra show 

that the peak of the original MB solution at 670 nm completely disappeared after the 

adsorption. Even when the G-CNT_A is reused, the peak is not observed in the spectra 

(2nd_abs. curve in Figure 4-16b), indicating recyclability of the G-CNT_A aerogel. The inset 

in Figure 4-16b shows the pictures of the solution, in successive order, the original solution, 

the solution after dye removal with fresh aerogel, the solution resulting with the use of 

recycled hybrid aerogel. 
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Figure 4-11. Adsorption of organic dye in water by 3D graphene-CNTs hybrid structures. (a) 

Adsorption capacity (Q) of 3D graphene-CNTs hybrid structures to the dyes. (b) Adsorption 

curves of four dyes (methylene blue, crystal violet, congo red and methyl orange) by G-CNT_A 

(c-f) color of the dye solutions according to adsorption time (from left in the each pictures, 

adsorption time: 0, 30, 120, 240 min). 
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Figure 4-12. UV-vis spectra of the dyes solution according to absorption time. (a) methyl orange, 

(b) congo red, (c) crystal violet and (d) methylene blue. 
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Figure 4-13. EDS spectra of 3D graphene hybrid structures. (a) G-MS, (b) G-MN, (c) G-CNT_A 

and (d) G-CNT_B. 
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Table 4-2. Element composition of 3D graphene hybrid structures by EDS 
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Figure 4-14. Adsorption isotherms of a) MB and b) MO on G-CNT_A simulated by the 

Langmuir model (red line) and Freundlich model (blue line). 
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Figure 4-15. Simultaneous adsorption of positive and negative charged dyes. a) Photographs of 

simultaneous adsorption of MB/MO dyes from the mixture solution by G-CNT_A and b) a 

trend of its corresponding UV-Vis spectra according to adsorption time.  
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Figure 4-16. (a) Color of the original solution turned blue due to desorbed dye (marked original) 

changes to white gradually after each successive rinse. (b) UV-vis adsorption spectra of the 

original solution containing dye, the solution made clear with fresh G-CNT_A and the solution 

made clear with regenerated G-CNT_A. The inset shows optical images of the solution before 

and after adsorption (1st_abs.: a C-CNT_A is first used for the adsorption, 2nd_abs.: the 

structure is reused for the adsorption after regeneration in CTAB solution). 
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4.5.3 Solvent and Oil Absorption 

The 3D graphene hybrid structures are superhydrophobic and meso-porous, which makes 

them excellent candidates for oil absorption. Hashim et al. reported covalently bonded CNT 

sponge with meso-porosity has a high oil absorption capacity.(143) Figure 4-17 shows 

oil/solvent uptake performance of the 3D graphene hybrid structures. Figure 4-17a show a 

sequence of selective absorption of toluene by G-CNT_A on water surface. After selectively 

absorbing toluene in one spot, the structure is moved to another spot by an external magnet 

and allowed to absorb toluene. The magnetic nature of the structure can be useful for 

collecting and moving the structures on water surface. Recyclability is demonstrated in Figure 

4-18 for toluene absorption. These results show that G-CNT structures are a promising 

absorbent material for oil-water separation. 
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Figure 4-17. Solvent/oil absorption from water surface by 3D graphene-CNTs hybrid structures. 

(a) The sequential photographs of G-CNT_A absorbing toluene (dyed with oil blue) on water 

surface. Movement of the structure on the water surface is controlled by external magnet. (b) 

Absorption capacity (Q) of 3D graphene-CNTs hybrid structures for toluene. (c) Absorption 

capacity measured for a range of oils and organic solvents. 
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Figure 4-18. (a) Regeneration capacity of the G_CNT_A for the adsorbing solvent. (d) 

Photographs showing the regeneration process of the G_CNT_A. 
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4.6 Conclusion 

CNT-bonded graphene aerogels for the purpose of making graphene aerogels more versatile 

and attractive in diverse applications by improving their physical properties have been 

introduced. Unlike a physical mixture of CNTs and graphene, the CNTs in the aerogels are 

bonded to graphene. As a result, the elastic modulus of the aerogel is increased by more than 

an order of magnitude when compared with the aerogel without CNTs. The electrical 

conductivity is also increased by more than two orders of magnitude. The specific surface area 

is increased by 32 % and 57 % for the two types of the hybrid aerogels prepared by different 

procedures and both aerogels are endowed with mesoporous structure. The catalyst used for 

the CNT growth on graphene makes the aerogel magnetic, which can be used for separation 

and transport of the aerogel. A surprise was that the hybrid aerogels have viscoelasticity that is 

invariant with temperature between -150 ℃ and 450 ℃.  

The hybrid aerogel with large surface area and high mechanical strength is suitable for 

water purification. Therefore, the hybrid aerogel with a larger specific surface area was 

utilized to demonstrate its utility as a reusable water treatment material. As a reusable 

adsorbent, its adsorption capacity is by far the highest ever reported for graphene-based 

adsorbents. It is also the first adsorbent known for adsorbing both cationic and anionic dyes 

simultaneously. It was also found that it can efficiently and selectively separate oils and 

organic solvents from water. The other hybrid aerogel with a lower specific surface area but 

with much better mechanical and electrical properties (G-CNT_B) would prove to be valuable 

in the fields of biotechnology and electrochemistry, such as drug-delivery, tissue scaffolds, 

bionic nanocomposites, and supercapacitors and batteries. 
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Chapter 5. Summary 

The aim of this dissertation is to develop high-performance nano-carbon structures for water 

treatment beyond that of the existing water-treatmnet materials and introduce the unique 

characteristics presented in the strucutres. To accomplish the purposes, various form of structures 

consisting only of nano-carbon materials are synthesized. The structures assembled in forms of 2D 

planar buckypaper and 3D macroscopic strucures have found applications as ultra- and nano-filter 

and sorbent because of fast mass transport resulted from surface hydrophobicity, anti-microbial 

activity, large surface area and mesoporosity.   

1) A carbon nanotube wall membrane for water treatment: A vertically grown CNT forest and 

densified CNTs that can be used as outer-wall membranes with an aspect ratio of 2.7 × 105 (length 

(1.3 mm)/inner diameter (4.8 × 10-6 mm)) was synthesized by water-assisted CVD. The densified 

outer-wall CNT membrane is unique in that a decrease in the pore size of the membrane results in 

an increase in the water permeability. Another unique feature of the densified outer-wall CNT 

membrane is that the pore diameter can be readily varied in the range between 7 nm and 38 nm 

through simple mechanical compression. The CNT wall membrane that can be obtained by thermal 

and oxygen-plasma treatments of the densified outer-wall membrane represents a new class of 

membrane. It can deliver a water purification capacity that exceeds that of any CNT membrane by 

more than an order of magnitude, reaching a level of 30,000 LMH at 1 bar, which is almost two 

orders of magnitude greater than that attainable using traditional polymer membranes. The anti-

biofouling capability of the CNT wall membrane is considerably enhanced by its ability to impede 

bacterial adhesion, in addition to its capability to resist biofilm formation. 

2) Graphene membranes for nanofiltration: Graphene membranes for water treatment that shows 
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high rejection rate to ions have introduced. For the purpose, the graphene oxide are functionalized 

with N-(trimethoxysilylpropyl) ethylenediamine triacetic acid (EDTA) which have positive charge 

at only one side (EDTA-GO) and then the EDTA-functionalized graphene oxide is chemically 

reduced (EDTA-rGO). As a result, Hydrophilic EDTA-rGO can be stably dispersible in aqueous 

solution because of EDTA molecules present on the rGO. EDTA-GO and rGO buckypaper formed 

on polymer filter showed an excellent performance in rejection of organic dye and ions in aqueous 

solution, compared with performance of commercial nanofilter. Especially, EDTA-rGO showed 

more than 80 % for NaCl, 94 % for MgCl2 and 99 % for organic dye in rejection rate, which is the 

best results of all graphene membrane reported so far. Based on interlayer spacing of the EDTA-

functionalized graphene layers in wetted and rejection trend according to ion concentration, the 

electrostatic repulsion between ions and the EDTA charged membrane for EDAT-GO and size 

exclusion for EDTA-rGO can be suggested as separation mechanism. EDTA-GO and rGO is 

superior to commercial membrane in permeability, especially more than an order of magnitude in 

case of EDTA-GO. The reported graphene membranes with enhanced performance can compete 

with the long-existing thin film composite membrane and are promisingly qualified as next-

generation and cost effective membrane for nanofiltration.  

3) Carbon nanotube-bonded graphene hybrid aerogel sorbents: Carbon nanotube (CNT)-

bonded graphene hybrid aerogels are prepared by growing CNTs on graphene aerogel surface with 

nickel catalyst. With the presence of bonded CNTs in graphene aerogel, vastly improved 

mechanical and electrical properties result. A significant increase in specific surface area is also 

realized. The presence of CNTs transforms the hybrid aerogels into a mesoporous material. 

Viscoelasticity of the hybrid aerogels are found to be invariant with respect to temperature over a 

range between -150 ℃ and 450 ℃. These characteristics along with improved properties would 

make the hybrid aerogels an entirely different class of material for applications in the fields of 
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biotechnology and electrochemistry. Mesoporous nature of the material along with a high specific 

surface area also makes the hybrid aerogel attractive as a water treatment substance. Both anionic 

and cationic dyes can be removed effectively from water with the hybrid aerogel. A number of 

organics and oils can selectively be separated from water by the hybrid aerogel. The hybrid aerogel 

is easy to handle and separate due to its magnetic nature, and can readily be recycled and reused. 
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국문 초록 

나노 탄소를 활용한 수처리 기술 

이 병 호 

서울대학교 기계항공공학부 

 

 탄소나노튜브와 그래핀으로 대표되는 나노탄소 물질은 지난 수 십년 간 우수한 기계, 

전기, 물리ᆞ화학적 성질 때문에 다양한 응용 분야에서 연구되어 왔다. 나노 탄소 물질은 

소수성 기인한 폭발적인 유체 이동 현상, 높은 비표면적과 항균성 때문에 최근 수처리 

분야에 신소재로서 주목 받고 있다. 본 논문에서는 나노 탄소 물질로만 구성된 구조물을 

합성하여 수처리용 소재로서 가능성을 제시하며 기존의 수처리 소재에서 발현되지 않는 

수처리용 나노 탄소 소재의 특성에 대하여 보고한다. 

1) 수처리용 탄소나노튜브 벽 멤브레인: 다양한 형태의 탄소나노튜브가 수처리 분야에서 

이용되고 있다. 하지만, 수처리 분야 응용을 위하여 탄소나노튜브 특유의 성질의 잘 

활용되고 있지 않다. 본 연구에서는 현재까지 보고된 탄소나노튜브 막의 성능을(2,400 L m-2 

h-1 bar-1) 뛰어 넘는 투수율이 30,000 L m-2 h-1 bar-1 근접하는 밀리미터 두께의 탄소나노튜브 

한외여과막(ultrafiltration membrane)을 소개한다. 개발된 막은 6 nm의 내부 공극을 가진 수직 

배열 탄소나노튜브로 구성되어 있으며 탄소나노튜브 포레스트(forest)를 기계적으로 밀집화 

했을 때 탄소나노튜브 벽 사이에 형성된 외부 공간을 7 nm까지 줄일 수 있다. 실험 결과는 

탄소나노튜브 막의 공극 크기가 줄어듬에도 불구하고 투수율이 증가하는 것을 보여준다. 

또한, 탄소나노튜브 막은 생물막(biofilm) 형성을 억제하고 박테리아 부착을 지연시켜는 

뛰어한 항균성을 보여준다. 

2) 수처리용 그래핀 나노 필터: 킬레이드 화합물(chelate)로 기능화된 수처리용 그래핀 막이 

제작 되었다. 제작된 그래핀 막은 그래핀 표면에 극성을 띈 킬레이트 화합물 분자 때문에 
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뛰어난 이온 제거 능력을 보여 준다. 현재까지 보고된 그래핀 막은 상용 나노필터에 비해 

투수율이 월등히 우수함에도 불구하고 낮은 이온 제거 성능을 보여 주었다. 본 연구에서는 

높은 이온 제거 성능을 가진 그래핀 막을 제작하기 위해 그래핀 산화물을 분자의 한 쪽만 

양극성을 띈 에틸렌디아민사아세트산(N-(trimethoxysilylpropyl) ethylenediamine triacetic acid, 

EDTA-silane)로 기능화한 후 화학적 방법으로 환원 처리하 다. 에틸레디아민아세트산으로 

기능화 된 그래핀은 버키페이퍼(buckypaper)로 제작되어 수처리용 막으로 사용되었다. 

제작된 막은 80%이상의 염화나트륨(NaCl2) 제거율을 보여준다. 우수한 이온 제거 능력은 

상용 나노필터와 비교될 수 있으며 투수율은 월등히 우수한 특성을 보여준다. 

에틸렌디아민사아세트산 그래핀 막의 우수한 성능은 양극성을 띈 킬레이트 분자의 극성와 

습윤(wetting) 상태에서 그래핀 사이의 작은 층간 공간(interlayer spacing)에 의한 사이즈 

배제(size exclusion) 효과에 기인한다.   

3) 탄소나노튜브가 결합된 그래핀 복합 에어로겔 흡착제: 금속 촉매를 가진 그래핀 

에어로겔에 탄소나노튜브를 성장시켜 탄소나노튜브가 결합된 그래핀 복합 에어로겔이 

합성되었다. 그래핀 표면에 탄소나노튜브가 합성됨에 따라 에어로겔의 기계, 전기적 성질과 

비표면적이 향상되었다. 또한 탄소나노튜브의 존재 때문에 메조 기공성(mesoporous) 

구조물로 변화되었다. 복합 에어로겔은 -150 ℃에서 450 ℃까지 온도에 따라 불변하는 

점탄성 특성을 보여 준다. 복합에어로겔의 향상된 특성은 바이오 기술과 전기화학 

분야로의 응용을 가능케 한다. 특히, 높은 비표면적과 메조 기공성은 수처리 소재로서 

매력적이다. 복합 에어로겔은 물에 분산된 음극성 과 양극성 염료 분자를 효과적으로 흡착 

제거하는 특성을 보여 준다. 또한, 물 위의 유기용매과 기름을 흡수 제거할 수 있다. 

흡수ᆞ흡착에 사용된 복합에어로겔은 쉽게 재사용이 가능함을 보여주며 복합 에어로겔이 

보유한 강자성체 성질은 물에서 흡수ᆞ흡착제로 사용시 위치 제어가 용이하며 쉽게 회수 

할 수 있게 해준다.            

主要語: 탄소나노튜브, 그래핀, 막, 수처리, 수직 배열 탄소나노튜브, 그래핀 버키페이퍼, 

그래핀 필름, 에어로겔, 흡수/흡착제  
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