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1. Introduction 

Carbon nanotubes (CNTs) are believed to be one of the most important materials for 

the 21st century, because of their outstanding properties. CNTs were first reported in the 

middle of the 20th century by Russian scientists, Radushkevich and Lukyanovich, 

[Radushkevich 1952]. Their scientific “career” however started only after Sumio Iijima’s 

paper in Nature in 1991 [Iijima 1991]. Since then CNTs have been thoroughly investigated in 

several fields of fundamental and applied science. Their outstanding mechanical, optical, 

catalytic and electronic properties open up a wide range of applications in, e.g., the 

automobile and aviation industry, in solar cell, transistor and battery production or in medical 

sciences (dentistry, neurology, medical biology, etc.) [Ulbricht 2006; Sato 2004; Cipollone 

2007].  

Now that carbon nanotubes are produced on an industrial scale, the amount of 

accidentally released CNTs is increasing. Today it is an important requirement that if a new 

technology is developed it should be environmentally safe. CNTs are high surface area 

nanoparticles with unique shape. As CNT is a “young” material, our knowledge of its 

behaviour in the environment is limited and there are only a few well-documented 

publications in this field. 

 CNTs may escape into the environment either airborne or waterborne. As their use is 

expected to grow in the future, a higher probability for the CNTs and their involvement in the 

ecological processes in all segments of the environment cannot be disregarded. 

In spite of sustained experimental and theoretical research efforts the adsorption 

behaviour of CNTs, particularly from aqueous phase, remains poorly known. Their unique 

physical and chemical features (size, shape, surface area, sorption capacity, catalytic activity, 

etc.) guarantee that the comparison with the well described porous carbons is not trivial. 

The goals of this thesis work are given in detail after the discussion of the present state 

of the art (Chapter 4).  
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2. List of acronyms  
 

AC   activated carbon 

BET   Brunauer-Emmett-Teller method 

CCD   charge-coupled device 

CLM   competitive Langmuir model 

CNT   carbon nanotubes 

CVD   chemical vapour deposition 

DNA   deoxyribonucleic acid 

DOM   dissolved organic matter 

DWCNT  double-walled carbon nanotubes 

ESRF   European Synchrotron Radiation Facility 

H-NMR  proton NMR 

HPD   hydrogen peroxide decomposition 

HRTEM  high resolution transmission electron microgroscopy 

ICP-OES  inductively coupled plasma optical emission spectrometry 

IPSD   incremental pore size distributions 

M3   commercial CNT , as received 

M3-COOH  commercial CNT, as received   

M3-COOHSL  M3-COOH after acidic and basic purification 

M3SL   M3 after acidic and basic purification 

MND   modified Nguyen and Do method 

MWCNT   multi-walled carbon nanotubes 

N-CNT  urea-treated O-CNT with N content 

NMR   nuclear magnetic resonance 

O-CNT  HNO3-treated P-CNT 

O-CNT-2  HNO3-treated P-CNT-2 

PAH   polycyclic aromatic hydrocarbons 

PALS   phase analysis light scattering 

P-CNT   pristine CNT (CNT family 1), as received 

P-CNT-2  a second batch of P-CNT 

PDA   photodiode array 

PSD   pore size distributions 

RNA   Ribonucleic acid 
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SAXS   small angle X-ray scattering 

SWCNT   single-walled carbon nanotubes 

UPLC   ultra performance liquid chromatography 

WAXS  wide angle X-ray scattering 

XPS   X-ray photoelectron spectroscopy 
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3. State of the art 

3.1 Carbon nanotubes 
 

Carbon is an essential material, and one of the most abundant elements in the Earth. 

Mankind has used and known carbon for a long time. Historically, the known allotropes of 

carbon were amorphous carbon, graphite and diamond (Figure 1). In the last decades, new 

allotropes of carbon were discovered, e.g., fullerene, carbon nanotubes and grapheme, 

although mankind has unwittingly been using these allotropes for thousands of years. When a 

Damascus sabre was investigated by modern analytical techniques CNTs and carbon 

nanowires were identified in the steel matrix. It is believed that this is the source of the 

exceptional properties of the Damascus steel [Reibold 2006].  

 

 
Figure 1. Some allotropes of carbon a) diamond, b) graphite, c) amorphous,  

d) fullerene, e) CNT [adapted from web 1] 

 

3.1.1. Properties of carbon nanotubes 
 

In my work, I focus on CNTs. Theoretically, CNTs are graphene sheet(s) rolled up 

into tube(s), often capped with half fullerenes (closed ended or open ended) (Figure 2). Their 

length, diameter and structure vary widely. Ideally they contain only carbon atoms.  
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a)       b) 

Figure 2. Open and closed ended carbon nanotubes [a: Flahaut 2003, b: web2] 

 

Carbon nanotubes are classified most frequently by the number of walls: single-, 

double- or multiwalled CNTs can be distinguished (Figure 3). Single-walled carbon 

nanotubes (SWCNT) were first produced by arc-discharge with a C-Co electrode [Iijima 

1993]. SWCNTs are considered to be one dimensional. Their typical diameter is 0.7-2 nm, 

their length could be in the μm range, which is a million times larger than their diameter, i.e., 

SWCNTs have an outstandingly high aspect ratio. Their electric properties are determined by 

chirality of the SWCNTs [Wildoer 1998]. The electronic behaviour of the CNTs depends 

mainly on their symmetry or chirality. They could be metallic or semiconducting materials, 

properties that are most important in the case of SWCNTs. They are good heat conductors. 

Individual CNTs can conduct heat even more than 10 times better than copper along the 

length of the tube [Pop 2006, Kim 2001], but they behave as insulators across the diameter 

axis [Sinha 2005]. Double-walled carbon nanotubes (DWCNT) are a special case of 

MWCNTs, and some of their properties are more similar to those of the single-walled variety. 

Multiwalled carbon nanotubes (MWCNT) can be considered as a set of concentric 

SWCNTs. The number of walls may be 2-100. Their diameter is 2-20 nm on average 

[Nardelli 1998]. The diameter of MWCNTs is larger than SWCNTs, with an outer diameter 

that can be some hundreds of nanometres, depending on the graphene walls, and this can to 

some extent be influenced by the preparation method [Guldi 2010]. The interlayer distance 

between the concentric graphene-cylinders is 0.34-0.36 nm [Nardelli 1998; He 2005], which 

is almost the same as the interlayer distance in graphite.  
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Figure 3. Single- and multi-walled carbon nanotubes of typical size [Reilly 2007] 

 

The surface area of CNTs varies in the range 50-1315 m2/g [Peigney 2000]. The 

geometrical surface area S of CNTs, defined by their outer (R1) and inner radius (R2), is 

    
S 

2
(R1  R2)


2630

n
 m2/g     (1) 

where n is the number of walls. In this expression the density of the graphene layers is taken 

to be  = 2.26 g/cm3 and their spacing, as in graphite, is 3.36 Å. Eq 1, which counts both the 

inner and outer surfaces, implies that MWCNTs (n  20) are less likely than SWCNTs (n =1) 

to be candidates for high performance applications where a large surface area is the primary 

criterion [Tóth 2012a]. The surface area of MWCNTs is generally less than 400 m2/g 

[Monthioux 2006].  

  Today they are actively utilized for development of smart composite materials [Endo 

2004], chemical sources of charge, electronic devices [Paradise 2007, Kuchibhatla 2007] and 

adsorbents [Stan 2000, Zuttel 2002]. 
 
3.1.2. Synthesis of carbon nanotubes 
 

Carbon nanotubes are produced in different ways [Monthioux 2004, Kuzmany 2004, 

Gogotsi 2006, Loiseau 2006, Yadav 2009, Kruger 2010]. All the methods require a carbon 

source, most often graphite, methane [Colomer 2000], n-hexane [Zhu 2002], CO [Monthioux 

2006], a catalyst (typically Fe, Ni, Co, Mo, or a mixture of these), and energy.  

Arc discharge [Iijima 1991; Bethun 1993], laser ablation [Guldi 2010] and chemical 

vapour deposition (CVD) are the most well-known techniques applied. The quality of the 

CNTs strongly depends on the method, the materials and the parameters used. High-quality 
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CNTs are produced at laboratory scale by the laser ablation method. CVD is the most 

commonly used method, especially on a large-scale. CVD based CNTs however contain a lot 

of structural defects, plus the catalyst. At present, there is no optimum method that is able to 

produce high quality CNTs on an industrial scale. The quality of the CNTs determines the use 

or application of CNTs: e.g., for electrical applications, high-quality CNTs are needed. 

 

3.1.2.1. Purification 
 

Synthetic CNTs often contain structural defects. Also, the raw product is spoiled with 

impurities such as catalyst particles and amorphous carbon. Physico-chemical methods can be 

used for purification. Catalysts can be dissolved in non-oxidizing acids, e.g., HCl [Bourgine 

1999, Li 2000, Feng 2003], HF [Colomer 1998], etc. The amorphous carbon, being more 

reactive in oxidation reactions, can be removed by oxidation. H2O2 [Feng 2003], HNO3 

[Vaccarini 1999], KMnO4 [Colomer 1998, Li 2007] and air-oxidation [Colomer 1998, 

Bourgine 1999, Zheng 2002] in mild conditions are used as oxidative agents. As these 

methods are not selective, they may destroy the structure of the nanotubes, resulting in wall 

defects or even shorter CNTs [Verdejo 2007]. The highly fractured outermost wall often 

remains adsorbed on the carbon nanotube surface. They are similar to fulvic acids, and can be 

removed with basic aqueous solutions, e.g. with 0.1 M NaOH [Wang 2009]. This purification 

step is based on the electrostatic repulsion of the negatively charged carbon surface and the 

deprotonated functional groups of fulvic acid.  

  

Chemical properties of CNTs 

Carbon nanotubes that are not modified and contain no impurities are not soluble in 

any solvents, but may form colloidal suspensions if finely dispersed in liquids [Bourgoin 

2007]. 

CNTs are difficult to disperse in water or organic media and they are extremely 

resistant to wetting. Applications of carbon nanotubes are often restricted by their poor 

compatibility with certain liquids, polymers, etc., especially with polar compounds. These 

features of CNTs also limit their use in composites, e.g., in fabricating aligned assemblies for 

electronic or photonic devices. To exploit the potential of CNTs in a variety of materials, their 

compatibility with dispersion media must be improved. Appropriate functionalization of the 

carbon nanotubes appears to offer a possible route to overcome these obstacles. It is possible 
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to functionalise the relatively reactive ends, the outer walls or in the boreholes or inner walls 

of CNTs, if they are accessible.  

Surface treatment modifies not only the wettability of CNTs but may also alter their 

morphology [Farkas 2002]. Depending on the severity of the treatment, the ends of the CNTs 

can be opened, giving access to the interior of the tube. However, it can cause serious damage 

of the walls, which may split locally, yielding shorter tubes. Such mechanisms can uncover 

residual catalyst nanoparticles from the inner CNT channels, thereby also modifying the 

adsorption properties of the nanotubes [Kim 2010, Larciprete 2009, Wang 2010a, Wang 

2010b].  

Introduction of various heteroatoms, e.g., O and N functionalities, is expected to 

improve the compatibility of CNTs with polar entities [Hirsch 2005, Wespasnick 2011]. As 

O-doped carbon nanoparticles exhibit pH dependent properties, the behaviour and their 

colloidal stability can be controlled by the acidity of the aqueous environment [Szabó 2006, 

Rosca 2005, Peng 2009, Schierz 2009, Wang 2009].  

Fullerene-like end caps (Figure 2) can be removed by oxidation reactions, CNTs open 

up and the inner bores become accessible to smaller molecules (e.g. O2, N2). The end of the 

CNTs would be decorated with, e.g., –COOH functional groups. Carbon nanotubes, because 

of the van der Waals interactions between the tubes, can form bundles or layers [Zhang 2007; 

Whitby 2010; Smajda 2007].  

Carbon nanotubes can also be oxidised with H2O2; more than 3 h sonication at 0 °C 

cut the SWCNTs [Arai 2007]. In the case of MWCNT 1-6 day H2O2 treatment was 

investigated at 338 K, where it was found that 1-2 day treatment shortens the MWCNT, but 

longer treatment begins to destroy the carbon nanotubes and produce amorphous carbon 

[Peng 2006]. 

Carboxylated/shortened multi-walled carbons and single-walled nanotubes were 

treated with hydrogen-peroxide or horseradish-peroxidase in the presence of hydrogen 

peroxide. In both conditions, SWCNTs are rapidly degraded, especially in the case of horse-

radish peroxidase. After 60 days, the morphology of the MWCNTs was changed and highly 

degraded, but not completely [Russier 2011]. 

Functionalization can substantially improve the hydrophilicity of the CNTs and may 

modify their pore volume and specific surface area [Chen 2008, Niu 2007].  As with porous 

carbons, after treatment with NaOH or KOH, ultramicropores also may develop and increase 

the performance in hydrogen storage applications [Figueroa-Torres 2007]. O or N 

heteroatoms also enhance the acid/base character and thus the pH sensitivity of the adsorption 
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performance. Improved dispersibility, however, will hamper separation of the CNT from the 

liquid phase, especially if environmentally friendly and low energy consumption constraints 

are imposed [Ren 2011]. 

 

3.1.3. Functionalization of carbon nanotubes 
 

1) Oxidative  

Oxidation of CNTs either by wet chemical methods, photo-oxidation, oxygen plasma, 

or gas phase treatment, in an attempt to purify and also to enhance the chemical reactivity of 

the graphitic network, has attracted much attention [Datsyuk 2008].  

One of the most frequently used modifications is oxidation with different agents 

(H2SO4, HNO3, air, etc.) The oxidation can occur on the edges and imperfections. These 

oxygen containing functional groups can be used as an intermediate state for introducing other 

functionalities (N, B, S, etc.).  

Chemical functionalization can improve both the solubility and the processibility of 

CNTs, thus allowing the unique properties of the nanotubes to be combined with those of 

other types of materials [Bahr 2001, Singh 2011]. It may also help to regulate the interaction 

of CNTs with other media, such as solvents, polymers or biopolymers. Different mechanical 

or electrical properties of the functionalized nanotubes could be used to fine-tune the 

chemistry of CNTs. Nitric acid, which is used the most extensively, produces mainly 

carboxylic groups that could be of help for further functionalization and modification [Rosca 

2005]. 

 

2) Nitrogen-functionalities  

Nitrogen doping of the single- and multi-walled CNTs is of considerable fundamental 

interest in order to explore the effect of dopants on quasi-1D electrical conductors, as well as 

in applications such as field emission tips, lithium storage, and nanoelectronic devices or 

composites [Ewels 2005, Chen 2010, Ahuja 2011]. It is known that surface nitrogen species 

significantly enhance the sorption properties of nanoporous activated carbons [László 2005, 

Zhuravsky 2012], opening new horizons in the expanding fields of CNT applications.  

N-functionalities offer a universal and efficient means of attaching biomolecules to CNTs 

under ambient conditions, e.g., proteins [Jiang 2004, Kum 2007] or DNA [Cheung 2010]. 

The biocatalytic activity of these materials is outstanding, owing their ability to bind enzymes 

by their N-containing groups [Maldonado 2006, Wiggins-Camacho 2011]. N-doped 
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MWCNTs were found to display a fast response (a few milliseconds) to toxic gases or organic 

solvents [Villalpando-Páez 2004, Filho 2009].  

3.2. Carbon nanotubes in the environment 
 

Owing to the expanding large-scale production from nanoindustry, incomplete 

combustion of fossil fuels and continuously growing motorization, carbon nanotubes (CNTs) 

are increasingly emitted into the environment. They are mobile, either air- or waterborne. 

They have been detected in air, water and soil phases even as far from any motorization as the 

polar region. The high surface area of CNTs raises concerns about their possible fate in 

nature. The potential of CNTs in different forms, e.g., as membranes or other vectors in water 

purification technologies, is also intensively studied [Simate, 2012, Herrera-Herrera 2012, 

Upadhyayula 2009, Jia 2010, Ren 2011]. 

The increasing amounts of engineered CNTs arouses interest in the possible effects of 

the tubes when they are accidentally released. CNTs could also occur in nature, through 

burning of carbonaceous materials (e.g., wildfires) [Duan 1994, Yuan 2001a, b, Murr 2004, 

Mracek 2011, Pósfai 2004]. Naturally occurring CNTs were also found in an oil well in 

Mexico [Velasco-Santos 2003] and aggregates of MWCNTs were also observed in a 10,000 

year-old Greenland ice core sample [Esquivel 2004]. The size and quality of these natural 

CNTs can be very different and their length can vary from tens of nm to 1-2 μm. It was found 

that the natural CNTs form fewer aggregates [Velasco-Santos 2003]. 

CNTs are thought to be novel materials, because the increase in research and 

production began only in the early 1990s. In spite of a sustained research effort in the field, 

however, the behaviour of CNTs in the environment remains poorly known. It would be good 

to know more about this material before their extended use in different applications. Before 

using a new material we should examine its life-cycle. Some publications [Mueller 2008, 

Gottschalk 2009, Helland 2007] considered them as carbon nanomaterials. It is believed that 

most CNT containing products will finish their life in landfills or in waste incineration 

[Mueller 2008]. In Hungary, for example, most of such waste goes into landfills. If this waste 

goes to landfills then the soil is the directly endangered environmental compartment. It can 

also reach bodies of water via the groundwater. Waste incineration may cause air pollution, 

because it is hard to remove such nanomaterials from the airflows. Water bodies [Gottschalk 

2009] may be the most affected if the production and the use of CNTs continue to grow.  

The properties and the behaviour of the CNTs depend strongly on the synthesis, 

purification and post-processing methods. Therefore it is hard to consider them as a uniform 
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group. The environmental compartments may also alter their properties [Helland 2007]. 

CNTs could adsorb different substances from the water or the air, and with this property they 

can alter the behaviour of these molecules, which in turn could cause even greater problems 

(Figure 4). CNTs could become bioavailable to organisms. They could accumulate in the food 

chain and they are highly persistent [Helland 2007]. 

 

 
Figure 4. Possible interaction of carbon nanoparticles in the environment [adapted from 

Tiwari 2010] 

 

The increasing large-scale production of nanoindustry is expected to make carbon 

nanotubes (CNTs) cheaper and more readily available. Recent mass applications of nanotubes 

have been limited to bulk multi-walled carbon nanotubes (MWCNTs), used as composite 

fibres in polymers to improve the mechanical, thermal and electrical properties of the bulk 

product. Their prospective affordability has inspired predictions about their use as adsorbents 

for several separation processes, including gas storage, water or waste water treatment. These 

advantages must be weighed against potential environmental risks caused by accidental 

release, which are commensurate with their increasing industrial production. Their unique 

physical and chemical features (size, shape, light absorption capacity, surface area, catalytic 

activity, etc.) guarantee that their potential effects will not be trivial [Murr 2004, Koelmans 

2006, Pillay 2009, Luongo 2010, Shvedova 2009, Pan 2008]. The dispersibility of CNTs 

plays a significant role in their adsorption interaction of nanotubes in their future fate in the 

environment [Pan 2008]. 

The presence of CNTs at high concentrations (2000 mg/kg soil) reduced the 

mineralization and increased the persistence of 2,4-dichlorophenol in the soil. Mineralization 

of 2,4-dichlorophenol pre-adsorbed on CNTs was reduced at relatively low concentration  

(20 mg/ CNTs in kg soil), suggesting that CNTs have a more significant effect on the fate of 
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the polycyclic aromatic hydrocarbons (PAHs). The inhibitory effects could be caused by the i) 

limited activities of soil microorganisms and ii) potential toxicities of CNTs to the 

microorganisms [Zhou 2013]. 

Information about the effect of CNTs on human health is still limited and 

contradictory. [Helland 2007, Klaine 2008]. Interpretation of existing research results is often 

hindered by poor or missing documentation of the experimental conditions. Although the 

production method and the basic properties of the nanotubes are not always reported, the 

results are hard to explain without also knowing the kind and the amount of impurities the 

nanotubes contain. These facts are also important because most of the applied catalysts are 

toxic and/or harmful to health. Very often the sorption properties of the CNTs are completely 

neglected. For these reasons, it may be not straightforward to distinguish the consequencies of 

the physiological and the sorption effects. 

Most experimental results agree that the CNTs themselves can harmfully affect living 

organisms [Helland 2007; Klaine 2008; Colvin 2003]. Research on bacteria showed cell 

toxicity as the nanotube can fracture the cell membrane. CNTs may therefore have an anti-

bacterial effect. Studies on Eukaryotes (Stylonychia mytilus) protozoan population revealed 

that the CNTs have a dose dependent effect on the nucleus and the cell membrane. The effect 

of the CNT poluuted soil has been investigated on various seeds. The observations showed 

species dependent behaviour. There was no effect on the growth properties of corn, cucumber 

and radish but the growth of ray-grass root was slowed [Klaine 2008]. 

Escherichia Coli (E.coli) bacteria were used to estimate the impact of CNTs on human 

cells. The experiments showed that the anti-bacterial effect of the SWCNTs on E. coli is 

significantly higher than of MWCNTs. This was explained by the smaller diameter and larger 

surface area, which facilitates intrusion through the cell membrane and provides a larger 

contact area [Kang 2008]. E. coli biofilm experiments showed that, already after an exposure 

less than one hour, SWCNT in 5-20 mg/L concentration significantly reduced cell growth and 

the evolution of biofilm [Rodrigues 2010]. The CNT harms the cell wall, which becomes 

permeable for cytoplasmic substrata like DNA and RNA, which in this way can exit into the 

environment [Kang 2008].  The effect of SWCNTs in suspended and aggregated form was 

compared and no difference was observed [Kang 2007]. This is vital information, since 

natural CNTs can be found in aggregated form in natural waters.  

The human body comes into contact with CNTs mainly through inhalation. Our 

knowledge of the health effects of CNTs is still very uncertain. Experiments on small 
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mammals revealed that the effects are similar to particulate matters and may cause 

inflammatory reactions or fibrosis in the lower respiratory tracts [Helland 2007].  

 

3.3. Catalytic activity of carbon nanotubes  

Due to their high surface area the nanotubes exhibit a catalytic effect in various 

chemical reactions. They catalyse, e.g., the synthesis of methane, the decomposition of oxalic 

acid [Liu 2009, Muradov 2002], oxidation of phenol [Yang 2008] and p-toluidine [Croston 

2002a], the conversion of aniline to azobenzene [Croston 2002b], the oxidative 

dehydrogenation of ethylbenzene [Nigrovski 2009, Pereira 2002, Su 2005], or the 

heterogeneous hydroxylation of various organics [Kang 2006]. They are even used as H2O2 

sensors [Hsu 2009, Kruusma 2008, Wang 2008], although their catalytic properties in the 

hydrogen peroxide decomposition (HPD) reaction is not fully exploited.  

It has been is well known since the 1890s that the radical decomposition of H2O2 can 

be effectively used for the non-selective oxidation of otherwise resistant organic compounds 

[Fenton 1894]. The Fenton reaction is intensively studied in the removal of organic 

contaminant from soils [Jonsson 2007; Yap 2011].  

Hydrogen peroxide is a widely used chemical both in industry, agriculture and 

households. It is used in large-scale municipal water treatment and also in farming as an 

inexpensive way of purifying drinking water for cattle. Moreover, hydrogen peroxide has 

been applied to cold pasteurization of milk to prevent microbial pollution in the food 

chemistry [Kubal 2004]. In the chemical industry it is one of the most frequent oxidizing 

agents, and in the textile industry it is used for bleaching. The low-cost H2O2 is also used in 

soil remediation because it is considered to be environmentally friendly [Rivas 2009]. 

When CNTs are present during H2O2 assisted water or soil treatment, or carelessly 

released H2O2 containing effluents contact anthropogenic MWCNTs in the environment, the 

MWCNT exposed to H2O2 may act as a catalyst. The reaction of CNTs and H2O2 in 

environmental conditions may lead to the catalytic decomposition of the peroxide, changing 

the surface chemistry of the CNTs and thus affecting their role and fate in the natural 

environment.  
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3.4. Adsorption on carbon nanotubes 
 

For multiple reasons, the sorption behaviour of carbon nanotubes (CNTs) has been 

intensively studied in the past decade. The expanding carbon nanotube industry is actively 

seeking new applications. The main interactions between carbon nanotubes and adsorbate 

molecules are van der Waals, hydrophobic, π-π interaction, and, in special cases, also H-

bonding.  

 

3.4.1. Adsorption of gases 
 

CNTs have a high surface area and they usually form aggregates. Carbon nanotubes 

can adsorb almost everything. Carbon nanotubes are possible gas storage materials because 

they have different adsorption sites (Figure 5).  

 

  
Figure 5. Different adsorption sites on an open-ended CNT [Yang 2006b]. 

 

The adsorption equilibrium is reached faster on external sites than on the internal ones 

under the same pressure and temperature conditions. The external sites are directly exposed to 

the adsorbate. By contrast, the adsorption process on internal sites is slower because of the 

slow diffusion from the end of pores to the interior sites. Opened CNT bundles may provide 

more adsorption sites than capped CNTs, because on the latter the adsorption sites are limited 

to the grooves and the outer surface sites [Ren 2011 and references inside].  

N2 adsorption isotherms on SWCNTs of different purities were studied at 77 K. It was 

found that the N2 uptake by the traces of catalyst particles was very limited because their own 

surface is small. The adsorption of N2 was smaller on the amorphous carbon containing 

SWCNT than on purified SWCNT in the micropore range [Li 2004]. Hydrogen adsorption 

was investigated on CNTs. It was found that adsorption energies (Eads) are in the following 
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order: Eads (internal/ interstitial channels) > Eads (grooves) > Eads (pores) > Eads (surfaces) 

[Pradhan 2002]. 

H2O, CH4 and CO adsorption model calculation on a theoretical capped (5,5) CNT, 

showed that these interactions are all physical [Li 2006]. The oxidized CNTs adsorb more 

benzene, toluene, ethylbenzene and xylene than pristine CNT. The adsorption capacity 

increase due to the oxidation was as follows: NaOCl > HNO3 > H2SO4 [Lu 2008].  

Cut-SWCNTs were investigated by 1H-NMR. Internal channels were only 20% filled 

by water at room temperature, and the water molecules accumulated around the end of the 

tubes and defects [Mao 2006].  

The adsorption properties of CNTs are affected greatly by the surface functional 

groups because they can 1) change the wettability of CNT surfaces, 2) influence the diffusion 

resistance, 3) decrease surface area, 4) block the access to the interior space in the case of 

open-ended CNTs [Ren 2011].  

The oxygen content of CNTs influences the maximum adsorption capacity for gases. 

CNTs contain oxygen functional groups, e.g. –OH, –C=O, and –COOH, which can be formed 

on the surfaces of CNTs during the synthesis procedure, and the purification and oxidation 

processes [Ren 2011].  

 

3.4.2. Adsorption of aromatic molecules from aqueous solutions  
 

Activated carbons have been widely used as adsorbents in municipal water supplies 

and environmental control to remove organic pollutants. Adsorption by activated carbons is 

still among the most extensively used and widely studied technologies, owing to their affinity 

for a broad variety of chemicals. It cannot be overemphasized, however, that the conclusions 

drawn from the experimental and theoretical considerations for porous carbons are not 

necessary valid for CNTs. The extension of such generalisations calls for extreme caution. 

Similarly, results from CNT simulation are not directly transposable to porous carbon 

materials. On the other hand, experimental and theoretical results on both “conventional” 

porous carbons and porous carbon nanoparticles may improve the understanding of these still 

open questions.  

Their large surface area and surface hydrophobicity make CNTs an excellent potential 

adsorbent of organic pollutants from aqueous media. The adsorption of different aromatic 

compounds has been extensively investigated [Liao 2008, Lin 2008, Yang 2008a, Ji 2010,  

Al-Johani 2011], but the conditions (origin, synthesis, purity, aqueous environment, 
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purification process if any, etc.) are not always specified. An ever increasing number of 

publications is appearing on the adsorption properties of CNTs from aqueous media, but these 

often lack the necessary characterisation of the carbon material. Most reviews concur that 

even more systematic laboratory work is needed to understand the adsorption behaviour of 

CNTs from aqueous phase, especially the effect of water chemistry, including the pH, ionic 

strength, dissolved organic matter (DOM) and the aggregation state of the CNTs [Pan 2008, 

Ren 2011, Yang 2010]. 

CNTs are often exposed to various purification processes prior to the adsorption 

experiments. Future large scale applications, however, are unlikely to involve purification. 

For this reason a study of the adsorption properties of raw CNTs is also timely.  

Both the adsorption affinity and the capacity were found to increase with the number 

of aromatic rings on the adsorbate, i.e., 1-napthol adsorbs better than phenol, as - bonds 

play a significant role in the adsorption of such molecules [Lin 2008, Chen 2007, Yang 2010, 

Sheng 2010]. The number of –OH groups decorating the aromatic molecule also enhances 

uptake of aromatic molecules at low concentrations, as shown by the sequence of phenol < 

catechol < pyrogallol [Liao 2008, Lin 2008]. Carboxylic, -OH or -NH2 substituents, either on 

the aromatic molecule or the CNT, promote adsorption [Yang 2008]. The influence of -NH2 

groups is stronger than that of –OH groups, as shown by comparing the adsorption of phenol 

and aniline or 1-naphtylamine and 1-naphtol [Yang 2008, Sheng 2010].  

The influence of pH is more pronounced in the case of oxidized CNTs. The adsorption 

capacity usually decreases as pH increases [Lin 2008, Yang 2008, Sheng 2010, Wang 2010], 

although 1-napthylamine exhibited maximum adsorption in the range pH = 5-9, both on 

untreated and oxidized MWCNT [Sheng 2010]. According to model calculations, larger 

molecules or molecules with more substituents adsorb parallel to the surface. Thus, benzene 

and phenantrene adsorb less parallel than paracetamol or tetracene, respectively [Gotovac 

2007, Terzyk 2009]. The surface oxygen groups and the pH may strongly enhance the uptake 

of naphtols due to transformation processes [Yang 2006, Chen 2008, Wu 2012, Karhikeyan 

1999]. However, no such effect was reported in the case of various phenols, including 

chlorophenol [Chen 2008, Wu 2012, Yang 2008, Yang 2008, Liao 2008, Yang 2010]. From a 

practical aspect, phenol is the most often studied probe molecule. Phenol and its derivatives 

appear in wastewater by way of degradation of organic compounds that are widely used as 

intermediates in the synthesis of dyes, pesticides, insecticides, explosives, etc. The most 

frequent method for their removal is sorption by activated carbon [Radovic 2001]. Low 

concentrations of phenols worsen the water quality and cause bad odour and taste; in higher 



 

21 
 

concentration it can kill some organisms. In water purification, (poly)chlorinated phenols can 

be produced through the chlorination of water. In the past decade biologically active 

molecules appearing in waters are of increasing concern. Dopamine, a neurotransmitter, and 

its derivatives are used not only in human therapy but also in agriculture, where they play a 

significant role in fruit browning, as well as in protecting damaged fruit and vegetables from 

bacterial and fungal growth [Mayer 2006]. It contains two phenolic OH substituents as well 

as an amine group. The application of CNTs (particularly modified ones) as sensors for both 

phenol [Zhao 2005, Stuart 2011] and, even more intensively, for dopamine [Shao 2010, 

Jacobs 2010], has been thoroughly studied. No much attention, however, was paid to the 

unmodified nanotubes. In spite of a concentrated research effort in the field, the behaviour of 

CNTs in the environment is incompletely known. 

Most sorption studies are performed with aqueous solutions containing only one 

pollutant. From a practical point of view, however, competitive adsorption from binary or 

multisolute systems is more relevant. Reference works apply one of the following techniques 

for such investigations: i) the concentration of one of the components is systematically 

changed while that of the others(s) is kept constant [Mihalache 1998, Yang 2006, Khan 1997, 

Haghseresht 2003]; ii) the initial concentration of the pollutants is varied but their molar ratio 

is kept constant and [Mihalache 1998, Nevskaia 2004, Aktas 2007]; iii) the total initial 

concentration of the pollutants is constant but their molar ratios are varied [Kipling 1965, 

László 2001]. The advantage of the last method is that it makes possible the comparison of the 

behaviour of solutes in a wide relative concentration range.  

 A comparative study on the adsorption of aqueous bi-solute monochlorinated phenols 

on porous carbons led to the conclusion that the surface – aromatic molecule interactions are 

influenced by the presence of the second solute. While the presence of o- or p-chlorinated 

phenol suppressed the adsorption of phenol, increasing the concentration of phenol only 

slightly affected the adsorption capacity for the chlorophenols [Khan 1997, Aktas 2007]. On 

high surface area graphite and activated carbon, phenol and aniline only slightly influenced 

each other’s adsorption. When oxygen functionalities were present, the basic compound 

adsorbs preferentially and this is more pronounced at low adsorbate concentrations [Nevskaia 

2004]. It is widely accepted, however, that results obtained on activated carbons cannot be 

extended directly to CNTs. Therefore, the potential applications of the CNTs on an industrial 

scale, as well as their fate in the environment, instigated an intensive research into the 

interaction of aqueous solutions of organic impurities with CNTs [Yang 2006, Lin 2008, Wu 
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2012, Ji 2009, Pan 2008, Ren 2011]. Only a few studies, however, investigate adsorption 

from multisolute model solutions.  

Competitive adsorption of phenanthrene, pyrene and naphthalene were investigated on 

unmodified multiwall carbon nanotubes after acidic (HNO3 and H2SO4) purification to reduce 

amorphous carbon and metal catalysts. All the single-, bi-, tri-solute isotherms could be 

successfully fitted to the Dubinin–Ashtakhov model. The adsorption of a given primary solute 

changed from significantly nonlinear to nearly linear when competitors were added. The 

competitive sorption was found to depend on the relative equilibrium concentrations of the 

primary and the co-solutes. Significant competition was observed at relatively low 

concentrations of the primary solute and high concentrations of competitors. Competition was 

much weaker at relatively high concentrations of the primary solute if the competitors were 

present in low concentration. The influence of the other solutes was hardly detected when the 

concentration of the primary solute was close to its solubility limit. As neither pore-filling nor 

partition-adsorption mechanism explained the behaviour of these PAHs, a Polanyi-based 

surface adsorption mechanism was proposed to interpret the observed sorption and 

competition [Yang 2006]. It was also found that the adsorption of  

2,4-dichlorophenol and 4-chloroaniline either in neutral or ionic form can be supressed by 

nonpolar naphthalene on multiwalled CNT [Yang 2010].  
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4. Scope of the work 

The expanding large-scale production of nanoindustry, incomplete combustion of 

fossil fuels and continuously growing motorization, carbon nanotubes, especially MWCNTs, 

results in an increasing emittion into the environment. Due to their mobility in water and air 

CNTs have been detected in air, water and soil phases even in the polar region. The high 

surface area of CNTs raises concerns about their possible fate in nature. The environmental 

compartments may also alter the properties of the nanotubes. CNTs could adsorb different 

substances from water or air, thus they can manipulate the behaviour of these molecules, 

which could cause even more problems. CNTs could become bioavailable to organisms. They 

could accumulate in the food chain. 

The prospective affordability of the CNTs has been inspiring their use as adsorbents 

for several separation processes, including gas storage, water or waste water treatment. These 

advantages must be weighed against the potential environmental risks caused by accidental 

release, which are commensurate with the increasing industrial production. In spite of a 

sustained research effort in the field, however, the behaviour of CNTs, particularly from 

aqueous phase, in the environment remains poorly known. Their unique physical and 

chemical features (size, shape, light absorption capacity, surface area, catalytic activity, etc.) 

guarantee that their potential effects and the comparison with well described activated carbons 

will not be trivial.  

In my thesis work the behaviour of multiwalled carbon nanotubes (MWCNTs) in gas 

and liquid phases was investigated. The influence of heteroatoms was studied. 

My aim was to investigate whether a comparative analysis of the adsorption 

measurements of nonpolar and polar gas molecules could provide additional information 

about the morphology and the surface chemical behaviour of the CNTs.  

Hydrogen-peroxide is widely used in agriculture and in water purification [Yap 2011]. 

On escaping into the environment, high surface area nanoparticles may catalyse its 

decomposition.  MWCNTs can act as such a catalyst. The catalytic activity of CNTs was 

studied in the reaction 2 2 2 22 2H O O H O   in order to reveal the role of the carbon 

nanotubes in this process. The influence of the H2O2 decomposition on the physico-chemical 

properties and thus the environmental behaviour of the CNTs were investigated. 

On the one hand, CNTs have potential as future adsorbents in water purification. On 

the other hand, spontaneously or accidentally released CNTs may come into contact with 

dissolved organic pollutants in water, or in the soil compartment of the environment. It is 
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important to undestand the CNT – (water soluble) organic molecule interactions from both 

aspects. Both of these aspects underline how important it is to investigate CNTs both in the 

as-received and in purified forms. As the delocalised electrons of the nanotubes are able to 

establish relatively strong π-π bonds with the π electrons of the aromatic molecules, such 

impurities are of special interest. Although much information is available about the adsorption 

of aromatic molecules on activated carbons, extrapolation of this knowledge to carbon 

nanomaterials and thus to CNTs is not straightforward. The interaction of CNTs with 

aromatic pollutant molecules of industrial (phenol and 3-chlorophenol) and biological 

(dopamine) relevance was studied from their aqueous solution. The influence of the 

concentration, the pH and the surface chemistry of the nanotubes were also investigated. 

Although, in real conditions, single pollutant systems are very rare, the sorption from 

multipollutant systems is hardly reported in the literature. Phenol and 3-chlorophenol often 

coexist in water as a result of the chlorination step during purification. The competitive 

adsorption from bisolute phenol and 3-chlorophenol systems was studied and compared to 

their adsorption behaviour in single solute systems.   
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5. Experimental 

5.1. Materials 

5.1.1. Carbon nanotubes 
 
 Two sets of multi-walled carbon nanotubes were used. One was made in a laboratory 

scale plant in Ukraine, while the other was purchased from China. The acronyms of the CNTs 

are listed in Table 1. 

 
5.1.1.1. CNT family 1 
 

Multiwall carbon nanotubes (average number of walls 35-40 [Brichka 2004],) labelled 

as pristine CNT, P-CNT (TMSpetsmash, Kiev, Ukraine) were synthesized by chemical 

vapour deposition from a mixture of propylene and hydrogen using a mixed Al-, Fe- and Mo-

oxide catalyst. The accessible catalyst was removed with HCl and NH4F solutions and then 

washed with distilled water to neutral pH.  

An oxidized derivative of CNT (O-CNT) was produced by refluxing P-CNT in 70% 

nitric acid for 4 h at 373 K. At the end of the reaction the CNTs were washed with distilled 

water to neutral pH. To remove fulvic acid-like aromatic impurities, the O-CNT was washed 

with 1% aqueous NaOH solution for 12 h [Wang 2009], and then washed with distilled water 

to neutral pH. The acidic sites were then regenerated with 0.1 M HCl solution. After thorough 

washing the nanotubes were oven-dried (378 K, 4 h). Nitrogen was introduced by soaking  

O-CNT in an aqueous solution of urea. The dried samples were heated to 1073 K for  

30-40 minutes in nitrogen atmosphere, yielding N-CNT.  

The members of the CNT family 1 are considered as purified nanotubes. 

 

5.1.1.2. CNT family 2 
 

Multi-walled carbon nanotubes, one in its pristine (M3) and the other in its carboxyl 

functionalized form (M3-COOH), were purchased from Chengdu Organic Chemicals Co. 

Ltd., Chinese Academy of Sciences (purity > 95 (m/m)%). According to the supplier, both of 

them were synthetized from natural gas with Ni-based catalyst by CVD method. M3 was 

oxidized in KMnO4/HCl solution (details of the functionalization were not provided by the 

manufacturer).  According to the manufacturer, the functionalized nanotube contains 2 m/m% 
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COOH. Their nominal external and internal diameters are 10-20 and 5-10 nm, respectively, 

and their length is 10-30 μm.  

The MWCNTs were purified in our laboratory with aqueous HCl solution to remove 

the still accessible traces of the catalyst [Benjemil 2004]. Fulvic acid impurities were removed 

by the treatment described by Wang et al [Wang 2009]. An additional letter, S or L, is 

included in the label for acidic and basic puritfication, respectively. Thus, purified samples 

are labelled as M3SL and M3-COOHSL.   

   

Table 1. Acronyms of the carbon nanotubes 

Acronym Description 

P-CNT pristine CNT from propylene by CVD, as received 

P-CNT-2 a second batch of P-CNT 

O-CNT HNO3-treated P-CNT 

O-CNT-2 HNO3-treated P-CNT-2 

N-CNT urea-treated O-CNT 

M3 commercial CNT from natural gas by CVD, as received 

M3-COOH commercial CNT (2 w/w% -COOH group), as received 

M3SL acid+base purified M3 

M3-COOHLS acid+base purified M3-COOH 
 

 

5.1.2. Adsorbate molecules 
 
 

The effect of adsorption of two different types of material on the behaviour of carbon 

nanotubes was investigated. These types are vapours (nitrogen, propane and water), and small 

aromatic molecules (phenol, 3-chlorophenol, and dopamine).   

 

5.1.2.1. Probe gases 

 

Selected physico-chemical data of the gas compounds are listed in Table 2. 

 



 

27 
 

 

Table 2. Selected physic-chemical data of the aromatic compounds 

 Nitrogen Propane Water 

Molar weight (g/mol) 28 44 18 

Boiling point (K) 77 231 373 

Liquid density (g/cm3) 0.806 (77 K) 0.508 (273 K) 0.998 (293 K) 

Purity (%) 99.996 99.95 Millipore 

Size (nm2/molecule) 0.162  
[Rouquerol 1999] 

0.487 
[Tóth 2012b] 

0.125 
[Mowla 2003] 

Source Linde Messer - 
 

5.1.2.2. Aromatic molecules 
 
The relevant physico-chemical data of the aromatic compounds and their chemical structure is 

given Table 3, and their graphs can be found in Figure 7. 

 

   

Phenol 3-chlorophenol dopamine 

Figure 6. Phenol, 3-chlorophenol, dopamine 

 

Table 3. Selected physico-chemical data of the aromatic compounds 

 Phenol 3-chlorophenol Dopamine 

Molar weight (g/mol) 94.11 139.16 139.16 

Solubility in water (g/l),  293 K  82 26 600 

pKa,  293 K 9.89  
[Perry 1966] 

8.85  
[Cooper 2010] 

8.93, 10.6  
[Ishimitsu 1978] 

Cross-section area (nm2) 0.30-0.42 nm2 

 [László 2001] 
0.60 nm2  

[ Borra 1986] 
0.47 nm2 

[Tóth 2011] 
 

 OH
 
HO

HO

NH2.HC l
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5.2. Methods 

5.2.1. Characterisation techniques 

5.2.1.1. High resolution transmission electron microscopy (HRTEM) 
 

High resolution transmission electron micrographs (HRTEM) were taken with a FEI 

Tecnai F20 transmission electron microscope operated at 120 kV in Forschungzentrum Jülich, 

Germany. Samples for TEM investigations were produced by drop-casting the product 

dispersions on copper grids coated with holey carbon film. 

 
5.2.1.2. Small angle X-ray Scattering (SAXS) 
 

MWCNTs were investigated by small and wide angle X-ray scattering (SAXS and 

WAXS) at incident energy 19.8 keV at the French CRG small angle camera on beam line 

BM2 of the European Synchrotron Radiation Facility (ESRF), Grenoble, France. The transfer 

momentum range spanned was 0.005 < q < 6 Å-1, with wavelength resolution / = 3·10-4. 

 
5.2.1.3. X-ray photoelectron spectroscopy (XPS) 
 

X-ray photoelectron spectra were recorded on a Kratos XSAM 800 spectrometer 

operating in fixed analyser transmission mode using Mg Kα 1,2 (1253.6 eV) excitation. The 

pressure in the analysis chamber was lower than 1×107 Pa. Survey spectra were recorded in 

the kinetic energy range of 150–1300 eV with steps of 0.5 eV. Photoelectron lines of the main 

constituent elements, i.e., O1s, N1s and C1s were recorded in 0.1 eV steps with 1 s dwell 

time. The spectra were referenced with respect to the energy of the C1s line of graphitic 

carbon (sp2 hybridization) at 284.4±0.1 eV binding energy (B.E.). Quantitative analysis, based 

on peak area intensities after removal of the Shirley-type background, was performed using 

the Kratos Vision 2 program with experimental sensitivity factors. Sites with O and N atoms 

were determined by fitting the measured peak-envelope of the O1s and N1s signals by three 

or four Gauss-Lorentz (70:30) type components (1.4-1.6 eV half-width).  
 
5.2.1.4 Raman spectroscopy 
 

Raman spectra were obtained in a Jobin Yvon Horiba model HR 800 spectrometer 

equipped with a CCD camera as detector. An incident beam with wavelength  

λ = 532 nm was used; this was generated by a diode laser (DPSS) in the constant current 

operation mode, with an output power of 20 mW. The incident beam, 2 μm in diameter, was 
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focused on the sample surface using an optical microscope (BXFM, from Olympus) coupled 

to the spectrometer. An acromatic lens of x100 magnification (M Plan) was used. The 

microscope had an integrated video camera (coupled to the monitor) that allowed one to 

visualize the sample and to focus the laser beam on it. A 200 μm slit and a 950 line/mm 

diffraction grating were used. Under these conditions, the resolution of the spectrometer was 1 

cm–1. 

Raman spectra were obtained in air at room temperature over the spectral range [50–

3600 cm-1]. Each spectrum is the accumulation of 10 scans with an acquisition time of 10 s 

per scan. The band position was determined using the Lab Spec_4.08 program.  

The spectra were fitted using Lorentzian curves.   

 

5.2.1.5. Trace metal content 
 

The metal content of the samples was determined by simultaneous multi-element 

inductively coupled plasma optical emission spectrometry (ICP-OES, Labtest Plasmalab ICP 

Spectrometer).  

 

5.2.1.6. Electrophoretic mobility 
 

The electrophoretic mobility () of the CNTs was measured in a 0.5 % (w/w) 

suspension of CNTs prepared with 0.1 M aqueous NaCl solution. The suspensions were 

ultrasonicated (80% of 4·25W, sweeping mode, 25 kHz, Elma D-78224) for 30 min and then 

centrifuged for the same period. The supernatant was used in the phase analysis light 

scattering (PALS) measurements (Zetaplus, Brookhaven Instruments) [Li 2008].  

 

5.2.1.6. The pH of the nanotubes 

 

0.1 g CNT was shaken with 3.5 ml 0.1 M aqueous NaCl solutions in a sealed glass 

bottle for 72 h, at ambient temperature. At the end of this period and after centrifugation, the 

pH of the aqueous phase was measured. Each determination was performed in triplicate, along 

with the blank, a 0.1 M NaCl solution. 

 

 



 

30 
 

5.2.1.8. Potentiometric titration 
 

Continuous potentiometric titration over the pH range 3 - 11 was employed in a CO2-

free medium to determine the specific amount of net proton surface excess (nσ, mmol/g), 

[Everett 1986]. The values of 
H

n
 and 

OH
n

 were calculated at each point of the titration and 

the net proton excess
H OH

n n n  
     was plotted as a function of the equilibrium pH. 

Positive values indicate acid consumption, i.e., proton binding from the carbon suspension, 

while negative values correspond to base consumption, i.e., release of protons or binding of 

hydroxyl ions. 

The CNTs were suspended in 0.01 M NaCl solution prepared from freshly produced 

Millipore water and ultrasonicated for 15 min. 0.1 M HCl and 0.1 M NaOH solutions were 

used respectively to titrate the surface from the pH of immersion down to pH 3, then up to pH 

10. The equilibrium criterion was conditioned by the pH stability of the suspension and taken 

as ΔpH < 0.002 s−1. Experimental details are given elsewhere [László 2001]. The initial 

(immersion) pH of the potentiometric titration is used to characterize the behaviour of the 

carbon nanotubes in aqueous solution. A complete titration cycle takes 7-9 hrs. 

 

5.2.2. Application related methods  

5.2.2.1. Gas adsorption measurements 
 

Low temperature (77.4 K) nitrogen adsorption/desorption isotherms were measured 

using a NOVA 2000 (Quantachrome) automatic analyser. The specific surface area (SBET) was 

calculated according to the multipoint BET (Brunauer-Emmett-Teller) method [Gregg 1982]. 

The total pore volume VTOT  was calculated from the amount of nitrogen vapour adsorbed at a 

relative pressure close to 1. The value of V0.95 was calculated from the amount of nitrogen 

vapour adsorbed at a relative pressure close to 0.95, on the assumption that the pores are then 

filled with liquid nitrogen. The micropore volume (W0) was deduced from the Dubinin-

Raduskevich model. The Quantachrome Data Acquisition and Reduction program (version 

10.0) was used for the analysis.  

The n-propane adsorption isotherms were determined at 273 K using an Autosorb-1 

(Quantachrome) computer controlled surface area analyser.  

The pore size distributions (PSDs) fV(x) (differential fV(x)  dVp/dx, where x is the pore 

half-width or radius) of the studied CNTs were calculated with the overall equation of 
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Nguyen and Do [Nguyen 1999] and its modified form (MND method) [Gu’nko 2001, Gu’nko 

2005a, Gu’nko 2004, Gu’nko 2005b]. For CNT, the models of slit-like and cylindrical pores 

were used because the main channels are cylindrical, but the CNT walls can include slit-

shaped pores. Details of the computation are given in [Tóth 2012a]. Propane adsorption was 

used to characterise the morphology and the surface chemistry. 

The hydrophilic/hydrophobic properties were estimated from water vapour adsorption 

using a volumetric Hydrosorb apparatus (Quantachrome) in automatic mode at 293 K with 

water vapour generated at 373 K.  

 

5.2.2.2 Catalytic activity in H2O2 decomposition 
 
Hydrogen peroxide (Aldrich, 50 vol.%) was used without additional purification. 

The catalytic activity of the CNT was detected by measuring the volume of released 

oxygen in the reaction OHOOH 2222 22  . The CNT (0.05 g for P-CNT-2 and O-CNT-2) 

was ultrasonicated in 25 ml of phosphate buffer (pH 4.8-7.8) for 15 minutes. 25 ml H2O2 

(Sigma) of 0.2 to 15 v/v% was added to the suspension and stirred for 30 minutes. The 

volume of released oxygen (0.05 ml to 5 ml, ±0.01 ml) was measured in a microburette. In a 

blank experiment without nanotubes the oxygen yield was below the detection limit (0.01 ml). 

The influence of the pH (0.067 M phosphate buffer, pH 4.8-7.8) and the temperature  

(293-323 K) on the catalytic activity were investigated. The operation stability of the CNT 

was examined over 10 cycles (30 min each) at 298 K. Each cycle was repeated 10 times with 

new portions of H2O2 solution.  

 

5.2.2.3 Adsorption from dilute aqueous solutions 

Invidual adsorption isotherms 

Phenol (Merck, 99.5 %), 3-chlorophenol (Merck, > 98 %) and dopamine  

(4-(2-aminoethyl)benzene-1,2-diol hydrochloride, Aldrich, 98%) were used as model 

pollutants, without further purification. Relevant physico-chemical data of the pollutants are 

shown in Table 2 (Chapter 5.1.2.1). They were dissolved in 0.1 M aqueous NaCl solution or 

0.1 M NaCl solutions at pH 3 or pH 11 set with HCl and NaOH, respectively. 

0.005-0.015 g of nanotube was placed in contact with 3-6 ml of 0.1 - 1 mM solution of 

the pollutants at 293 K. Dispersion of CNTs was assisted by sonication. The contact times 

needed to reach equilibrium were deduced from preliminary kinetic measurements.  



 

32 
 

The equilibrium concentrations were determined by Ultra Performance Liquid 

Chromatography (UPLC). 20 μl of phenol and 3-chlorophenol samples were analysed on a 

BEH C18 column (1.7 μm, 50x2.1 mm) with 40:60 methanol:water containing 0.2% 

phosphoric acid as eluent at 1.15 ml/min flow rate. UV absorption was measured at 272.8 nm. 

10 μl dopamine samples were analysed on a Kinetex HILIC column (2.6 μm, 150x4.6mm) 

using a 25:75 0.01 M ammonium acetate (pH = 3):acetonitrile eluent (flow rate 0.5 ml/min). 

The concentration was measured by a photodiode array (PDA) detector at 282 nm. 

All isotherm points were measured in triplicate. 

 

Competitive adsorption isotherms  
0.01 g of CNT was sonicated for 15 minutes with 3 ml 0.1 M NaCl in tightly closed 

centrifuge tubes. After 24 hrs 3 ml of pollutant mixture was added, and the tubes were shaken 

for 3 days at 293 K to reach equilibrium. The initial total aromatic concentrations (ctotal, 0) of 

the solutions were fixed as 0.417 mM and 1.25 mM. The molar ratios of phenol and  

3-chlorophenol were systematically changed between 0 and 1. The relative concentration of 

the solutes xi is defined as 

i
i

i
i

cx
c




       (2) 

where ci is the molar concentration of component i. 

The equilibrium concentrations were determined by Ultra Performance Liquid 

Chromatography (UPLC), see the details in 5.2.2.3 

All isotherm points were measured in triplicate. 

 

Evaluations of the adsorption isotherms 
The isotherms were fitted by linearized Langmuir model 

1e e

a m m

c c
n Kn n

       (3) 

where na is the adsorbed amount at the equilibrium concentration ce. The parameters were 

calculated from the experimental data, i.e., the saturation adsorption capacity nm and the 

interaction parameter K. 

The surface coverage can be viewed in two ways: 

i) Coverage by the adsorbate. The surface area occupied by adsorbate adsorbateS  is 

calculated as   

m Aadsorbate adsorbateS n N a                (4) 
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where NA is Avogadro’s number and the cross sectional area is adsorbatea . The surface 

coverage is then  

= 100adsorbate
adsorbate

BET

S
S

  .          (5) 

ii) The area available for a single pollutant molecule. From the monolayer capacity nm the 

area available for a pollutant molecule can be expressed as  

m A
av

BET

n Na
S



     (6) 

The adsorption capacity relative to the surface area is 

,
m

m S
BET

nn
S


.      (7). 

 

The Gibbs free energy of adsorption was calculated from K as ∆G = - RTln K,  

where R is the gas constant and the temperature T=293 K.  

In the case of competitive adsorption Single solute Langmuir parameters were used to 

calculate the isotherms according to the competitive Langmuir model (CLM) 

,
, 1

m i i i
a i

i i

n K c
n

K c
 


 

        (8). 

The composition of the interfacial layer xlayer,i was calculated as  

,
,

,

,a i
layer i

a i

n
x

n



        (9) 

where na,i is the adsorbed amount of P or CP, respectively. 
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6. Results and discussions 
 
 

As carbon nanotubes of different origin or from different batches were used in my 

experiments, it is important to characterise each set of samples before the use.  

 

 

6.1. Morphology and gas adsorption properties of chemically modified MWCNT probed 

by nitrogen, n-propane and water vapour  
[Tóth 2012a, Tóth 2012b] 

 
 

Carbon materials have been playing a significant role in the development of alternative 

clean and sustainable energy technologies (batteries, fuel cell etc.). The storage of gases is a 

real challenge in these new technologies. Carbon nanotubes, by virtue of their high surface 

area and porosity, are possible candidates for gas storage. 

 

 

6.1.1. Characterisation of the carbon nanotubes 
 

The HRTEM image of the Ukrainian multiwalled carbon nanotubes (Figure 7a) 

reveals a bamboo like structure encapsulating metal traces from the catalyst in the inner bore 

of the CNT (Figure 7b). According to the analysis of their HRTEM images the external and 

internal diameters were between 12-20 and 5-12 nm, respectively, for both P-CNT, O-CNT 

and N-CNT. No corrosion or fractioning was visible after the chemical treatment. This is 

corroborated also by the values of the ratio, R = ID/IG, of the integrated intensities of the D and 

G bands in the Raman spectra at wavenumber 1342 cm-1 and 1574 cm-1, respectively (Figure 

8). These ratios hardly changed after the various treatments (1.0, 0.94 and 1.1 for P-CNT, O-

CNT and N-CNT, respectively). The trace metal content of the P-CNT is <17 g/g Al, 404 

g/g Fe and 647 g/g Mo by ICP-MS.  
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a b 

Figure 7. Typical HRTEM images of the low (a) and high (b) magnification of P-CNT 

taken by JEM-2100F, Japan 
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Figure 8. Raman spectra of P-CNT, O-CNT and N-CNT, black: P-CNT, red: O-CNT,  

green N-CNT 
 

Estimates of the surface composition from XPS can only be approximate, because the 

wall thickness of the nanotubes (Figure 7) is comparable to the penetration depth of XPS. 

Moreover, no special care was taken to align the nanotubes parallel to the surface of the 

sample holder. Interpretation of the XP spectra of CNTs may be further complicated by the 

presence of heteroatoms, the chirality of the CNT, the electronegativity of the functional 

groups, and the type of bond. It was found that the number and the quality of the walls also 

can influence the chemical shift in the spectra [Okpalugo 2005]. In addition to deducing the 

apparent surface concentration, the C1s and N1s envelopes were investigated in finer detail. 

Pristine CNTs that are not stored under special conditions always contain oxygen 

functionalities, since the active edges and defect sites react readily with oxygen from the 
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atmosphere (Table 4). In our case, the deconvolution of the typically asymmetric C1s peak 

(Tables 4-5, Figure 8) shows that this process generates a modest increase in the surface  

O-content and modifies only slightly the distribution of the various species of carbon 

environment [Zhang 2008a].  

 

Table 4. Elementary composition of the CNTs from XPS (at%) 

 C O N 

P-CNT 98.8 1.2 - 

O-CNT 97.9 2.1 - 

N-CNT 98.3 1.1 0.6 
 

 

Figure 9. Deconvolution of the C1s band of O-CNT. A: delocalized aromatic sp2 structures; 

B: localized aromatic sp2 structures; C: C-O and C-N single bonds; D: C=O bonds;  

E: carboxyls, ethers and N-component; F: →* shake-up satellite of the first component 

 
Table 5. Distribution of the C1s binding states* 

 A B C D E F 

Binding energy, eV 284.0 285.0 285.7 287.5 289.5 291.7 

P-CNT, % 71.0 8.8 9.8 2.6 4.5 3.1 

O-CNT, % 69.6 10.4 8.8 3.7 4.9 3.4 

N-CNT, % 72.2 2.3 12.8 3.7 5.3 3.7 
*For A-F see the caption of Figure 9 
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The value of only 0.6 at% for the N-content shows that the introduction efficiency of 

N of the modification reaction is limited. A comparably low efficiency, however, was 

obtained by Rocha et al [Rocha 2011]. It compares unfavourably to using NH3 coupled with a 

carbon–nitrogen source involving pyridine. The latter allows regulated growth of CNTs 

containing nitrogen at concentrations ranging from 4 up to 10 at% [Maldonado 2006]. 

Nevertheless, the N1s spectrum (Figure 10) is complex. The deconvolution yielded four peaks 

(Table 6). We do not attempt to assign the last peak owing to the contradictory information in 

the literature [Maldonado 2006 and references within].  

 

 
Figure 10. Deconvolution of the N1s band of N-CNT 

A: pyridinic functionalities, B: pyrrolic-like C: and quaternary-like nitrogen coordination,  

D: not assigned [Pels 1995, Rocha 2011, Rodil 2004, Lin 2010]. 

 

Table 6. Deconvolution of N1s band of N-CNT * 

 A B C D 

Binding energy, eV 398.2 399.4 401.1 403.8 

N-functionalities, % 51.6 18.5 15.4 14.5 
*For A-D see the caption of Figure 9 

 

6.1.2. Adsorption from pure vapour 
 

The morphological consequences of the chemical modification of the CNTs were 

monitored by gas adsorption techniques. Besides the morphological characterisation the 
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comparison of the adsorbent from various gases offers a means of revealing the chemical 

differences of the CNT surfaces. Therefore, three different probe gases were used in my work: 

i) low temperature N2 adsorption is widely used for the characterisation of porous materials, 

ii) n-propane is apolar and iii) water is a polar probe molecule. Moreover, due to the higher 

temperature of the measurement, pores inaccessible to N2 owing to kinetic restriction might 

be available for propane. The nitrogen and propane adsorption isotherms, measured at 77.4 K 

and 273 K, respectively, are shown in Figure 11. The surface fractal dimension deduced from 

the nitrogen adsorption isotherms with the Neimark-Kiselev method [Neimark 1991] revealed 

no significant differences in surface roughness on the molecular length scale. For P-CNT,  

O-CNT and N-CNT, its value was respectively 2.40, 2.34 and 2.44, exhibiting a trend similar 

to that of the integral D/G ratio R in the Raman spectra (Figure 8). BET surface areas and the 

total pore volumes from the two sets of isotherm are summarized in Table 7.  

 

 
Figure 11. Adsorption/desorption isotherms of nitrogen (77.4 K) and n-propane (273 K) for 

the three CNTs.  P-CNT,  O-CNT,  N-CNT. Inset: 1st derivative of the adsorption 

branches. (Black) dotted line: P-CNT, (red) dashed line: O-CNT, (green) solid line: N-CNT. 
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Table 7. Surface area and total pore volume of three types of CNT 

Parameter Adsorbate P-CNT O-CNT N-CNT 

SBET, m2/g 
N2 179 192 191 

C3H8 213 227 224 

Vp, cm3/g 
N2 3.90 2.71 1.76 

C3H8 0.09 0.10 0.10 
 

All the nitrogen isotherms are of Type II B [Rouquerol 1999], exhibiting a knee at 

p/p0  0.02. The steep increase and the narrow hysteresis loop in the higher relative pressure 

range correspond to adsorption in the broad pores formed between nanotubes. The absence of 

low pressure hysteresis suggests that the adsorption is reversible and that access of nitrogen 

into the narrow inner bore is kinetically hindered, even in the chemically treated tubes. A 

close-up view of these isotherms reveals weak extra adsorption around p/p0  0.3 that is not 

characteristic of layer-by-layer adsorption. For better visibility of this feature, the inset in 

Figure 11 shows the derivative of the adsorption isotherm in the relevant p/p0 range. This 

feature can be attributed to capillary condensation in open ended MWCNTs, the diameter of 

which corresponds to the mesopore region [Inoue 1998].  

Owing to the elevated temperature, the adsorption of propane (which gives Type I 

isotherms, Figure 11) is much more limited. Hysteresis loops occur throughout the whole p/p0 

range. This shows that the propane molecules with their higher kinetic energy can penetrate 

into the interior of the tubes through the open ends as well as through nanoholes caused by 

wall damage. Adsorption thus takes place also on the inner surface. In the chemically treated 

tubes, adsorption is slightly enhanced. The BET surface area and the total pore volume values 

derived from the two sets of isotherms are listed in Table 7. It is worthwhile to note that the 

“external” (geometric) surface area of these nanotubes is about 175 m2/g, which is consistent 

with the SBET values reported in Table 7 

The contributions of the different pore types to the pore volume and the available 

surface area were deduced from the isotherms using slit-like and cylindrical pore geometry 

[Gu’nko 2001, Gu’nko 2005a, Gu’nko 2004, Gu’nko 2005b]. The results are shown in Figure 

12. Slit-shaped pores may be located within and between the tube walls of the MWCNTs. 

Their contribution to the adsorption is smaller than that of the cylindrical pores in the inner 

bores of the tubes no matter what geometry is assumed. Although the volume of the 

micropores is low, their contribution to the surface area is significant in all three CNTs 
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(Figure 12). The internal radius of these MWCNTs is in the mesopore range and the space 

between the nanotubes provides the textural porosity of MWCNT aggregates, which 

corresponds to meso- and macropores. The adsorption of nitrogen on the inside and outside of 

MWCNT results in a significant total pore volume (Table 7).  

Propane (boiling point 231 K) can be adsorbed at 273 K (temperature of adsorption 

measurements) only in narrow pores. Its main PSD peak is therefore at x < 2 nm (Fig. 13b). 

Propane can however penetrate (albeit slowly) into the defective structures, or even into the 

bore of the MWCNTs (open hysteresis loops). It follows that a small PSD peak occurs at 

 x > 2 nm. The total adsorption of propane is much lower than that of nitrogen because of the 

difference in their location. Propane, unlike nitrogen, ignores the textural porosity between the 

MWCNT (since T = 273 K) and only partly fills the inner space of the nanotubes. 

 

 

 
a    b       c 

Figure 12. Contributions of various pore types to the surface area (S) and the pore volume (V) 

of MWCNTs from nitrogen adsorption isotherms presuming slit and cylindrical pore 

geometry. a: P-CNT, b: O-CNT, c: N-CNT.  

S: surface, V: volume,  micropores,  mesopores,  macropores 
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a 

 

b 

 

c 

Figure 13. Incremental pore size distributions (IPSD) for CNTs: slit-shaped pore model 

(MND method) from nitrogen desorption (a) and propane isotherms (b); (c) comparison of 

surface area related PSD from nitrogen (DFT) and propane (MND) isotherms on P-CNT with 

slit geometry. Symbols: (a)-(b)  P-CNT,  O-CNT,  N-CNT, (c)  nitrogen,  propane 

 

Slit-shaped pores may be located both in and between the tube walls of the MWCNTs, 

which have 10-15 layers (according to HRTEM images). Figure 12 shows from nitrogen 

adsorption data the distribution of the various pore categories relating to the pore volume and 

surface area in the three types of MWCNT. 

Water vapour adsorption (293 K) was used to analyse the hydrophilic/hydrophobic 

properties of the nanotubes after chemical treatment (Figure 14). The convex character of the 

initial sections of the isotherms, particularly when compared to the concave regimes of the 

corresponding propane curves, show that the modified nanotubes remain basically 

hydrophobic.  

 
Figure 14. Water vapour adsorption/desorption isotherms for nanotubes at 293 K. 
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The closed hysteresis loop for P-CNT (Figure 14) shows that the adsorption is 

reversible, in contrast to O-CNT and N-CNT. SAXS/WAXS experiments on pristine CNTs of 

similar bore size revealed that even after 7 days of contact with liquid water only very limited 

penetration occurs [Tóth 2011]. It is thus likely that, in contrast to propane, water adsorbs 

only on the outer surface of P-CNT. In the case of the chemically modified nanotubes, 

however, a portion of water may be either chemisorbed or trapped in the inner channels, as 

shown by the low pressure hysteresis. The most pronounced effect of the chemical 

modification is that the adsorption capacity for water increases strongly as the hydrophilicity 

of the nanotubes is enhanced by O- and N-containing functionalities.  

 
Figure 15. Influence of the surface heteroatoms (O + N) on water vapour uptake at various 

p/p0 values 
 

The measured uptakes proved to be proportional to the concentration of the surface 

heteroatoms (Figure 15). Although it is claimed that N heteroatoms notably enhance the 

adsorption performance of high surface area porous materials [Tóth 2012b], owing either to 

the low concentration or the chemical form of N (or both), such enhancement was not 

observed. 
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6.2. Catalytic activity of carbon nanotubes in hydrogen peroxide decomposition  

[Tóth 2013] 
 

Hydrogen peroxide is widely used to purify soils, especially after aromatic pollution. 

Carbon nanotubes can interfere with hydrogen peroxide in nature. When CNTs are present 

during H2O2 assisted water or soil treatment, or carelessly released H2O2 containing effluents 

come into contact with anthropogenic MWCNT in the environment, the MWCNT exposed to 

H2O2 may act as a catalyst. The reaction of CNTs and H2O2 in environmental conditions may 

lead to the catalytic decomposition of the peroxide, changing the surface chemistry of the 

CNTs and thus affecting their fate and role in the natural environment.  

These carbon nanotubes are a second batch from the CNT family 2, the properties of 

which are listed in Table 8-10.  

 

Table 8. Surface area of the initial CNTs and after H2O2 exposure 
before catalysis and after 3 catalytic cycles 

Samples 
SBET 

before after 
m2/g 

P-CNT-2 162 158 
O-CNT-2 141 135 

 

Table 9. Acid/base characteristics of the CNT surfaces in aqueous medium 

before catalysis and after 3 catalytic cycles 

Samples pHa 

Acidic 
groupsb 

Basic 
groupsb 

from Boehm titration 

102 mol/m2 

P-CNT-2 
before 8.4 12.2 6.4 
after 5.8 - - 

O-CNT-2 
before 4.5 35.3 -c 
after 4.4 - - 

a from the drift method (pH of the blank = 6.1); b titrated with NaOH and HCl, respectively 
([Boehm 1966]); c below the detection limit 

 
As the H2O2 catalysis was studied in aqueous medium, the acid/base properties of the 

nanotubes were also characterized by the drift method [László 2001] (Table 9). As expected, 
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the nitric acid treatment reduced the pH, which is consistent with the enhanced concentration 

of the total acidic groups. No basic functional groups were detected by HCl titration. 

 

Table 10. Comparison of surface composition of the CNTs from XPS (at%)  
before catalysis and after 3 catalytic cycles 

 
 

P-CNT-2 O-CNT-2 

 
 

before after before after 

C 1s* 
 

96.4 86.6 95.5 91.2 

 A 69.2 53.7 70.2 63.6 

 B 18.0 21.4 17.0 18.5 

 C 3.9 4.2 4.8 5.5 

 D 4.1 10.2 3.0 7.2 

 E 4.9 10.5 4.9 5.2 

 F 3.0 3.0 2.5 2.4 

O 1s** 
 

3.6 13.4 4.5 8.8 

 A 18.9 7.5 11.1 13.8 

 B 37.8 14.9 57.8 32.2 

 C 43.2 15.7 31.1 47.1 

 D 0.0 61.9 0.0 6.9 
*A: delocalised aromatic sp2 structures; B: localised aromatic sp2 structures; C: sp3 C and C-O 

single bonds; D→* shake-up satellite of second component, and C=O bonds; E: carboxyls 

and ethers; F→* shake-up satellite of first component;  

**A: doubly bonded oxygen, B: singly bonded oxygen in alcohols, ethers, and peroxides at; 

C: singly bonded oxygen in acids, esters, and hydroperoxides, D: peroxyacid, peroxyester 

and/or charge effect [Zhang 2008a].  
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Figure 16. O2 evaluation on MWCNTs at 293 K, 1 bar, pH = 6.9; 

: P-CNT-2 (c0 = 10 v/v%), : O-CNT-2 (c0 = 10 v/v%). The accuracy of the experimental 

data does not exceed the size of the symbols.  

 

Figure 16 compares the kinetics of the H2O2 decomposition (HPD) of the two 

nanotubes. The reaction is very slow in both cases. The experimental conditions (initial 

nanotube concentration, H2O2 concentration, etc.) were optimized to improve the accuracy of 

the detection.  Although the H2O2 loss is limited within the timescale of the experiments, it is 

clear that O-CNT-2 is more active than P-CNT-2. This contrasts with activated carbons where 

the oxidized species is less active than the non-oxidized form in peroxide decomposition [Lee 

2006]. The activity of the oxidized nanotubes could mainly stem from their different surface 

chemistry, since their morphology is very similar. The blank experiments showed no 

measurable decomposition. 

The effect of pH on the catalytic activity of CNT was studied in the pH range 4.6-8.1. 

For analysis and quantitative assessment an average rate constant (k, s-1) was applied [Voitko 

2011]. Figure 17 shows that the reaction rate coefficient k of the two nanotubes displays a 

clear pH dependence but with different trends. P-CNT-2 is the most effective in an acidic 

medium, while O-CNT-2 showed the highest activity close to neutral pH.  
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Figure 17. Effect of pH on the decomposition of H2O2 on CNTs at 298 K. 

Color code: black : P-CNT-2, red  : O-CNT-2. 

 

The kinetics of the HPD was studied between 293 and 323 K. The activation energy from 

the Arrhenius plot was found 58.3 ± 4.4 kJ/mol and 27.4 ± 3.2 kJ/mol for P-CNT-2 and  

O-CNT-2 respectively, confirming their different catalytic activity [Glevatska 2010].  

 The influence of the HPD on the surface properties of CNT were studied as well. The 

surface of the two nanotubes was analysed after three catalytic cycles. Low temperature N2 

adsorption and XPS data are compared in Tables 8 and 10 respectively. 

While there is only slight decrease in the surface area (Table 8), the surface chemistry 

studies reveal significant changes (Tables 9-10). There is a pronounced depression in the pH 

with the P-CNT-2 sample, reflecting the fact that its accessible surface became more acidic 

due to the H2O2 induced oxidation. Practically no difference in the pH of the supernatant over 

the O-CNT-2 sample was observed. The XPS results indicate that the oxygen content 

increases in both nanotubes, the change being about 10 % in P-CNT-2. The surface reactions 

also change the distribution of the various functional groups. The concentration of D and E 

type carbons practically doubles in P-CNT-2, while in O-CNT-2 only the surface 

concentration of the D type carbon shows significant enhancement. This is in good agreement 

with the changes of the various O1s components. Carbon content reduces accordingly and 

oxygen content increases. The effect is more spectacular in sample P-CNT-2. The distribution 

of both the C1s and O1s species changes. There is an increase in all O1s peaks while the 

changes are more complex in the C1s envelope. The P-CNT-2 surface turns acidic while no 

change occurs on O-CNT-2 (Table 9).  
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Operational stability of the CNTs  

The surface morphology and chemistry studied after three catalytic cycles revealed 

that the surface properties of both MWCNTs are affected during the catalytic reaction.  For 

this reason, the operational stability was tested under optimized conditions in 30-min cycles. 

Figure 18 compares the variation of the operational stability during the repeated cycles.  

 

Figure 18. Operational stability of the CNTs. The catalytic activity of the reaction relative to 

the rate of the first cycle. : P-CNT-2 (H2O2 concentration 10v/v%, pH~6.1), : O-CNT-2  

(H2O2 concentration 5%, pH~6.9). Error bars show the reproducibility of the experiments. 

Above 7 cycles the accuracy does not exceed the size of the symbols. 

 

The two nanotubes exhibit a different trend: O-CNT-2 shows a steady activity, while 

the performance of P-CNT-2 slowly increases to a maximum that is three times larger than its 

initial activity. This is In agreement with the kinetic observations (reaction rate, coefficient 

activation energy). The HPD reaction yields an oxidized surface that is catalytically more 

active, due to the oxidation of the nanotube exposed to H2O2. Electron donor/acceptor sites 

are strong free radical scavengers [Lee 2006; Yang 2008]; thus the free radicals from H2O2 

may adsorb and become deactivated on the surface of the CNTs. The acidic oxidation disrupts 

the delocalized π electron network, which suppresses the surface deactivation capability, and 

OH• radicals can thus maintain the decomposition reaction. 

These results imply that the CNT is not a “passive” catalyst in the HPD process. The 

increasing O-content of P-CNT-2 may be responsible for the enhanced catalytic activity of  

P-CNT-2, as the activation energy of HPD on O-CNT-2 is about half of that on P-CNT-2. At 

the same time, oxygen functionalities already present on the surface may reduce the reactivity 

of the nanotube against further oxidation. 
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6.3 Potential use of MWCNTs in aqueous media 

[Tóth 2009, Tóth 2011, Tóth 2012c, Podkoscielny 2013] 
 

CNTs from environmental aspects may be relevant i) as potential future adsorbents; ii) 

on being released into the environment may participate in sorption processing, thus 

contributing to the storage, transport and release of pollutants of highly different character. 

Small aromatic molecules and proteins will be studied from this aspect.  

 The same set of CNTs was investigated as received (M3 and M3COOH) and also after 

complex acid/base purification process (M3SL and M3COOHSL). As the tubes were 

characterised in both cases this offers the opportunity to draw conclusions about the influence 

of the purification applied.  

 

6.3.1 Characterisation 

6.3.1.1 Morphology of the nanotubes  

 

 
        a             b 

Figure 19. HRTEM micrographs of the a) M3 and b) M3-COOH samples 

 

The inner diameter, the outer diameter and the number of walls were determined from several 

HRTEM images (Figure 19), Using 100 independent data for each distribution curve (Figure 

20). 
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M3 M3-COOH 

  

  

  
Figure 20. Outer, inner diameter and number of walls of as received M3 and M3-COOH 

samples 
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According to the manufacturer the outer diameter of CNTs is between 10-20 nm. The 

most frequent diameters are 18-20 nm in both cases. In the case of M3, however, the 

distribution is narrower than for M3-COOH. 30% of the measured size of M3 lies outside the 

supplier’s range in both directions, M3-COOH ca. 50% of the M3-COOH tubes is wider than 

10-20 nm. Although M3-COOH is produced from M3, this difference shows that it certainly 

belongs to a different batch. 

The most frequent internal diameter is 5-6 nm in both cases, and the distribution is 

relatively narrow. The number of walls calculated from the manufacturer’s data (separation of 

the concentric walls 0.34 nm). 5-22 is narrower than from our observations (Figure 20). 

M3 and M3-COOH were washed with HCl to remove traces of catalyst, and with 

NaOH, to remove fulvic acid. HRTEM images of M3SL (not shown here) reveal that no 

structural damage was incurred during the purification. The distribution of outer diameters is 

similar, but only the most frequent diameter is slightly smaller, 14-16 nm. There is no change 

in the inner diameter.  

The internal tubes contain traces of the catalyst. In M3 and M3-COOH, 7300 mg/kg 

and 3800 mg/kg of metal, respectively, were found by simultaneous multi-element ICP-OES, 

the main component being Ni (5450 and 2160 mg/kg, respectively). Acid-base washing 

decreased the metal content to 740 mg/kg and 3000 mg/kg (Ni 660 mg/kg and 1930 mg/kg) in 

M3SL and M3-COOHSL, respectively. The oxidation procedure removed already a great part 

of the accessible catalysts, but it is very probable that the same procedure increased the 

concentration of organic impurities, i.e., the amount of the fulvic acid, as was confirmed by 

the dark colour of the basic washing liquid in the case of M3-COOH.  

The characteristics given by the supplier and measured in our laboratory are compared 

in Table 11. The total pore volume at p/p0 = 0.95 (V0.95), the micropore volume (W0) and the 

apparent surface area (SBET) from low temperature and low isotherms are listed in Table 11.  

 
Table 11 Data derived from SAXS and low temperature N2 adsorption 

 
Ssupplier

* 

(m2/g) 
SSAXS

** 

(m2/g) 
SBET  

(m2/g) 
W0 

(cm3/g) 
V0.95 

(cm3/g) 

M3 >200 155 177 0.064 0.48 

M3-COOH >200 163 183 0.065 0.60 

M3-SL  - 167 0.074 0.41 

M3-COOHSL  - 187 0.067 0.46 
* surface area provided by supplier, **[Tóth 2011] 
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SAXS responses of dry and wet samples show that water enters partially both into the 

inner bore of the tubes, as well into the defects on the rough outer surface [Tóth 2011]. 

Neither the surface treatment nor the purification affected the ratio of D and G bands 

intensities IG/ID = 1.3 from Raman spectroscopy. N2 adsorption and Raman measurements 

reveal no significant difference in the morphology of these tubes.  

 

6.3.1.2 Surface chemistry in dry state and in aqueous conditions  

 
The elemental composition of carbon nanotubes shows that M3-COOH has more than 

twice as many surface functional groups (Table 12). Based on the data from the supplier, the  

–COOH content of M3-COOH is 2 wt%.  

 

Table 12. Elemental composition of carbon nanotubes from XPS (at%) 

 C1s  O1s  

M3 98.6 1.4 

M3-COOH 96.3 3.7 

M3SL 98.7 1.3 

M3-COOHSL 96.5 3.5 
 

Owing to the complex surface chemistry of carbons, when immersed in water they 

show acid/base properties. Therefore, it is essential to discover their surface properties also in 

aqueous medium.  

The potentiometric titration curves (Figure 21) reveal the difference in the acid-base 

properties of the nanotubes. The pH at immersion was 6.1 and 4.3 for M3 and M3-COOH 

(Figure 21a), respectively. The specific net proton surface excess amount (nσ, mmol/g) was 

derived directly from the initial and equilibrium concentrations of the solute [Gotovac 2007]. 

The reversibility of the titration was tested in a cycle of forward and reverse titrations starting 

from the initial pH of the carbon suspension, descending to pH 3, then increasing to pH 10 

and returning again to pH = 3. The narrow hysteresis loops in these cases indicate that the 

proton exchange processes are relatively fast, and that pore diffusion does not play a 

significant role in the H+/OH- consumption [László 2004], and laso that the internal space in 
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the nanotubes is hardly accessible for the water. This finding is supported by the SAXS 

observations of M3 immersed in excess water, as mentioned earlier. 

 

 
Figure 21. Potentiometric curves of (a) M3 (), M3-COOH () and (b) M3-SL (),  

M3-COOHSL ().The arrows show the pH of immersion. 

 

 Introduction of the carboxylic groups not only shifts the point of zero net proton 

surface excess (pHPZNPSE) from 6.1 to as low as 3.8, but increases the base consumption 

almost linearly with pH due to reaction with -COOH groups. The potentiometric curves of the 

two nanotubes cross each other at pH  3.2. Below this point the proton excess of M3-COOH 

exceeds the M3 curve, but the difference between the two titration curves is not significant. 

The divergence, however, becomes more striking at higher pH values.  

The purification produced a very large impact on the curves (Figure 21b). The acid 

treatment – as expected – removed the accessible metal traces, reducing significantly the 

metal contamination (ICP-OES data). The fulvic acid remaining from the oxidative 

purification before commercialisation may result in fulvic acid-like compounds. At high pH 

both the CNT and the fulvic acid are deprotonated and can be separated by electrostatic 

repulsion. Both the pH of immersion and the point of zero net proton surface excess shift to 

lower values in the case of M3SL while the surface charge of the purified M3COOH-SL  

always remains negative in the whole range of the investigation (pH 3-11).  

The electrophoretic mobility measurements gave -2.22  0.10·10-8 m2/Vs and  

-2.54  0.22·10-8 m2/Vs for M3 and M3-COOH, respectively. Similar values were reported 

recently on multiwalled CNTs by Smith et al., who also found that introduction of O-

functionalities slightly reduces  around pH = 6 [Smith 2009]. 
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The acid purification has the side-effect that Cl atoms can incorporate into the matrix, 

as was found by temperature programmed desorption-mass spectrometry (these results are in 

evaluation). 
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6.3.2 Interaction of phenol and dopamine with as received commercial, non-purified 

MWCNTs  
[Tóth 2009, Tóth 2011, Podkoscielny 2013] 

 

It was shown in the previous section that M3 and M3-COOH are sensitive to pH, as 

well as the two aromatic probe molecules, which are weak electrolytes.  

 

6.3.2.1 Phenol 
 

The pH values of the phenol solutions, measured before adding the nanotubes (pHinitial) 

and in the equilibrium state after removing the nanotubes (pHequilibrium), are listed in Table 13. 

To avoid simultaneous evaporation of the phenol, CO2 was not purged out of aqueous 

solution. The shift of pHinitial is due to the phenol addition, while pHequilibrium is set by the 

reduced phenol concentration, by the H3O+/OH- exchange on the surface, and also by the 

dissolution of the fulvic acid contamination, particularly in the basic domain. 

 

Table 13. pH of the initial and equilibrium model pollutant solutions 

 
Phenol Dopamine 

pHinitial pHequilibrium pHinitial pHequilibrium 

M
3 

not set 5.2 6.7 5.3 4.7 

pH 3 2.9 3.0 4.1 4.0 

pH 11 10.5 8.1 - - 

M
3-

C
O

O
H

 not set 5.2 4.6 5.3 3.9 

pH 3 2.9 3.1 4.1 3.9 

pH 11 10.5 7.8 - - 

 

The phenol adsorption isotherms (Figure 22) are of Type L in the Giles classification 

[Rouquerol 1999]. The linearized Langmuir model was used to fit the experimental 

adsorption isotherms (eq. 3) and parameters are listed in Table 14. 
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a        b 

Figure 22. Phenol adsorption isotherms on a) M3 b) M3COOH at different pH values (293 K) 

measured data:  not set,  pH 3, pH 11  

lines are drawn with the fitting parameters from the non-linear Langmuir fit 

 

Table 14. Parameters derived from the Langmuir model for phenol adsorption* 

 

pH 
nm 

mmol/g 

Parameters from nm** 
K 

l/mmol 
G 

kJ/mol nominal equilibrium Sphenol 
m2/g 

phenol 
% 

aav 
nm2/molecule 

,m Sn  

μmol/m2 

M
3 

not set 6.7 0.106 ± 
0.003 19 11 2.67 0.621 5.34 ± 

0.37 -4.1 

pH 3 3.0 0.124 ± 
0.011 22 12 2.45 0.678 7.16 ± 2.0 -4.8 

pH 11 8.1 0.123 ± 
0.014 22 12 2.45 0.678 5.30 ± 

0.34 -3.8 

M
3-

C
O

O
H

 not set 4.6 0.091 ± 
0.006 16 9 3.35 0.495 6.48 ± 1.5 -4.6 

pH 3 3.1 0.110 ± 
0.006 20 11 2.74 0.604 8.43 ± 2.1 -5.3 

pH 11 7.8 0.072 ± 
0.008 15 8 4.32 0.383 4.12 ± 1.0 -3.5 

*coefficient of determination R2 varies in the range 0.93-0.99, ** Sphenol is calculated from eq. 
4., phenol from eq.4., aav from eq. 6., ,m Sn  from eq.7. aphenol=0.30 nm2/molecule [Chen 2007],  

 

Owing to the different adsorption sites (defects or functional groups, high energy sites) 

and the complex adsorption mechanism of phenol [Pan 2008, Wang 2010b, Coughlin 1968], 

models based on Polányi theory (e.g., Dubinin-Astakov, Polányi-Manes) are preferred [Yang 
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2010a]. The applicability of these models in our case is restricted only to the non-buffered 

systems as the pH dependence of the solubility of phenol and dopamine are not available. 

Although the overparameterization of these fits often provide good isotherm fitting [Sander 

2005, Yang 2006] in our case the Langmuir model gave better determination coefficients  

(R2 > 0.93). The fitted parameters display a less pronounced pH dependence than on porous 

carbon. Both the nanotube surface and the phenol participate in protonation/deprotonation 

processes. Like nanoporous activated carbons, CNTs can attract pollutant molecules via 

hydrophobic interactions, - bonds, electrostatic interactions, hydrogen and covalent bonds. 

It is proposed that various mechanisms act simultaneously [Pan 2008, Wang 2010c, Radovic 

2001]. At pH  3 all the species are protonated, i.e., they are neutral, and the dispersive - 

interaction dominates. For both nanotubes the adsorption of phenol is maximum at this pH: 

the interaction is strongest and the adsorption capacity is high. With increasing pH the 

interaction weakens and the capacity slightly decreases. At nominal pH = 11 the electrostatic 

repulsion arrests sorption. This tendency is more marked for M3-COOH, which is more 

sensitive to pH owing to the acidic functional groups. Repulsion is greatest in this case, 

resulting in reduced surface coverage.  

 The surface coverage can be compared in two ways. The surface coverage of both 

CNTs is significantly lower than for microporous carbons [László 2005, Tóth 2009]. 

Furthermore, the BET model may overestimate the surface area in narrow slits. The interstitial 

space is of limited access for phenol and aggregation further limits the availability of the 

adsorption sites [Ren 2011]. Phenol, water, and the ions present in the solution (Na+, Cl-, 

H3O+, OH-), as well as the contaminants introduced into the system by the nanotube, all 

compete for the surface sites. In addition to the catalyst, unpurified oxidized nanotubes 

intrinsically contain large polyaromatic compounds known as fulvic acids, the release of 

which is also pH dependent [Wang 2009]. Unless they are removed by chromatographic 

separation these UV active molecules may corrupt the concentration measurements. In our 

systems the error can be as high as 0.01-0.04 mM, depending on the pH. The outcome of this 

competition shows that the phenol molecules occupy an area that is an order of magnitude 

smaller than the nominal area available to them. The larger aav values obtained for M3-COOH 

may stem from the pore blocking effects of the oxygen functionalities located at the open ends 

or at imperfect walls, through increasing affinity to water [Terzyk 2009]. The surface 

concentrations in all conditions are smaller for M3-COOH, demonstrating that the otherwise 

dominant dispersive and hydrophobic interactions are disturbed by the electron withdrawing 

effect of the functional groups.   



 

57 
 

The values of ∆G in Tables 11 are close to -4.37 and -4.05 kJ/mol, respectively, 

reported by Sheng et al. for the adsorption of ionisable aromatic compounds on CNTs [Sheng 

2010]. It was found recently that the adsorption energy may be influenced by the tube 

curvature: smaller tube curvature resulted in higher adsorption energy [Pacholczyk 2011].  

 

6.3.2.2. Dopamine  
 

Since dopamine undergoes self-polymerisation at basic pH [Postma 2009], 

measurements at pH = 11 were not performed. The pH of the initial and final dopamine 

solutions are given in Table 13. 

The drop in pH is further accentuated by the introduction of HCl with the dopamine.  
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a         b 

Figure 23. Dopamine adsorption isotherms on a) M3 b) M3-COOH at different pH 

 not set,  pH 3, lines are from the non-linear Langmuir fit 
 

Compared to phenol, the adsorption properties of dopamine are more strongly 

influenced by the pH of the solution (Table 15, Figure 23). The values of K are much higher 

at pH 3 than in the not set conditions, while the saturation uptake exhibits a pH dependence 

only with M3-COOH. The dopamine and phenol uptakes on M3 are similar, while M3COOH 

adsorbs much more dopamine, particularly when the pH is not set. While M3-COOH (which 

is already deprotonated above its pHPZNPSE (pH  3.8)) exhibits a negative surface charge, the 

dopamine is positively charged due to the protonated amine group. The electrostatic 

interaction is reflected in the high values of K. Unlike phenol, the K and nm sequences are 

opposite: Knot set < KpH3, nm,pH3 < nm,not set, and there is a greater difference between the 

parameters nm and K in the case of dopamine adsorption on M3-COOH. Dopamine adsorbs 
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more strongly from pH 3 solution, especially on M3, and its adsorption is preferred to  

M3-COOH in unbuffered conditions. Higher values of K yield Gibbs energies that are larger 

than with phenol (Tables 14-15). Dopamine adsorption is more sensitive than phenol to the 

surface chemistry of the CNT. 
 

Table 15. Parameters derived from the Langmuir model for dopamine adsorption* 

 
pH 

nm 
mmol/g 

Parameters from nm** 
K 

l/mmol 
G 

(kJ/mol) nominal equilibrium Sdop 
m2/g 

dop 
% 

aav 
nm2/molecule 

nm,S 
mol/m2 

M
3 

not set 4.7 0.142 ± 0.003 39.6 22 2.09 0.79 15.7 ± 1.9 -6.82 

pH 3 4.0 0.126 ± 0.006 36.8 21 2.26 0.73 25.0 ± 3.9 -7.97 

M
3C

O
O

H
 

not set 4.0 0.209 ± 0.011 59.4 32 1.45 1.15 6.0 ± 0.76 -4.44 

pH 3 3.8 0.163 ± 0.006 45.3 25 1.89 0.87 34.2 ± 6.5 -8.62 

* coefficient of determination R2 varies in the range 0.94-0.98; ** Sdop is calculated from 
eq. 4., dop from eq.5., aav from eq. 6., ,m Sn  from eq.7, from molecular structure calculations, 
adopamine=0.47 nm2/molecule 

 
The area available for a dopamine molecule (Table 15) is smaller than that for phenol 

(Table 14). Surface coverage is therefore higher for dopamine, especially if we consider its 

larger cross sectional area ( is 21-33% with dopamine and 8-12% with phenol), in spite of 

the competition already mentioned. Implicitly the low coverage means that in spite of its 

hydrophobic character the surface of the CNT is covered mainly by water. The increased 

adsorption can be explained by the presence of the amino group and the higher number of 

substituents in dopamine, as well as by the carboxylic groups that decorate the nanotubes 

[Liao 2008, Lin 2008, Yang 2010a, Sheng 2010]. Interaction between the -NH2 groups and 

the catalyst traces has a low probability owing to limited access to the inner borehole of the 

tubes.  
The occupied surface area is practically independent of the free energy when phenol or 

dopamine adsorbs on the pristine nanotube at any pH, and the calculated areas for the two 

molecules are also very similar (Figure 24). While higher free energy is correlated with higher 

available surface area for dopamine, an opposite and more pronounced trend is found for 

phenol on M3-COOH. This may be the indication of different sorption mechanisms.  
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Figure 24. Relationship between the calculated surface area available for a pollutant molecule 

and the Gibbs free energy; 

Phenol, M3,  Phenol, M3-COOH,  Dopamine, M3,  Dopamine, M3-COOH. The 

error bars are estimated from the Langmuir plot. 
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6.3.3. Adsorption of phenol and 3-chlorophenol on purified, commercial carbon 

nanotubes  
[Tóth 2012c] 

 
Due to their high sirface area carbon nanotubes could be a future adsorbent. For the 

same reason once in the environment they can change the transportation routes of the 

pollutants. CNTs were purified to investigate the effect of impurities on their surface. Phenol 

and 3-chlorophenol was chosen, because these pollutants are often present in wastewater.  

 
6.3.3.1. Single solute isotherms 
 

The Langmuir model again yielded an acceptable fit with meaningful parameters 

(Figure 25, Table 16).  
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Figure 25 Phenol (a) and 3-chlorophenol (b) on M3SL () and M3-COOHSL () at 293K, 

lines are from non-linear Langmuir fit 

 

On comparing the fitting parameters for phenol in Tables 14-16, it can be concluded 

that purification significantly enhances the surface coverage for both nanotubes, while the K 

interaction parameters reflect a weaker interaction in both cases. The explanantion is twofold: 

1) the removal of metal increases the carbon content of the sample, but reduces the number of 

higher energy surface sites; 2) the removal of the fulvic acid creates new active sites but of 

lower interaction energy.  

The adsorption capacity of 3-chlorophenol exceeds that of phenol on both CNTs, 

which may be explained by the difference in solubility of the two pollutant molecules  

(Table 3). The initial slopes of the curves are always steeper for 3-chlorophenol as is also 

reflected in the corresponding K values. Comparison of the surface area related nm values 
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reveals that the surface coverage by phenol is very similar on the two carbon nanotubes, 19% 

and 20%, respectively, i.e., the surface layer also contains a significant amount of the 

background solution. The adsorption capacities of 3-chlorophenol on M3SL and M3-

COOHSL are also very similar: the surface coverage of M3SL and M3-COOHSL by 3-

chlorophenol is 82 % and 72 %, respectively: this nanotube is significantly more densely 

populated than the non-oxidized one. The influence of the surface functionalization is more 

pronounced in the case of the K parameter (Table 16): there is a factor of almost 2 between 

the corresponding K values of the two nanotubes. 3-chlorophenol interacts more weakly with 

the M3-COOHSL surface, as the electrostatic interaction of the background electrolyte with 

the negatively charged M3-COOHSL disturbs the interaction with the aromatic compounds. 

Wisniewski et al. found that the increasing surface oxygen content significantly reduces the 

adsorption enthalpy of phenol [Wisniewski 2012]. These authors also propose that the phenol 

directly lying on the CNT surface is close to the solid state condition, and on increasing the 

oxygen content it progressively approaches a state similar to supercooled liquid. 

 
Table 16. Langmuir parameters of the single-solute isotherms* 

 

M3SL M3-COOHSL 

nm K R2 aav nm K R2 aav 

mmol
g
 

2

μmol
m

 

L
mmol

 
 

2nm
molecule

 

mmol
g
 

2

μmol
m

 

L
mmol

 
 

2nm
molecule

 

ph
en

ol
 

0.13 
±0.01 

0.78 
±0.06 

2.7 
±0.3 0.9804 2.14 0.15 

±0.01 
0.80 

±0.05 
1.4 

±0.2 0.8848 1.67 

3-
ch

lo
ro

ph
en

ol
 

0.38 
±0.02 

2.28 
±0.12 

3.7 
±0.6 0.9487 0.73 0.37 

±0.02 
1.98 

±0.10 
2.0 

±0.3 0.9554 0.84 

*nm and K are the monolayer capacity and the “adsorption coefficient” from the Langmuir 
model, respectively; R2 is the square of the regression; aav is from eq. 6  

 

6.3.3.2 Competitive isotherms 
 

The competitive adsorption isotherms of phenol and 3-chlorophenol from their two-

solute solutions were measured at two total concentration values that correspond to the initial 
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section and the saturation range of the single solute isotherms. The na equilibrium uptakes of 

both pollutants (individual isotherm) were plotted as a function of xi defined by Eq. 2 (Figures 

26-27).  

        
a      b 

Figure 26. Adsorption of phenol (P) () and 3-chlorophenol (CP) () from 0.1 M aqueous 

NaCl solution on M3SL (a) and M3-COOHSL (b) at 293 K. ctotal,0 = 0.417 mM. The 

continuous (blue, green) lines are guides for the eye. The (black) dot-dashed line is the 

algebraic sum of the measured data. The continuous thin (red) lines are the individual 

isotherms of phenol and 3-chlorophenol calculated from Eq. 8. The dotted (red) line is their 

total. 

        
a      b 

Figure 27. Adsorption of phenol (P) () and 3-chlorophenol (CP) () from 0.1 M aqueous 

NaCl solution on M3SL (a) and M3-COOHSL (b). ctotal,0= 1.25 mM. The continuous (blue, 

green) lines are guides for the eye. The (black) dot-dashed line is the algebraic sum of the 

measured data. The continuous thin (red) lines are the individual isotherms of phenol and  

3-chlorophenol calculated from Eq. 8. The dotted (red) line is their total. 
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The L shape of the experimental isotherms of phenol in all four cases indicates that the 

interaction is weak, independently of the surface chemistry of the nanotube [Rouquerol 

1999]. The 3-chlorophenol always has a convex initial section in both MWCNTs, a sign of a 

stronger interaction. On M3SL, however, the shape of the 3-chlorophenol isotherm changes 

with ctotal,0. At the higher ctotal,0 the 3-chlorophenol isotherm, after a saturation interval, 

exhibits a very steep increase as xCP→1 (Figure 27a). The uptake of the more strongly 

adsorbing 3-chlorophenol has a more pronounced effect on the shape of the total adsorption.  

Single solute Langmuir parameters were used to calculate the isotherms according to 

the competitive Langmuir model (CLM) (eq.8). The respective calculated curves are also 

shown in Figures 25-26. Comparison of the corresponding measured and calculated curves 

shows that CLM overestimates the real adsorption of phenol in all the cases studied. 

Similarly, the real adsorption of 3-chlorophenol is underestimated on the oxidized nanotube at 

both total concentrations (Figure 26b and 27b). On M3SL, however, the relation between the 

measured and modelled 3-chlorophenol uptake depends on ctotal,0. At the lower ctotal,0  the 

measured 3-chlorophenol uptake is higher than expected from CLM when xCP<0.6, while at 

higher relative concentrations the real and expected values are practically identical (Figure 

26a). At the higher ctotal, 0 = 1.25 mM, i.e., on the plateau of the single solute isotherm, at 

xCP<0.4 the real 3-chlorophenol adsorption exceeds the calculated value, but at higher xCP the 

real uptake is overestimated (Figure 27a). The sigmoidal shape of the individual  

3-chlorophenol isotherm at ctotal, 0 = 1.25 mM indicates that a low concentration of phenol 

already limits the adsorption of 3-chlorophenol on this CNT. 

 As a consequence of these observations the total adsorption on the oxidised CNT is 

underestimated by the CLM at both total concentrations. In the case of M3SL over- and 

underestimation may occur equally, depending on the total concentration of the pollutant and 

their relative concentration. 

The relationship between the xi values in the solution and in the interface (eq.2 and 

eq.9) (Figures 28-29) shows that 3-chlorophenol is the preferentially adsorbed pollutant on 

both nanotubes except in a very narrow relative concentration window. The cross-over occurs 

at xP  0.95, i.e., 3-chlorophenol adsorbs preferentially when its relative concentration exceeds 

0.05 = xCP, independently of the absolute and relative composition of the free liquid phase and 

the surface properties of the MWCNT.  
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Figure 28. Composition of the interface as a function of relative composition of the bulk 

liquid phase, ctotal, 0=0.417 mM, a) M3SL, b) M3-COOHSL;  phenol (P), 3-chlorophenol 

(CP) Dotted and solid lines are guide for the eye 

Figure 29. Composition of the interface as a function of relative composition of the bulk 

liquid phase, ctotal, 0=1.25 mM, a) M3SL, b) M3-COOHSL;  phenol (P), 3-chlorophenol 

(CP). Dotted and solid lines are guide for the eye. 

 

For the interpretation of these observations the interactions of the following 

components must be considered: the surface of the nanotubes, the aromatic probe molecules, 

the ions from NaCl and the water. The pH drops from its initial value 5.8-6.4 to 5.3-6.2 and 

from 5.8-6.5 to 4.0-4.5 in the aqueous phases separated from M3SL and M3-COOHSL, 

respectively. Under these conditions the surface of the M3SL is still close to neutral, while 
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according to Figure 21b, M3-COOHSL is deprotonated. Both phenols are practically in the 

protonated, i.e., neutral state. Thus, the most typical interaction between these aromatic 

species and the CNTs is the π-π interaction between the delocalised electrons [Yang 2008a, 

Ren 2011]. This interaction is enhanced by the chlorine substituent due to its high 

electronegativity, as is also indicated by the higher K values of the 3-chlorophenol isotherms. 

Recent molecular model calculations on AC and dilute aqueous phenol solution indicate that 

the phenol interaction with the surface groups is negligible due to the strong competition with 

the water [Efremenko 2006]. Our experimental data on CNTs also show that the COOH 

groups in this concentration do not influence the phenol uptake. The effect of the salt on the 

adsorption of carbon nanoparticles is a complex matter [Ji 2009, Whitby 2012]. As we are 

very close to the point of zero charge of the M3SL nanotube, the effect of the NaCl can be 

neglected here. On the more negative M3-COOHSL surface however, the electrostatic 

screening of the Na+ and Cl- ions may reduce the strength of the π-π interaction between the 

CNT surface and the aromatic molecule and reduce the K value in comparison to that in 

M3SL.   

The surface coverage by the aromatic molecules can be characterised by the average 

surface area available for a single molecule aav (Eq. 6.). Figure 30 shows these values as a 

function of the relative concentration in the equilibrium free liquid phase.  
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Figure 30. Average surface available (aav) for 1 molecule at ctotal, 0= 0.417 mM () and  

ctotal, 0= 1.25 mM (+), a) M3SL, b) M3-COOHSL. The two lines indicate the aav values of 

phenol (P) and 3-chlorophenol (CP) from the single-solute isotherms on the two nanotubes. 
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The population of the surface by the two phenols is a function of the relative 

composition of the equilibrium liquid phase and the total concentration of the initial solutions. 

When both aromatic molecules are present at the interface (xCP < 0.95), the adsorbed layer is 

less ordered, the surface is less populated: the surface area available for a molecule is larger. 

The ‘perturbing’ effect of phenol is more significant at the lower total concentration. The 

functionalised nanotube is more sensitive to relative composition, which may be explained by 

the higher surface charge, and which also may attract the ions of the background salt, thereby 

disturbing the π-π interaction and increasing the disorder of the adsorbed layer.  
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7. Summary 

Three different probe gases were used in my work: i) low temperature N2 adsorption, 

widely used for the characterisation of porous materials, ii) n-propane as a nonpolar and iii) 

water as a polar probe molecule. The adsorption isotherm was measured at 77K, 273 K and 

293 K, respectively. Due to the higher temperature of the measurement, pores not accessible 

for N2 because of kinetic restriction may be accessible to n-propane. On the other hand the 

comparison of the adsorption of the nonpolar n-propane and water measured at similar 

temperature provides information on the hydrophilic/hydrophobic character of the surface.  

Nitrogen and n-propane adsorb on different locations. While nitrogen adsorbs both on 

the surface of the CNTs and in the larger pores formed by the aggregates,  

n-propane adsorbs mainly in narrow pores. Although the volume of the available micropores 

is low, their contribution to the surface area is significant. Water vapour and n-propane 

adsorption measurements proved that the pristine CNT is hydrophobic, as was expected. 

Incorporation of O (2.1 at%) and N (1.2 at% O and 0.6 at% N) only slightly increased the 

adsorption capacity of nitrogen and n-propane. After both chemical modifications the 

character of the surface remained hydrophobic, but the water vapour adsorption capacity  

improved significantly. The measured water uptakes proved to be proportional to the surface 

concentration of the heteroatoms. Although it is claimed that N heteroatoms notably enhance 

the adsorption performance of high surface area porous carbons even at low concentration, in 

case of the N-CNT sample no such enhancement was observed. 

It can be concluded that the comparative analysis of the adsorption isotherms from 

various gases offers a novel means of obtaining deeper and more complex information about 

the morphology and the surface character of CNTs. 

The H2O2 decomposition of the pristine (3.6 at% O) and O-containing (4.5%) carbon 

nanotubes (P-CNT-2 and O-CNT-2) was investigated in aqueous phase. Both carbon 

nanotubes exhibited limited catalytic activity, but with very different activation energies:  

58.3 ± 4.4 kJ/mol for the pristine and 27.4 ± 3.2 kJ/mol for the oxidized one. The catalytic 

activity of CNTs changes during the reaction, i.e., they are not passive catalysts. As the H2O2 

decomposition reaction proceeded the catalytic activity of the pristine P-CNT-2 continuously 

increased, while it was practically constant in the O-CNT-2 sample. XPS analysis revealed 

that the increasing O-content of the P-CNT-2 surface is responsible for the improved catalytic 

performance. 

It was found that the applied purification methods do not affect the nitrogen adsorption 

properties of CNTs. Unlike in gas adsorption the applied mild purification process has a large 
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impact on the behaviour of the CNTs in aqueous phase. In the case of the non-modified CNT 

(M3SL) both the pH of immersion and the point of zero net proton surface excess shift to 

lower (more acidic) values while the surface charge of the purified carboxyl-containing CNT 

(M3COOH-SL) remains negative in the whole pH range of the investigation (pH 3-11).  

The introduction of carboxylic groups not only increases the compatibility of the 

CNTs in hydrophilic media, thus amplifying the persistency of their aqueous suspensions but 

possibly leading to pH dependent electrostatic interactions with acid/base type pollutants. The 

adsorption of phenol and dopamine from aqueous NaCl solutions was investigated on non-

oxidized and oxidized MWCNTs (M3, M3-COOH). The surface coverage (8 - 12% and  

21-33% for phenol and dopamine, respectively) is substantially below the performance of 

porous carbons, but the Gibbs free energy values show that the adsorption interaction is 

stronger, and it is further enhanced with the surface modification. The higher interaction 

parameter at pH 3 in the case of dopamine indicates the role of the amine group in the 

sorption interaction. Implicitly the low coverage means that in spite of its hydrophobic 

character the surface of the CNT is mainly covered with water. 

The adsorption capacity of 3-cholorophenol from aqueous solution on purified carbon 

nanotubes (M3SL and M3COOHSL) also exceeds that of phenol. Surface coverages are 19 - 

20% for phenol and 72 - 82% for 3-chlorophenol. The saturation uptake of 3-chlorophenol on 

the pristine CNT is higher than on M3COOH-SL. The adsorption of 3-chlorophenol is more 

sensitive to the concentration of the solution and the surface chemistry of the CNTs. Most 

probably it is due to its lower solubility in water. Based on the Langmuir fit of the individual 

adsorption isotherms the expected co-adsorption capacity of phenol and 3-chlorophenol was 

calculated as a function of their relative concentration. On the M3SL nanotube the measured 

total adsorption (phenol + 3-chlorophenol) deviated from the calculated uptake either in a 

positive or a negative direction depending on the relative concentration of phenol, i.e., in 

some cases the effect of purification is underestimated. On the oxidized nanotubes the co-

adsorption always resulted in a total uptake much higher than that calculated from the single 

solute behaviour of the two aromatic molecules. Although the Langmuir model gives a good 

fit to the single component isotherms, the parameters obtained fail to describe the co-

adsorption of the investigated phenol and 3-chlorophenol systems. In all measured cases the 

adsorption of 3-chlorophenol is preferential. In the interfacial layer, phenol becomes dominant 

only when its relative concentration xP  0.95. 

.  



 

69 
 

8. New scientific results 

1. In the investigated systems the inner bores of the nanotubes are only partially 

accessible for even the small gas molecules. Functionalization in the concentration range 

investigated does not change the basically hydrophobic character of the CNT surface, but 

enhances the water vapour adsorption capacity. The measured uptakes proved to be 

proportional to the concentration of the surface heteroatoms. Although the N heteroatoms 

notably enhance the adsorption performance of high surface area porous carbon materials, 

such enhancement was not observed in case of CNTs studied. The comparative analysis of the 

adsorption isotherms from various gases offers a novel means of obtaining deeper and more 

complex information about the morphology and the surface character of the MWCNTs. [Tóth 

2012a, Tóth 2012b] 

2. Depending on their surface chemistry and the pH of the solution, the carbon 

nanotubes slightly catalyse the decomposition of hydrogen peroxide. The activation energy of 

the overall reaction with pristine CNT is approximately twice as high as with the oxidised one 

(~50 kJ/mol and ~27 kJ/mol, respectively). During the reaction the surface of the multiwalled 

nanotube becomes oxidized, resulting in enhanced catalytic activity. [Tóth 2013] 

3. The carbon nanotubes, owing to their large surface area and their electron structure, 

are able to adsorb aromatic molecules from water. Their adsorption efficiency, however, is 

lower than that of commercial activated carbons. The interaction, which is further enhanced 

by the oxidative surface treatment, is much stronger than in case of activated carbons. In the 

sorption processes not only the properties of the investigated aromatic probe molecules but 

also the acid/base character of the surface plays a role. The low coverage means that, in spite 

of its hydrophobic character, the surface of the CNT is mainly covered with water, which 

forms clusters. [Tóth 2009, Tóth 2011, Podkoscielny 2013] 

4. The acid-base purification increases the phenol adsorption, but the strength of the 

interaction weakens. The surface coverage by the substituted phenols used (dopamine, 3-

chlorophenol) was in all cases significantly larger than that by phenol, and their behaviour 

was more sensitive to the surface chemistry of MWCNTs. In the case of dopamine this can be 

explained by the presence of the amino groups, while in the case of 3-chlorophenol it is due to 

its lower water solubility. [Tóth 2011, Tóth 2012c] 

5. From the bisolute phenol – 3-chlorophenol solutions 3-chlorophenol is the 

preferentially adsorbing component in all the measured cases. In the interfacial layer, phenol 

becomes dominant only when its relative molar ratio (compared to 3-chlorophenol) exceeds 

0.95. Although the Langmuir model gives a good fit to the single component isotherms, the 
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parameters obtained fail to describe the co-adsorption quantitatively in the mixed  

phenol – 3-chlorophenol systems. [Tóth 2012 c]. 
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5.1. INTRODUCTION

The versatility of activated carbons makes them the most frequently employed
adsorbents. Since ancient times the high affinity of carbon for a wide diversity
of chemical species has established it as a multipurpose adsorbent in both gas
and liquid, most often aqueous, phases. In the former of these two modes, they
are used extensively not only in daily life as domestic or office air filters but
also on an industrial scale for gas purification. Being general adsorbents they
are the prime choice for dealing with industrial accidents or terrorist attacks.
Under real operating conditions, water molecules from the surrounding
atmosphere tend to infiltrate and preempt adsorption sites reserved for other
target molecules or to influence the kinetics of the adsorption, thereby
compromising the role of the carbon. By contrast, in aqueous-phase

Novel Carbon Adsorbents. DOI: 10.1016/B978-0-08-097744-7.00005-3

Copyright � 2012 Elsevier Ltd. All rights reserved. 147

Novel Carbon Adsorbents, First Edition, 2012, 147–171

Author's personal copy

http://dx.doi.org/http://dx.doi.org/10.1016/B978-0-08-097744-7.00005-3


applications the wettability of carbon by water is of decisive interest on account
of its excellent transport properties.

Porous carbons exist in different forms (activated carbon, activated carbon
fibers, carbon aerogels, monoliths, etc.), but their surface properties can be
defined ultimately as a system of more or less organized hydrophobic pore
walls of different shapes, diameter, and connectivities, decorated to a greater or
lesser degree with heteroatoms at their edges or within the wall.

The outstanding sorption performance of active carbons stems from
a unique combination of geometrical and chemical characteristics. Carbon
adsorbents with tailor-made surface area and pore hierarchy are commercially
available, e.g. [1].

Porous carbon, by virtue of its high surface area and complex porosity, is
considered as a general adsorbent, as the interaction of carbon surfaceswithmost
organic molecules is dominated by dispersion forces, i.e., it is nonspecific. The
sorption performance, however, is strongly influenced by the chemical nature of
themolecules to be adsorbed. From small-angleX-ray scattering (SAXS) a pore-
filling factor p can, for example, be deduced, such that p¼ 0 when the pores are
empty and p¼ 1 when they are full. In this expression, q defines the spatial
resolution of the experiment, and the corresponding distance scale is w¼ 2p/q.
Figures 5.1a and b demonstrate how the spatial distribution of the interacting
fluid depends on both the polarity and the surface chemistry of the porous carbon
samples (Table 5.1). In the micro- and mesoporous range, for water vapor at
relative pressure P/P0¼ 0.5 (P is the actual pressure and P0 is the saturation
pressure at the temperature of the observation), the value of p(q)z 0.9 in the
oxidized carbon (APETB), but is below 0.6 in the other two samples, while
hexane vapor adsorbs strongly in all samples [2]. For n-hexane vapor, the
dispersion interaction ensures complete filling of the narrow pores, while larger
pores are unpopulated. Thevalue of transferwavevectorq atwhich p(q) vanishes
for n-hexane coincides with the critical size of this molecule. For water vapor at
P/P0¼ 0.5, cluster formation and the degree of filling were found to depend on
the extent of oxidation. In the highly oxidized sample, a cooperative mechanism
enhances the filling of even larger pores [3].While the pores corresponding to the
applied relative pressure are completely filled by n-hexane at P/P0¼ 0.4, water
only partially fills the pores, even in the most oxidized carbon.

The most outstanding, and also the most practically relevant, molecule from
the point of view of adsorption is water. The interaction of carbon materials with
water is a two-sided phenomenon. Hydrophilicity is disadvantageous when
water competes with the adsorptive that is to be removed, but it is desirable in
several situations, e.g., in electrochemical applications. The state-of-the-art
knowledge on water vapor adsorption on porous carbons was also overviewed in
two excellent comprehensive publications in the last decade [5,6].

In addition to sorption-related applications, surface hydrophobicity is
a genuine challenge when carbon materials such as fibers or nanotubes are
embedded in a polymer matrix. Applications of such carbon materials are
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FIGURE 5.1 Comparison of the pore-filling factor p(q) of equilibrated (a) water vapor

(P/P0¼ 0.5) and (b) n-hexane vapor (P/P0¼ 0.4) in ash-free microporous carbons D: APETW,

,: APETA, B: APETB (Table 5.1). In the formalism of scattering, q is the spatial resolution of

the measurement (q¼ (4p/l)sin(q/2), with l the wavelength of the X-rays and q the scattering

angle). Upper scale represents the nominal equivalent distance w¼ 2p/q. In the figures only 20%

of the data are plotted. (From [2])
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limited by their poor compatibility with certain liquids, polymers, etc., espe-
cially with polar compounds. The interaction between hydrophobic carbon
materials and either hydrophobic or hydrophilic media is weak, as only long-
range secondary interactions may occur. These interaction forces are easily
overcome, thus restricting the applicability of such carbons in composite
materials. While this problem appears to be solved for carbon fibers, full
exploitation of the outstanding mechanical potential of multiwall carbon
nanotubes (MWCNTs) (e.g., high modulus and high tensile strength coupled
with low weight) is still limited by their poor dispersibility and wettability. As
these materials have become available in high-quality form and on an ‘indus-
trial’ scale, it is now a pressing problem for carbon scientists to render these
materials hydrophilic without loss of their strength, which is greater than that of
stainless steel.

The spectacular rise of the nanocarbon industry carries with it the ecological
concern of the wettability of carbon nanoparticles. Although the as-produced
carbon nanoparticles such as carbon nanotubes (CNTs) have poor wettability
and dispersibility, functionalized (e.g., O- and N-doped) carbon nanoparticles
exhibit pH-dependent properties that influence their colloidal stability, which
ultimately determines their fate and bioavailability in the environment [7].

Modeling of the hydrophobic/hydrophilic behavior of carbon nanoparticles,
especially carbon nanotubes, has been widely employed. In spite of a sustained
experimental research effort in the field, however, the water vapor adsorption
behavior of CNTs remains poorly known. Their unique physical and chemical
features (size, shape, surface area, sorption capacity, catalytic activity, etc.)
guarantee that the comparison with porous carbons is not trivial. Even more
systematic experimental work is needed to make their adsorption behavior
understood. The large variety of impurities further complicates the picture.
Owing to both space limitations and the complexity of the hydrophobic and
hydrophilic properties of such carbon nanoparticles, particularly carbon
nanotubes, the adsorption of water vapor in these systems is not discussed here.

TABLE 5.1 Surface Characteristics of Polymer-based Ash-free

Microporous Carbons in Fig. 5.1

APETW APETA APETB

surface area*, m2/g SBET 1156 1114 304

SDR 1352 1293 337

Sx (air)
a 1930 1810 920

O/C % from XPS 6.4 9.9 26.6

* from BET and DR models and SAXS measurements [4], respectively.
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5.2. WATER ADSORPTION ISOTHERMS

In spite of their intrinsically hydrophobic character, nanoporous carbon
materials can adsorb a large amount of water. The limited affinity of water
toward untreated porous carbon surfaces, however, is clearly indicated by the
type V vapor adsorption isotherms of carbon surfaces [8]. At low relative
pressure uptake is negligible, and substantial sorption in untreated carbons
starts only at higher relative pressures, generally around 0.5. The carbon–
water interaction is particularly sensitive to structural changes in the
morphology of the adsorbent, since the sorption interaction is influenced both
by the pore structure and by the surface chemistry [6,9]. The position of the
upturn point is defined by the overall feature of the carbon surface (Fig. 5.2).
In practice, however, the distinction and the separation of these two factors
are very difficult. Simulation studies on a realistic carbon structure also
shows that the presence of water vapor dramatically affects the connectivity
of the pores [10].

Completely reversible water uptake isotherms are very rare. Water vapor
adsorption in hydrophobic nanopores exhibits a unique hysteresis that is not
explained by capillary condensation theory [12]. The raw material and the
conditions of the activation process, e.g., burn-off, temperature, choice of the
activating agent, etc., which determine three-dimensional factors such as pore
shape and pore connectivity, all influence the position, the extension, and the
width of the hysteresis loop. Low burn-off activated carbons, typically having
narrow (ultra)micropores, often yield a water adsorption isotherm with no
explicit hysteresis loop. By contrast, carbons with wider pores do exhibit

FIGURE 5.2 Water vapor adsorption isotherms on porous carbons of different origins. AC1:

polyacrylonitrile-based ultramicroporous carbon, AC2: peat-based carbon, AC3: coal-based acti-

vated carbon, AC4: furfurol-based carbon, AC5: mesoporous carbon from molybdenum carbide.

(Adapted from [11])
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hysteresis. The hysteresis indicates that during the adsorption or/and desorption
process the water is in metastable state. SAXS studies, aided by molecular
simulation, on practically hydrophobic activated carbon fibers showed that the
adsorbed water molecules assemble into different molecular structures during
adsorption and desorption [13]. The transformation between these various
structures is kinetically forbidden for micropore widths larger than about
1.1 nm. This kinetically forbidden transformation gives rise to metastable
structures during adsorption, and is believed to be responsible for the existence
of the hysteresis loop (Fig. 5.3) [14]. The low density (0.81–0.86 g cm�3) of the
water adsorbed in the hydrophobic carbon micropores suggests that its structure
is close to that of solid water [15]. The finding of Nakamura et al. that the width
of the hysteresis loop depends on the equilibration time is also consistent with
the metastability of the adsorption branch [16].

Adsorption isotherms can be measured in both static and dynamic condi-
tions. Nowadays, automatic instruments using either the gravimetric or volu-
metric principle are available on the market. The breakthrough technique,
traditionally employed in filter tests, can also be used. The isotherms are
generally measured at well-controlled ambient temperature in the range
293–303 K.
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FIGURE 5.3 Adsorption isotherms of H2O at 303 K for activated carbon fibers with average

pore width w¼ 0.7 (circles), 0.9 (triangles), 1.1 (squares), and 1.3 nm (diamonds), respectively.

Solid symbols: adsorption; open symbols: desorption. (Adapted with permission from Ref. [14].

Copyright 2011 American Chemical Society)
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Water vapor isotherms can also be obtained from wide-angle X-ray scat-
tering (WAXS) measurements, by comparing the amplitude of the signals from
the adsorbed water and from bulk water in the transfer momentum region
q> 1 Å�1. Such measurements, which detect the total amount of adsorbed
molecules, rather than their spatial distribution as in SAXS, have shown good
agreement with gravimetric isotherms on microporous polymer-based carbons
(Fig. 5.4).

The critical parameters of these measurements are the temperature of both
the sample preparation and the adsorption, and the equilibration time. The
sample preparation temperature must be optimized to remove all adsorbed
impurities (including water) but must conserve the surface chemistry and the
texture of the porous carbon. During the measurement the temperature must
also be carefully controlled to prevent ‘conventional’ condensation close to
P/P0¼ 1.

Owing to the generally weak interaction between the carbon surface and the
water molecules, the adsorption of water, particularly at low relative water
pressure, may be extremely slow. Ultramicroporosity can delay intrusion of the
water molecules into the narrowest pores [18]. Adsorbed water molecules
anchored to functional groups near the entrance of the pores may also limit
access to narrow pores.

FIGURE 5.4 Comparison of the measurements of the total adsorbed water in a microporous

carbon measured by WAXS (open symbols) and by gravimetry (continuous line). The equilibration

took 8 weeks. (From [17])
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The generally accepted mechanism of water adsorption was first proposed
by Dubinin and Serpinsky [19]. It involves the following steps: (1) adsorption
of water on surface functional groups, (2) adsorption of water around previ-
ously adsorbed water molecules and subsequent cluster formation, (3) pore
filling occurs at a relative pressure of about P/P0¼ 0.5, and (4) a plateau is
reached at high pressure when all pores are filled. Dubinin also found that that
the formation of a water monolayer on carbon black is complete only at values
of P/P0 as high as 0.6 [20].

Polar surface groups act as primary active centers, which interact with
water molecules by hydrogen bonding. When surface oxygen is present, at
low relative pressures and submonolayer surface coverages, water adsorption
is significantly influenced by specific interactions [21,22]. Where two or
more sites are positioned at a separation suitable for both water–site and
water–water bonding, the formation of water clusters is facilitated by
cooperative adsorption [3, 6, 23]. Secondary adsorption then occurs at the
primary adsorbed water molecules and a structured adsorbed layer forms at
the adsorbent surface. The total adsorption is then the sum of adsorption at
all available sites, both primary and secondary. The initial stages of
water adsorption are thus analogous to nucleation. The precise shape of
the resulting isotherm depends on the surface concentration of primary sites,
which also controls the value of the limiting water adsorption, and,
together with the distribution of these sites, the density of the adsorbed water
[24,25].

High-sensitivity calorimetric measurements of the differential heat of
adsorption (DHads) on high surface area porous carbons have confirmed that
water adsorbs via three mechanisms: i) chemical adsorption, DHads> 50 kJ/
mol, ii) condensation, DHadsz 42 kJ/mol, and iii) physical adsorption,
DHads< 42 kJ/mol. The absolute and relative amounts of water adsorption
associated with each mechanism are a function of surface chemistry [26].

Several semiempirical isotherm equations have been developed with fitting
parameters that predict the concentration of primary active sites, the molecular
size of water clusters, and the water adsorption capacity on the surface func-
tional groups as well as in the micropores, and that can also estimate equilib-
rium rate constants [27–32]. Originally, each of these models was applied to
a specific kind of carbon adsorbent.

One of the simplest water adsorption isotherm models, based on the Polányi
potential theory, is the Dubinin–Astakhov equation [8]. However, it has been
reported that this equation is not able to fit the initial section of the isotherm,
particularly in the case of high-oxygen-content carbons [33]. The most
commonly employed phenomenological description of water vapor isotherms
is the Dubinin–Serpinsky (DS) equation, given by [34]

P

P0
¼ n

k1ðn0 þ nÞð1� k2nÞ (5.1)
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where n is the number of adsorbed water molecules at relative pressure P/P0, n0
is the number of primary active sites, k1 is the ratio of the rate constant for
adsorption and desorption, while k2 is a parameter affecting the maximum
adsorbable amount of water. According to this model, all the primary active
centers have the same adsorption energy. The water molecules adsorb on these
sites in a 1:1 stoichiometric ratio and become secondary sites for further
molecules. It was recently calculated by Stoeckli and others that the stoichi-
ometry, and thus the interaction energy per site, indeed depends on the quality
of the oxygen functionality, resulting in an average molar contribution of 6.2–
6.8 kJ/mol for each species [35,36]. This equation generally provides a good
description of water vapor adsorption isotherms in the relative pressure region
0.4–0.8. At lower relative pressures, however, the D’Arcy–Watt isotherm (Eqn
5.2) [37] may give better agreement with experimental data. This equation has
three terms, representing respectively water that is strongly bound, weakly
bound, and sorbed in multimolecular water clusters:

n ¼
KK 0

P

P0

1þ K
P

P0

þ C
p

p0
þ

kk0
P

P0

1� k
P

P0

(5.2)

Here P/P0 is the relative vapor pressure of water, and K
0 and k0 are related to the

number of strong and secondary sites, respectively. C is a function of the
number and the strength of weak binding sites (i.e., the Henry constant), K is
a function of the primary site–water interaction energy, and k is a function of
the water–water interaction. The coefficients of the D’Arcy–Watt equation have
thermodynamic significance and can be used to calculate the total strength of
water binding and the number of binding sites for each of the three regions of
water binding.

The Do equation is based on the growth of the water cluster on the func-
tional groups and the penetration of these clusters into the micropores as
pentamers of size 0.6 nm [38]. A detailed discussion of the mathematical
representations of water vapor adsorption on carbon surfaces has been pub-
lished by Furmaniak et al. [39].

5.3. SURFACE CHEMISTRY

It is well established that carbon as such is a hydrophobic material. The contact
angle of water on a graphite surface is about 90�. In microstructured “bucky”
paper membranes, however, a contact angle of 113� has been measured [40].
Water exhibits a relatively small dispersion interaction (35–40 mJ m�2) on
oxygen-free carbon surfaces, which, depending on the exact surface packing
model used, yields an interaction energy of approximately 2 kJ/mol [41]. This
feature of carbon may be advantageous if adsorption of water is not desired,
because adsorption of water reduces the pore volume available to the target
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molecules. The poor wettability of carbon by water may, however, limit several
practical applications of carbon materials.

The concentration of polar sites, which are in most cases covalently bound
oxygen functionalities and possibly some electron donor–acceptor sites
(Fig. 5.5), determines the hydrophilicity of the carbon structure. The accelerated
formation of such sites when the carbon is exposed to air and water vapor (e.g.,
during storage) is responsible for “aging” of activated carbons. Such functional
groups, however, are always present on carbon surfaces, since chemisorption of
oxygen on the high surface area carbon from the ambient environment is in
practice a spontaneous process. Heat treatment of the carbon in an inert or
reductive medium may reduce the water uptake through thermal desorption and
reduction, respectively, of the oxygen-containing primary adsorption sites.

To strengthen the weak interaction between the surrounding medium and
the carbon material calls for chemical approaches. Indeed, introduction of
heteroatoms appears to offer a possible route for overcoming these obstacles.
The introduction of heteroatoms into the carbon skeleton renders the carbon
surface more attractive to polar molecules [42]. Affinity between the carbon
surface and the fluid phase plays a major role in adsorption processes, as the
generally nonspecific interaction affects the distribution of the adsorbed
molecules within the pores [43].

FIGURE 5.5 Chemical heterogeneities along the edge of a C, O, and H-containing activated

carbon. l and l* represent an unpaired s electron and in-plane s pair, respectively (* is

a localized p electron). (From [48])
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The species, abundance, and the distribution of the noncarbon elements and
their surface functional groups fundamentally depend on the raw material and
the treatment applied during the manufacture of the carbon. Hydrophobic/
hydrophilic properties are altered during activation. The hydrophobicity of
carbon cryogels increases with increasing pyrolysis temperature [44]. Oxida-
tion is performed most often either in gas phase (air or oxygen) or by wet
oxidation (H2O2, HNO3, H2SO4, (NH4)2S2O3, etc.). Oxidation may change the
textural properties and deteriorate the surface area as well as the microporosity
of the starting carbon e.g. [45,46].

The challenge is that the outcome of the various chemical treatments also
depends strongly on the type of carbon material. There is an emerging need for
controlled and/or uniform functionalization of carbon surfaces, which could be
of particular interest for CNTs, which are high-cost materials. Selective
hydroxylation can be achieved, e.g., by means of the Fenton reaction [47].

5.3.1. Oxygen Functionalities

The most common heteroatom in the carbon materials is oxygen. This tends to
bond along the edges of the graphene layers in the form of various functional
groups that are well known in organic chemistry (Fig. 5.5). These groups may
be of acidic or basic character.

The water adsorption properties of carbon materials reflect their surface
chemistry and polarity and, since oxide species are intrinsic to the surface
chemistry, they are of great interest in carbon surface science, hence have been
much studied. It is well established that, in general terms, the water adsorption
properties of carbon surfaces vary proportionally with the concentration of
polar functional groups [49]. Information on surface composition can be
derived by several direct and indirect methods, e.g., immersion or/and titration
calorimetry, temperature-programmed desorption (TPD), acid/base titration
methods, X-ray photoelectron spectroscopy XPS, and FTIR [50–54]. The
determination of the nuclear magnetic resonance spin–spin relaxation time of
the adsorbed water as a function of P/P0 and/or the adsorbed amount of water
provides a means of analyzing changes in the state of the water during the
adsorption process. In the absence of primary active sites, the relaxation time of
the protons in the micropores was found to be 21 ms [55]. A critical assessment
of some of these techniques was published in the recent past [56]. In the case of
oxygen functionalities, however, a comparison of the results from these tech-
niques (Figs 5.6 and 5.7) shows that the thermodynamic properties of carbon
surfaces can be confidently predicted from any of these techniques alone [41].

The strongest adsorption centers are carboxylic groups [57]. The derived
H-bond energy between water and surface groups lies in the range 10–14 kJ/mol,
which is consistent with the mechanism of physisorption and cluster formation
[26]. Molecular dynamic simulations on water adsorption on COOH and OH
decorated graphite surfaces show that at low water coverage the adsorption
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process is driven mainly by the water–water and the water–COOH site inter-
actions. When the density of COOH sites is quite low, the predominance of
the water–water interactions leads to clustering of the water molecules above the
surface, with the resulting water aggregate being preferentially attached to the
COOH sites. When the density of COOH sites is sufficiently high, and for small
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water coverages, the water molecules prefer to be adsorbed on as large as
possible a number of COOH sites rather than forming a single aggregate on the
surface. In contrast, the water–OH site interactions appear quite weak, and the
water molecules tend to disregard the presence of these sites when the surface
also contains COOH sites [58].

As noted above, chemistry–water adsorption performance relationships
are now well developed for microporous carbons and carbon blacks, but
there are very few reports, if any, of experimentally derived water adsorp-
tion characteristics for carbon nanotubes. There is an urgent need, however,
to integrate these materials into the general framework of carbon adsorption
and to establish behavioral links with other types of carbon surfaces/
structures. Reliable experimental information is also required to determine
the compatibility of the behavior of CNTs with general water adsorption
models that were originally developed for activated carbon and related
materials [19].

5.3.2. Nitrogen-Containing Functional Groups

Nitrogen is the next most extensively investigated heteroatom after
oxygen (Fig. 5.8). Nitrogen atoms in the carbon structure behave like polar

FIGURE 5.8 Nitrogen-containing functional groups in activated carbon. N-6: pyridinic N, N-5:

pyrrolic/pyridine, N-Q: quaternary N and N-X: N-oxides. (From [60])
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sites: N-containing carbons exhibit higher surface polarity than carbons without
nitrogen, increasing either the negative (pyridinic nitrogen) or the positive
charge (N atoms substituting C atom in the graphitic layer) of the surface [59].
Nitrogen induces basicity in the structure.

The influenceofN-containinggroupson the adsorptionperformance ofporous
carbon is far less explored than that of oxygen groups. It is generally recognized,
however, that N-containing porous carbon has stronger affinity for water than the
N-free carbon with similar pore structure and surface oxygen content. Figure 5.9
compares the water vapor uptake of three polymer-based microporous carbons
with surface compositions listed in Table 5.2 [61]. Comparison of the isotherms
leads us to conclude that increasing the surface concentration of the functional
groups increases the water uptake at low relative humidity. Moreover, although
APETOX and APAN contain the same atomic % of heteroatoms, for APAN
a strong enhancement in water uptake is observed. The presence and the in-plane
distribution of the nitrogen functionalities may be responsible for this effect.

The enhancing role of nitrogen in water vapor uptake has also been recently
confirmed in long-range ordered microporous carbons with narrow pore-size
distribution, where the N was introduced by acetonitrile CVD (N/C atomic ratio
ca. 0.06) [62]. The H2O adsorption–desorption isotherm of these carbons is of

FIGURE 5.9 Equilibrium adsorption of water vapor at 20 �C on polymer-based microporous

carbons with closely similar micropore size distributions. Black circles: APET; blue crosses: APE-

TOX; green triangles: APAN. Description of the samples is given in Table 5.2. (Adapted from [61])
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type V, which exhibits a steep uptake around P/P0¼ 0.5 and pronounced
hysteresis. N-doping results in a shift of the uptake pressure to lower values
than for N-free samples. [63,64].

Figure 5.10 shows the water adsorption isotherms of a mesoporous mela-
mine–formaldehyde carbon aerogel (MFCAG, Table 5.3) at 298 K. The steep
rise in water adsorption at higher relative pressures can be attributed to capillary
condensation of water in the mesopores, rather than to micropore filling as in the
case of the standard type V isotherms of activated carbons [65]. The nitrogen
atoms are believed to be responsible for the enhanced uptake. Like an oxygen
functional group, pyridinic nitrogen acts as a primary adsorption center and
affects mainly the filling of the micropores. The effect of quaternary groups as
primary adsorption centers is less significant. Their role in capillary conden-
sation, however, was found to be remarkable, since quaternary nitrogen provides
a relatively polarized surface with high water wettability [60].

No particular enhancement in the adsorption properties caused by nitrogen
doping was observed, however, when low N-content (0.6 atomic %) MWCNTs
were exposed to water vapor [66].

Much remains to be discovered about how nitrogen atoms, especially the
different N-species, influence the hydrophilicity of porous carbons. These
effects are much less well documented than those of O-functionalities.
Nevertheless, N-containing carbons show great promise in the expanding field
of biomedical applications of carbon materials.

5.3.3. Other Heteroatoms

Chemical treatment, in addition to impregnation or doping techniques, is often
used to enhance the performance of porous carbons. Incorporation of sulfur

TABLE 5.2 Characteristics of the Polymer-based Carbons in Fig. 5.9

Sample

Surface

Area

Total

Carbon

Total

Oxygen

Total

Nitrogen

Label Description m2/g at. %

APET Made from
polyethyleneterephthalate

1440 95.7 4.3 e

APETOX APET oxidized
with HNO3

1510 90.0 10.0 e

APAN Made from
polyacrylonitrile

356 89.3 5.4 5.3*

* 32% pyridine-like, 34% pyrrolic and/or pyridon N, 24% quaternary N and 10% N-oxide.
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atoms into the aromatic rings of the carbon matrix has been achieved by H2S
treatment of oxidized carbons in inert atmosphere. The temperature of the
treatment is reported to be capable of tuning the O/S ratio (Fig. 5.11) [67].
Adsorption may occur through sulfur–sulfur bridges, while sulfur and sulfur–
oxygen groups present in larger pores enhance the adsorption via specific acid–
base and polar interactions.
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FIGURE 5.10 Adsorption isotherms of water (298 K) on N-containing (MFCAG) and N-free

(RFCAG) carbon aerogels heat-treated at 1273 K. (Adapted from [65])

TABLE 5.3 Characteristics of Carbon Aerogels in Fig. 5.10

Sample C H N Diff. O* N/C**

wt% Atomic ratio

MFCAG-1273 79.40 1.24 14.66 4.71 1.48 0.158

RFCAG-1273 95.99 3.14 0 2.96 1.61 0

* Oxygen content remaining after evacuation at 383 K, determined from TPD measurements.

** N/C atomic ratio calculated from the carbon and nitrogen content from elemental analysis.
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To overcome potential failures in applications, such as from sensitivity to
erosion and susceptibility to oxidation, recent investigations have turned to
boron, silicon, and phosphorus [68–75]. A detailed discussion of the influence
of such modifications, as well as of metal impregnation, on the hydrophilic/
hydrophobic behavior of porous carbons lies beyond the scope of this chapter
and is therefore not undertaken here.

Hydrophobicity of the carbon surface can be enhanced by fluorination.
Plasma-enhanced chemical vapor deposition (PECVD) with perfluorohexane
(PFH) reduces the water uptake without reducing the adsorption capacity with
respect to organic vapors [76]. The superhydrophobic polymer layer reduced
the heat of immersion with water to –12 J g�1 and yielded a contact angle of
120�. Below P/P0¼ 0.3 no water adsorption was detected, and water uptake
close to the saturation was reduced by 40%. In addition to their scientific
interest [77], such materials show strong promise in military applications and in
nuclear separation.
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FIGURE 5.11 Introduction of S heteroatoms by high-temperature H2S treatment. (From [67])
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5.4. KINETICS OF WATER ADSORPTION

Few papers have been devoted to this topic, perhaps because the process is slow.
First-order kinetics is most frequently used, based on the linear driving force
model, e.g. [18]. This model was used by Fletcher et al. in their investigations
into the effect of functional groups on the rate of adsorption [78]. Relationships
were observed between water adsorption kinetics at low surface coverage and
the type and concentration of oxygen surface functional groups. When
carboxylic groups were present in significant amounts, a two-component kinetic
modelwith two exponentials was used, in which the slow kinetic component was
associated with adsorption on these groups. In the opposite case, carbons in
which carboxylic groups exist only at low concentration, the results could be
satisfactorily explained by a stretched exponential kinetic model. In the range P/
P0< 0.2, the adsorption rate depended linearly on pressure, with carbons having
the lowest concentration of functional groups exhibiting the highest rates. These
authors proposed a site-to-site hopping model between groups for the mecha-
nism of diffusion. In the primary mechanism, the strong interactions between
water and carboxylic acid groups hinder diffusion and accordingly reduce the
rate constants, with the result that the water molecules form a structured surface
layer with a reduced degree of freedom. In the secondary mechanism, the water
adsorbs on the already adsorbed water molecules viaH-bonds, i.e., the adsorbed
phase is more fluid. By comparing the rate of adsorption and desorption in the
hydrophobic pores, Nakamura et al. found that their distributions are different.
The broad distribution of the adsorption rate is in agreement with cluster
formation [16]. Clusters enter the micropores when their dispersion potential
becomes sufficiently high [38]. Do and Do suggested that this occurs when the
five water molecules are assembled. The mobility of the previously adsorbed
water species as well as the site at which where assembly occurs remain to be
elucidated. The value of the heat of adsorption (ca. –40 kJ/mol at 298 K)
suggests that this is the energy barrier that must be overcome. Bradley et al.
recently proposed that water cluster formation takes place in the free vapor phase
at a critical relative pressure, most probably in the wider micropores. Such
spaces containmore functional groups and the cooperativemechanism enhances
the concentration of water molecules. These clusters can then adsorb in the
ultramicropores by the dispersion interaction [76] (Fig. 5.12).

5.5. COADSORPTION OF WATER IN MULTICOMPONENT
VAPOR SYSTEMS

Coadsorption of water with other molecules, such as volatile organic
compounds, either consecutively or simultaneously, has been the subject of
several studies. Various techniques have been employed for this purpose,
mainly based on breakthrough or consecutive equilibrium techniques [79–83].
Such adsorption methods yield overall adsorbed amounts. The isotope
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exchange technique applied by Rynders et al. was able to simultaneously
measure multicomponent gas adsorption kinetics and equilibria and self-
diffusivities of the components in a single, isothermal experiment without
disturbing the adsorbed phase [84].

To study the spatial organization of adsorbed molecules, X-ray micro-
tomography offers interesting possibilities [85], but this technique presents
a challenge for molecules composed of light atoms, such as water, and the
resolution is not very high. SAXS or small-angle neutron scattering (SANS)
observations also yield complementary direct information, not only on the
location of the adsorption sites, but also on the surface area, Sx, both of the dry
carbon [4] and that of the liquid in contact with the carbon [2]. The effects of
adsorption of a single species of molecule can be monitored by SAXS alone. In
the presence of more than one species, however, SANS combined with contrast
variation can be used together with selective isotopic substitution, e.g., by
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replacing hydrogen by deuterium. Measurements of the SANS response of an
oxidized high surface area carbon have shown that in the simultaneous presence
of toluene vapor and water vapor at P/P0¼ 0.87, both species of molecule
coexist in the pores, in which the major constituent is toluene, while the volume
fraction of water is only 12% [86].

5.6. CONCLUDING REMARKS

The intention of this outline is to show that surface hydrophobicity and
hydrophilicity play an important role in the adsorption of water by carbons.
A variety of experimental approaches has shown the importance of polar
groups, which act as nucleation centers at the different stages of cluster
formation and pore filling, whether in low-resolution experiments such as gas
adsorption techniques, in higher-resolution scattering observations such as
SAXS or SANS, or again in local methods such as proton magnetic resonance.

It cannot be overemphasized, however, that the conclusions discussed here,
drawn from these experimental and theoretical considerations for porous carbons,
are not necessarily valid for CNTs. The extension of such generalizations calls for
extreme caution. Similarly, results from CNT simulations are not directly trans-
posable to porous carbon materials. On the other hand, experimental and theo-
retical results on both ‘conventional’ porous carbons and porous carbon
nanoparticles may improve understanding of these still open questions. The same
holds for the synergism between the experimental and computational efforts.

It should also be mentioned that several outstanding questions in water
adsorption remain incompletely understood, or even open. Among these figure
the kinetics of adsorption at the molecular level and the effect of swelling of the
carbon matrix in the presence of adsorbed molecules. There is ample room for
concerted experimental and theoretical work on the hydrophobic effect or the
enthalpy/entropy balance of the water adsorption.
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Abstract The effect of the ionic environment on the

adsorption of phenol from aqueous solutions was investi-

gated in a microporous carbon and in an oxidized carbon. It

was found that not only the pH of the solution but also the

method of its setting affects the adsorption capacity.

Thermal desorption of phenol exhibits an even stronger

dependence on the method of pH setting than adsorption.

The TG response, the position and the corresponding

TG steps are also influenced by the surface chemistry.

Thermogravimetry is found to be outstandingly useful

and informative technique for the studying sorption

interactions.

Keywords Activated carbon � Adsorption/desorption �
pH dependence � Thermal analysis � Surface properties

Introduction

A growing awareness of the potential hazard of pollution

by veterinary and human pharmaceuticals in aqueous

environments has renewed concern about treatment of both

wastewater and drinking water. Although biological meth-

ods are the most widely employed, they cannot eliminate

non-biodegradable organic, mainly aromatic compounds,

which even at low concentration may act as inhibitors for

biological treatments. For this reason, adsorption by

activated carbons (ACs) is still among the most exten-

sively used technologies, owing to its high affinity for a

wide variety of chemicals. Their outstanding performance

stems from a unique combination of geometrical and

chemical properties. The latter mainly depend on hetero-

atoms and their chemical forms, which are defined by the

origin and the prehistory of the carbon. The most frequent

heteroatom is oxygen, which forms various functionalities

along the edges of the turbostratic layers. These functional

groups and the delocalized electrons of the graphitic

structure lend acid/base character to the carbon surface

[1–9].

Increased consumption of AC raises the problem of

regeneration, not only for financial but also for environ-

mental reasons, because the loaded carbon itself has to be

treated as hazardous waste. The feasibility of regeneration

depends, among other factors, on the strength of the

interactions between the phenol and the carbon surface.

The most commonly used regeneration techniques are

based on heat treatment. Thermogravimetric analysis (TG),

often combined with further analytical methods, is there-

fore often employed to study the regeneration process [10–

12]. Heat treatment of the phenol loaded carbons in

nitrogen atmosphere, for instance, mimics the most com-

monly used thermal route of carbon regeneration.

Adsorption of phenol in activated carbon is a complex

process where physical and chemical interactions are

involved. During the heat treatment, the adsorbed phenol

desorbs only partly, resulting in a carbon-rich residue that

remains on the surface of the activated carbon [13]. Phenol

desorbed at low temperatures (below 300–400 �C) is con-

sidered to be physically adsorbed. When phenol loaded

oxidized carbon was studied between 400 and 800 �C only
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one peak was found [14]. The mass loss in this region

corresponds to chemically adsorbed phenol, which also can

polymerize into compounds of higher molecular mass [13,

15–18]. 13C studies have shown that surface carbon atoms

do not participate directly, but catalyze the polymerization

of phenol [16]. According to TPD studies on commercial

carbons, in most carbons physical adsorption is dominant,

although in highly microporous carbons thermal desorption

of the physisorbed phenol may be controlled by the width

of the narrow pores [14]. The presence of surface oxygen

groups has been found to modify the desorption behaviour

of the aromatic molecules [19, 20].

In spite of extensive thermal studies, the effect of the

medium of the phenol loading on the performance of

thermal regeneration has not been systematically studied.

However, it is well-known that the aqueous environment

may exert a strong influence on the adsorption properties of

AC bearing various functional groups [21, 22].

To provide a twofold solution for environmental prob-

lems, the ACs reported in this article were produced from

poly(ethyleneterephthalate) (PET), which is one of the

most common polymers in municipal waste. The influence

of the carbon surface chemistry and the aqueous environ-

ment under loading on the thermal desorption behaviour of

phenol from AC as found by TG is reported.

Experimental

Materials

Microporous granular activated carbon (APET) was pre-

pared from PET pellets by a two-step physical activation

method [23]. APETOX was obtained from APET by

treatment with concentrated nitric acid for 3 h at room

temperature. This sample was then washed with distilled

water and extracted in a Soxhlet apparatus until neutral pH

was attained.

Methods

Nitrogen adsorption

Nitrogen adsorption/desorption isotherms were measured

at 77 K, using a Quantachrome Autosorb-1 computer

controlled apparatus. Samples were evacuated at 473 K for

24 h, except those loaded with the phenol, which were

treated at room temperature. The apparent surface area

SBET was obtained from the BET model. The total pore

volume Vtot was calculated from the amount of nitrogen

vapour adsorbed at a relative pressure close to unity, on the

assumption that the pores are then filled with liquid nitro-

gen. An average pore width dave (=2Vtot/SBET) was derived

from SBET and the total pore volume Vtot, assuming slit-

shaped geometry, as revealed by the hysteresis loops. The

micropore volume W0 and the characteristic energy E0

were deduced from the intercept and the slope of the Dubinin–

Radushkevich (DR) plot, respectively (b = 0.389). The pore

width, w, of the slit-shaped micropores is taken to be 2kE0
-1

(k = 13 kJ nm mol-1).

Acid/base characterisation

The carbons were characterized by the pH of their aqueous

suspension, detected under standardized conditions [24].

The pH of the point of zero charge pHPZC was measured by

the so-called drift method [24, 25]. As the only heteroatom

in APET and APETOX is oxygen, the distribution of the

functional groups in the different pKa ranges could be

determined by Boehm-titration [6].

Sorption from dilute aqueous solutions of phenols

Phenol (Merck, 99.5%) solutions were prepared using bi-

distilled water. For the adsorption isotherms ca. 0.05 g of

carbon was shaken with 50 ml of non-buffered phenol (1–

10 mM) solutions for 24 h in sealed vials at ambient

temperature. The contact times to reach equilibrium were

deduced from preliminary kinetic measurements.

To study the influence of pH, phenol-loaded samples

were prepared using 5 mM phenol solutions. For one set of

samples aqueous HCl or NaOH solutions in the pH range

3–11 were used as solvent. For a second set the phenol was

dissolved in Britton-Robinson (BR) buffer solutions in the

same pH range. The BR buffers are composed of 0.04 M

acetic acid (pKa = 4.76, 25 �C), 0.04 M phosphoric acid

(pKa = 2.12, 7.21, 12.76, 25 �C), 0.04 M boric acid

(pKa = 9.14, 12.74, 13.80, 20 �C) and 0.2 M NaOH [26].

The initial and equilibrium concentrations c0 and ce,

respectively, were determined by UV absorption (k =

265 nm).The calibration diagrams for UV absorption

measurements were determined at each pH for both pH

settings.

The linearized Langmuir and Freundlich models were used

for data analysis. Although the heterogeneity of the surface

sites is in contradiction with the boundary conditions of

the Langmuir model, because its parameters have a physical

meaning, they are retained for further consideration.

Thermal analysis

Thermal analysis was carried out in nitrogen atmosphere

(10 L/min), using a simultaneous DTA-TGA TA Instru-

ments STD 2960 unit. The heating rate was 10 �C/min.

Unless otherwise mentioned, the differential thermogravi-

metric (DTG) curves were used for the analysis.
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Results and discussion

Characterisation of the carbon samples

Low temperature nitrogen adsorption/desorption isotherms

were measured to characterize the morphology of the car-

bons in the nanometre scale region relevant to adsorption

interactions. The samples discussed in this paper exhibit

Type I isotherms according to the IUPAC classification,

showing that both these carbons are mainly microporous.

The characteristic parameters of the initial carbons calcu-

lated from the isotherms are listed in Table 1.

This set of data indicates that the nitric acid treatment

causes no significant change in the surface morphology:

APET and APETOX exhibit very similar adsorption

properties in dry conditions.

According to the nature of the application, the acid/base

properties of the carbons were characterized under wet

conditions. The pHPZC and pH (Table 2) indicate that the

nitric acid treatment essentially modifies the concentration

and the distribution of the surface functionalities (Table 3).

The specific amount of oxygen-containing functional

groups increases and this results in a significant shift in

both the pH and pHPZC values. The concentration of the

acidic groups of the APETOX is six times higher than in

case of APET, while that of basic groups is halved. While

APET contains almost exclusively phenolic acidic groups,

the carbonyl, lactone and phenol functionalities are more or

less equally abundant in APETOX carbon.

Influence of carbon surface chemistry and loading

in unbuffered systems

The phenol uptake from unbuffered aqueous solutions was

measured at room temperature in the equilibrium concen-

tration range 0–8 mmol/L (Fig. 1). The isotherms are of

L-type according to Giles’s classification. In unbuffered

solution both APET and phenol (pKa
20�C = 9.89) are more

or less in protonated form, as the pH is very close to pHPZC.

Below pHPZC the surface is protonated, while at higher pH

values it is negatively charged, due to deprotonation. The

oxidized carbon surface creates an acidic medium, where

the phenol is still protonated, but part of the carbon is

deprotonated. The surface functionalization reduces the

phenol adsorption capacity by almost 30% because the

charged functional groups prevent the p–p interaction

between the AC surface and the phenol [21, 27]. The

values of the adsorption capacities nm and the equilibrium

constants K from the fit to the Langmuir, and n and KF from

the fit to the Freundlich equations are listed in Table 4.

Although both models gave good fits, nm from the

Langmuir fit was used for further calculations, as it allows

an estimation of the surface area occupied by the phenol

molecules (assuming that the cross sectional area of phenol

is 0.42 nm2/molecule [28]). Comparison of the surface

areas covered by phenol and nitrogen shows that only 44%

and 32% are occupied by phenol in APET and APETOX,

respectively (Table 4). The surface of both carbon samples

is thus only partially covered by the aromatic compound.

The reduced access of phenol to the surface sites could be

caused by the adsorbed species blocking the pore necks

and/or competitive adsorption of the solvent [21, 29, 30].

Loaded carbon samples were air dried prior to the

thermal analysis. Air dried APET and APETOX, extracted

with water, were used for comparison. As expected, the TG

curves of the two pristine carbons have different shapes.

The mass loss of APET itself can be neglected in the whole

Table 1 Data from low

temperature nitrogen adsorption

isotherms

Carbon sample SBET [m2/g] Vtot [cm3/g] dave [nm] w [nm] E [kJ/mol] W0 [cm3/g] W0/Vtot

APET 2025 1.02 2.01 1.84 14.1 0.78 0.76

APETOX 2067 1.09 2.12 1.79 14.5 0.80 0.73

Table 2 pH and pHPZC of the carbon samples

pH, 25 �C pHPZC

APET 7.9 9.8

APETOX 3.6 4.2

Table 3 Distribution of surface

functional groups
Carbon

sample

Acidic groups Basic

groups

(lequiv/g)

Total

(lequiv/g)
Carboxyl

(lequiv/g)

Lactone

(lequiv/g)

Phenol

(lequiv/g)

Total

acidicity

(lequiv/g)

% of the

acidic

groups

APET Below

detection

limit

5.6 82.6 88.2 27 328.2 416.4

APETOX 197.4 193.8 228.1 619.3 81 148.4 767.7
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temperature range studied, but APETOX itself exhibits

several mass loss steps due to thermal decomposition of the

oxygen-containing functional groups (Fig. 2b). Typically,

carbonyl groups decompose around 300 �C, lactones

around 400 �C, phenol, anhydride, ether, carbonyl and

quinone groups between 600 and 900 �C [31]. APETOX

exhibited the corresponding peaks at *296, *395 and

*690 �C.

As shown in Fig. 2, the shape of the TG responses

depends on the carbon adsorbent and the loading concen-

tration. Above 100 �C three different peak regions can be

distinguished in the loaded APET carbons, which imply

three different types of interaction. Following reference

[17], Peak 1 around 210 �C, which is the largest, was

attributed to the desorption of physisorbed phenol. The

peaks above 300 �C belong to chemisorbed species. Peak 2

appears between 430 and 450 �C, and Peak 3 around

570 �C. Above 350 �C phenol desorbs in various forms:
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Fig. 1 Adsorption isotherms of phenol from unbuffered solution.

(Square) APET, (filled circle) APETOX are the experimental points,

lines were fitted to the Langmuir equation
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Fig. 2 DTG curves of a APET and b APETOX loaded from the corresponding phenol solution with the given initial concentrations

Table 4 Parameters obtained from the aqueous phenol isotherms

Langmuir Freundlich

nm (mmol/g) K (L/mmol) R2 Surface area covered

by phenol (m2/g)

n KF R2

APET 3.52 2.31 0.998 890 0.32 0.043 0.947

APETOX 2.62 1.92 0.984 663 1.59 3.98 0.957

nm Adsorption capacity, K equilibrium constant from Langmuir model, n and KF Freundlich parameters, R regression factor of the linear fits
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phenol, benzyl, furans, fragments and dimers were detected

by GC-MS [32].

The loaded APETOX samples gave two peaks (*210

and 650–670 �C). A third peak (*780 �C) was distin-

guishable only at 6 and 8 mmol/L initial concentrations.

Since the size of the peaks at higher temperatures is

comparable to the decomposition peaks of pristine APE-

TOX, only the physisorbed peak appearing around 210 �C

was further analysed. The intensity of this peak shows that

the phenol is mainly physisorbed.

In case of APETOX samples Peak 1 is significantly

higher than in the APET samples. In both cases the peak

temperatures shifts to lower values as the initial concen-

tration and thus the phenol uptake increases.

The mass loss detected in the different temperature

ranges for the two carbons are compared in Figs. 3 and 4.

Figure 3 shows that the shape of the ‘‘desorption’’

curves in any of the categories is very similar to the con-

centration dependence of the phenol uptake. The mass loss

attributed to physi- and chemisorbed species is very similar

in APET. Altogether, phenol can be removed only partially

from the surface, as illustrated by the comparison of the

upper two curves in Fig. 3. Depending on the loading

concentration, a residue equivalent to 23–35 m/m% of the

adsorbed phenol remains deposited on the surface. When

the APET is treated with 5 mmol/L phenol, e.g., this

deposit reduces the surface area from 2,025 to 1,632 m2/g.

The first points in Fig. 4 belong to the pristine APETOX

carbon losing more than 13% of its mass during the ther-

mogravimetric analysis. The shape similarity was also

observed on this sample. The fraction of the physisorbed

species is greater in this case. The total mass loss, however,

exceeds the amount adsorbed. Functional groups rich in

oxygen and/or their decomposition products interact with

the phenol and modify the chemical reactions occurring

within the pores. The reactions with and CO, CO2 and

further oxygen-containing fragments result in more volatile

products and reduce the probability of chemical vapour

deposition, i.e., the surface oxygen groups may be con-

sidered as self-activators. The regenerated APETOX sur-

face after treatment with 5 mmol/L phenol decreases only

to 1,886 m2/g, because deposition is less favoured.

It can be concluded that the surface chemistry of the

carbon controls the adsorption mechanism of phenol. Sur-

face oxidation reduces the adsorption capacity and favours

physisorption. The high concentration of surface acidic

groups facilitates the thermal regeneration as the oxygen

fosters the formation of volatile species at higher temper-

atures, thus hindering pore blocking through carbon

deposition.

Influence of the aqueous medium

The samples for this study were loaded with 5 mmol/L

phenol from either HCl/NaOH or BR buffer solutions. The

adsorption capacities obtained with the two sets of solu-

tions are listed in Table 5 relative to the uptake measured

in the non-buffered (NB) medium. For APET the phenol

uptake is higher when the pH is set with HCl/NaOH. No

systematic pH-dependence was observed and only

*92 ± 5% of the non-buffered capacity was achieved.

With the BR buffer a well-defined maximum in the

adsorption capacity was detected at pH = 8 and the min-

imum amount adsorbed was detected at pH = 3. The

results in APETOX reveal that the method of pH setting is

important only at pH = 3 and above pH = 7, otherwise the

uptakes practically equal. APETOX shows higher relative

adsorption capacities in BR buffer, which in some cases
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achieves or even exceeds the unbuffered value. From the

fact that the acid, base and salt components present in the

aqueous phase influence the phenol uptake on APET and

APETOX, we can conclude that the salts dissolved in

wastewaters may significantly modify the efficiency of the

carbon adsorbents used for purification.

The last two columns in Table 5 show that, except in

one case, adjusting the pH of the medium, further reduces

the surface fraction covered by phenol molecules. Besides

the phenol and water, the different ions introduced to set

the pH compete for the surface sites. At low pH the surface

is protonated, which promotes the interaction with nega-

tively charged dissolved species, while at high pH, when

the surface is negatively charged, species with positive

charge are preferred. These ions not only occupy surface

sites but also may block the pore entrance even for ad-

sorptives that could otherwise have access to the internal

surface of the pores.

The result of the analysis of TG curves obtained on

APET and APETOX from the two sets of phenol solutions

are summarized in Table 6. The mass loss in various

temperature ranges were related to the amount of phenol

adsorbed from 5 mmol/L solution of the same medium.

The total mass loss was calculated from the value of the

100–900 �C TG curves relative to the adsorbed phenol.

‘‘Chemisorbed’’ was calculated as the difference of this

total and the relative mass loss of the phenol desorbed in

the 100–300 �C range. As mentioned earlier, loss in the

100–300 �C region is considered as physisorbed phenol,

while that in the higher temperature range is derived from

chemisorbed species.

In APET samples when the pH is set with acid/base a

non-monotonic mass loss was observed. When the pH is set

by BR buffer, samples display a systematic change as the

pH increases, i.e., the buffer stabilizes the chemistry of the

surface processes. The physisorbed step gives a greater

mass loss, which decreases monotonically with increasing

pH. The relatively sudden drop above the pHPZC may stem

from reduced physisorption due to electrostatic repulsion.

The physisorbed and the ‘‘chemisorbed’’ amounts are

practically equal at pH = 11. A carbon rich residue

equivalent to 10–35% of the adsorbed phenol remains on

the surface.

In case of APETOX samples with HCl/NaOH pH set-

ting, the loss is almost constant (first peak: *70%, total

*110%), although it has a minimum at pH = 6. The TG

curves of the BR buffered samples display again a sys-

tematic change with increasing pH. That is, similarly to

APET, the buffer stabilizes the chemistry of the surface

processes. From APETOX the total mass loss exceeds the

adsorbed amount, due to the increased reactivity of the

functional groups, as mentioned already in case of the

unbuffered samples. As a general trend, it can be concluded

that the mass loss related to chemisorbed species increases

with the pH.

The surface area values of the carbons loaded at pH = 3

and 11 (Table 7) show that the morphology changes both

in the adsorption and the thermal treatment step. The

adsorbed phenol and other species—as was expected—

reduce the surface area by filling the pores, although the

extent of the surface loss depends on the aqueous envi-

ronment. The only exception is APET loaded at pH 11

from NaOH solution. NaOH is a well-known chemical

activating agent, which in the dry state may react with the

non-oxidized carbon surface and modify the porosity [33].

This oxidative effect is suppressed when the surface is

already oxidized.

Heat-treatment removes part of the adsorbed phenol, but

the oxygen introduced by the phenol may play the role of

an activating agent and the deposition of carbon-rich resi-

due leads to the development of new pores. Both processes

result in an increase in the surface area. In the APETOX

samples the surface oxygen groups play a similar activating

role, which in this case may help remove the adsorbed

phenol in a more volatile form. This results in a limited

change in the surface area. The activating ability of NaOH

is also shown in both heat-treated carbons after loading

from NaOH at pH 11. Otherwise, the slight surface

Table 5 Equilibrium phenol uptake from 5 mM phenol solutions

pH Relative phenol

uptakea, %

Covered by

phenol, m2/g

HCl/NaOH BR HCl/NaOH BR

APET 3 93.7 77.5 680 583

4 93.4 90.1 678 678

5 86.1 84.9 625 639

6 93.7 91.1 680 685

7 94.1 91.1 683 685

8 99.3 93.8 721 705

9 92.0 88.7 668 668

10 85.4 86.6 620 651

11 92.0 87.8 668 661

UBa 100 100 731 731

APETOX 3 91.9 98.4 513 549

4 93.1 92.9 520 519

5 88.2 85.8 492 479

6 99.9 96.8 557 540

7 89.8 105.8 501 590

8 90.9 99.7 507 556

9 95.4 91.0 532 508

10 86.1 92.3 480 515

11 81.1 112.3 452 627

UBa 100 100 567 567

a Compared to the adsorption capacity in unbuffered medium
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reduction in the APETOX carbon is apparently indepen-

dent of the previous aqueous history of the sample.

Conclusions

In this paper factors influencing the thermal regeneration of

carbon adsorbents were studied, namely (i) the surface

chemistry of the carbon adsorbent, (ii) the phenol concen-

tration of the loading solution, (iii) the pH of the solution, (iv)

the method of pH setting. All these factors were found to

influence the surface area of the carbons recovered after the

thermal treatment.

• The surface chemistry of the carbon controls the

adsorption mechanism of phenol. Surface oxidation

reduces the adsorption capacity and favours physisorp-

tion. The high concentration of surface acidic groups

facilitates the thermal regeneration as the oxygen

fosters the formation of volatile species at higher

temperatures, thus hindering pore blocking through

carbon deposition.

Table 6 Relative mass loss respect to the adsorbed phenol, %

pH APET APETOX

First peak Total Chemisorbeda First peak Total Chemisorbeda

100–300 �C 100–900 �C 300–900 �C 100–300 �C 100–900 �C 300–900 �C

HCl/NaOH 3 60.0 80.7 20.7 75.2 109.5 34.3

4 32.3 72.1 39.8 71.8 111.6 39.8

5 45.1 72.9 27.8 68.4 107.0 38.6

6 50.8 84.5 33.7 62.9 100.7 37.8

7 42.5 75.7 33.1 66.0 104.7 38.7

8 24.2 62.7 38.5 69.5 109.5 40.0

9 25.6 65.1 39.4 67.2 108.5 41.3

10 29.2 74.6 45.4 68.3 110.8 42.5

11 43.4 75.6 32.2 71.2 116.0 44.8

BR 3 84.5 89.7 5.2 74.4 120.5 46.1

4 74.9 80.7 5.9 70.2 119.6 49.4

5 73.5 81.0 7.5 71.0 124.9 53.9

6 65.3 79.2 13.9 61.8 108.1 46.3

7 60.8 78.2 17.4 55.1 103.2 48.1

8 54.8 75.4 20.6 59.9 110.7 50.8

9 43.7 68.6 24.9 45.7 104.3 58.6

10 36.6 64.1 27.5 35.1 95.9 60.8

11 31.2 59.9 28.8 21.6 78.7 57.1

UBb 34.0 64.7 30.6 77.3 111.4 34.1

Carbonc – 100 – 15.0 100.0 85.0

Mass loss in the given temperature interval
Total adsorbed phenol

� 100; %
a Chemisorbed ¼ Total� Physisorbed
b Unbuffered samples
c Air dried carbons, washed with bidistilled water

Table 7 Surface area of the

loaded and regenerated samples

a Unbuffered sample

pH APET APETOX

Phenol

loaded

After heat

treatment

Phenol

loaded

After heat

treatment

HCl/NaOH 3 1,352 2,306 890 1,897

11 2,136 3,648 1,222 2,407

BR 3 1,272 2,764 1,087 2,141

11 1,716 2,706 1,145 1,948

UBa 1,541 1,632 792 1,886

Initial 2,025 2,067
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• From the finding that the acid, base and salt components

present in the aqueous phase influence the phenol uptake

on APET and APETOX, we can conclude that the salts

dissolved in wastewaters may significantly modify the

efficiency of the carbon adsorbent used for purification.

• The surface area of the thermally regenerated samples

depends strongly on the previous aqueous history of

loading. With unbuffered solutions only part of the

surface area can be regained. When physisorption is

dominant no significant change in the surface area was

observed. NaOH alone, through the chemical activa-

tion, results in a significant increase in the surface area

of the regenerated carbon.
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28. László K, Sz}ucs A. Surface characterization of polyethylene-

terephthalate (PET) based activated carbon and the effect of pH

on its adsorption capacity from aqueous phenol and 2,3,4-tri-

chlorophenol solutions. Carbon. 2001;39:1945–53.
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We report the adsorption of phenol and dopamine probe molecules, from aqueous solution with NaCl, on
commercial multiwall carbon nanotubes (MWCNT) and on their carboxylated derivative. The nanotubes
were fully characterized by high resolution transmission electron microscopy (HRTEM), small angle X-ray
scattering (SAXS), potentiometric titration, electrophoretic mobility, and nitrogen adsorption (77 K) mea-
surements. The experimental pollutant isotherms, evaluated using the Langmuir model, showed that only
8–12% and 21–32% of the BET surface area was available for phenol and dopamine, respectively, which is
far below the performance of activated carbons. Influence of the pH was more pronounced for the oxi-
dized MWCNT, particularly with dopamine. The strongest interaction and the highest adsorption capacity
occurred at pH 3 with both model pollutants on both types of nanotubes. Although the surface area avail-
able for adsorption is far lower in MWCNTs than in activated carbons, it is nonetheless substantial. In par-
ticular, delayed release of toxic molecules that are either adsorbed on the surface or trapped in the inner
bore of such systems could constitute an environmental hazard. The need for further adsorption studies
with regard to their environmental aspects is therefore pressing, particularly for MWCNTs in their func-
tionalized state.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

The increasing large-scale production of nanoindustry is ex-
pected to make carbon nanotubes (CNTs) cheaper and more readily
available. Recent mass applications of nanotubes have been limited
to bulk multiwalled carbon nanotubes (MWCNTs), used as com-
posite fibers in polymers to improve the mechanical, thermal,
and electrical properties of the bulk product. Their prospective
affordability has inspired predictions about their use as adsorbents
for several separation processes, including gas storage, water, or
waste water treatment. These advantages must be weighed against
the potential environmental risks caused by accidental release,
which are commensurate with the increasing industrial produc-
tion. In spite of a sustained research effort in the field, however,
the behavior of CNTs in the environment remains poorly known.
Their unique physical and chemical features (size, shape, light
absorption capacity, surface area, catalytic activity, etc.) guarantee
that potential effects will not be trivial [1–6].
ll rights reserved.
First of all, for applications involving adsorption, we recall a ba-
sic difference between MWCNTs and single-walled carbon nano-
tubes (SWCNT). The geometrical surface area S of CNTs, defined
by their outer and inner radius R1 and R2, is

S ¼ 2
qðR1 � R2Þ ¼

2630
n

m2=g ð1Þ

where n is the number of walls. In this expression, the density of the
graphene layers is taken to be q = 2.26 g/cm3 and their spacing, as
in graphite, is 3.36 Å. Eq. (1), which counts both the inner and outer
surfaces, implies that MWCNTs (n � 20) are less likely than SWCNTs
(n = 1) to be candidates for high performance applications where a
large surface area is the primary criterion.

In the adsorption interaction of nanotubes, an important factor
is their dispersibility, which also plays a significant role in the fu-
ture fate of CNTs in the environment [6]. Functionalization can
substantially improve the hydrophilic character of the CNTs and
may modify their pore volume and specific surface area [7,8]. After
treatment with NaOH or KOH, as for porous carbons, ultramicrop-
ores may also develop and increase the performance in hydrogen
storage applications [9]. O or N heteroatoms also enhance the
acid/base character, thus the pH sensitivity of the adsorption

http://dx.doi.org/10.1016/j.jcis.2011.08.044
mailto:klaszlo@mail.bme.hu
http://dx.doi.org/10.1016/j.jcis.2011.08.044
http://www.sciencedirect.com/science/journal/00219797
http://www.elsevier.com/locate/jcis
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performance. Improved dispersibility, however, will hamper sepa-
ration of the CNT from the liquid phase, especially if environment-
friendly and low energy consumption constraints are imposed [10].

The adsorption of different aromatic compounds has been
extensively investigated [11–15], but the conditions (origin, syn-
thesis, purity, aqueous environment, purification process if any,
etc.) are not always specified. Both the adsorption affinity and
the capacity were found to increase with the number of aromatic
rings, i.e., 1-naphthol adsorbs better than phenol as p–p bonds
play a significant role in the adsorption of such molecules
[12,16–18]. The number of –OH groups decorating the aromatic
molecule also enhances the uptake of aromatic molecules at low
concentrations, as shown by the sequence phenol < catecol < pyro-
gallol [11,12]. Carboxylic, –OH or –NH2 substituents, on either the
aromatic molecule or the CNT, promote adsorption [13]. The influ-
ence of –NH2 groups is stronger than that of –OH groups, as shown
by comparing the adsorption of phenol and aniline or 1-naphthyl-
amine and 1-naphthol [13,18].

The influence of pH is more pronounced in the case of oxidized
CNTs. The adsorption capacity usually decreases as the pH in-
creases [12,13,18,19], although 1-naphthylamine exhibited maxi-
mum adsorption in the range pH = 5–9, on both untreated and
oxidized MWCNT [18]. According to model calculations, larger
molecules or molecules with more substituents adsorb more paral-
lel to the surface. Thus, benzene and phenantrene adsorb less par-
allel than paracetamol or tetracene, respectively [20,21].

The majority of reviews concur that even more systematic lab-
oratory work is needed to understand the adsorption behavior of
CNTs from aqueous phase, especially the effect of water chemistry,
including the pH, ionic strength, dissolved organic matter (DOM),
and the aggregation state of the CNTs [6,10,17].

CNTs are often exposed to various purification processes prior
to the adsorption experiments. Future large-scale applications,
however, are unlikely to involve purification. For this reason, a
study of the adsorption properties of raw CNTs is timely. An ever
increasing number of publications is appearing on the adsorption
properties of CNTs from aqueous media, but these often lack the
necessary characterization of the carbon material. In this paper,
we report a thorough characterization of as-received unoxidized
and oxidized commercial nanotubes, on which adsorption mea-
surements were made with the aromatic probe molecules phenol
and dopamine. Phenol and its derivatives appear in wastewater
by way of degradation of organic compounds that are widely used
as intermediates in the synthesis of dyes, pesticides, insecticides,
explosives, etc. The most frequent method for its removal is sorp-
tion by activated carbon [22]. Dopamine, a neurotransmitter, and
its derivatives are used not only in human therapy but also in agri-
culture, where they play a significant role in fruit browning, as well
as in protecting damaged fruit and vegetables from bacterial and
fungal growth [23]. Chemically, it contains two phenolic OH sub-
stituents as well as an amine group. The application of CNTs, par-
ticularly modified ones, has been thoroughly studied as sensors of
both phenol [24,25] and even more intensively of dopamine
[26,27]. Not much attention, however, has been paid to the
unmodified nanotubes.
2. Experimental

2.1. Materials

Two multiwalled carbon nanotubes, pristine (CNT-P) and a car-
boxyl functionalized (CNT-COOH) form, were purchased from Chen-
gdu Organic Chemicals Co., Ltd., Chinese Academy of Sciences
(purity > 95 (m/m)%). Their nominal external and internal diameters
are 10–20 and 5–10 nm, respectively, and their length is 10–30 lm.
2.2. Methods

2.2.1. HRTEM
High resolution transmission electron micrographs (HRTEM)

were taken with a FEI Tecnai F20 transmission electron microscope
operating at 120 kV. Samples for TEM investigations were pro-
duced by drop casting the product dispersions on copper grids
coated with holey carbon film.

2.2.2. Nitrogen adsorption
Nitrogen adsorption/desorption isotherms were measured at

77 K, using a Nova 2000e (Quantachrome, USA) computer-con-
trolled apparatus. The samples were evacuated at 293 K for 24 h.
The apparent surface area SBET was obtained from the BET model.
The total pore volume V0.95 was calculated from the amount of
nitrogen vapor adsorbed at a relative pressure close to 0.95, on
the assumption that the pores are then filled with liquid nitrogen.
From SBET and the total pore volume V0.95, an average pore width
dave (=2V0.95/SBET) was derived. The pore size distribution and the
micropore volume Vmic were calculated with non-linear density
function theory (NLDFT), assuming slit-shaped porosity. The
Quantachrome Data Acquisition and Reduction program (version
10.0) was used for the analysis.

2.2.3. Small angle X-ray scattering (SAXS)
The MWCNTs were investigated by small and wide angle X-ray

scattering (SAXS and WAXS) at incident energy 19.8 keV at the
French CRG small angle camera on beam line BM2 of the European
Synchrotron Radiation Facility (ESRF), Grenoble, France. The trans-
fer momentum range spanned was 0.005 < q < 6 Å�1, with wave-
length resolution Dk/k = 3 � 10�4.

2.2.4. Acid–base properties in aqueous medium
The potentiometric titration of the surface functional groups

was performed on a laboratory-developed computer-controlled
titration system [28]. The CNTs were suspended in 0.01 M NaCl
solution prepared from freshly produced Millipore water and ultr-
asonicated for 15 min. The equilibrium criterion was conditioned
by the pH stability of the suspension and taken as DpH/
Dt < 0.002 s�1. The specific amount of net proton surface excess
(Dnr, mmol/g), i.e., the difference between the surface excess
amounts of H+ (nr

Hþ ) and OH� (nr
OH� ) was derived from the initial

and equilibrium concentrations of the solute [29]. The initial pH
was measured before the titration started. Suspensions were ti-
trated from the pH of immersion down to pH = 3 and then raised
to pH 10 with 0.1 M HCl and 0.1 M NaOH, respectively. Finally,
the suspension was further titrated back down to pH 3. A complete
titration cycle takes 7–9 h.

2.2.5. Electrophoretic mobility
The electrophoretic mobility l of the CNTs was measured in a

0.5% (w/w) solution of CNTs prepared with 0.1 M aqueous NaCl
solution. The suspensions were ultrasonicated (Elma D-78224,
80% of 4 � 25 W, sweeping mode, 25 kHz) for 30 min and then cen-
trifuged for the same period. The supernatant was used in the
phase analysis light scattering (PALS) measurements (Zetaplus,
Brookhaven Instruments) [30].

2.2.6. Adsorption isotherms from dilute aqueous solutions
Phenol (Merck, 99.5%) and dopamine (4-(2-aminoethyl)ben-

zene-1,2-diol hydrochloride, Aldrich, 98%) were used as model pol-
lutants. Relevant physicochemical data of the pollutants are shown
in Table 1. They were dissolved in 0.1 M aqueous NaCl solution or
0.1 M NaCl solutions at pH 3 or pH 11 set with HCl and NaOH,
respectively; 0.01 g of nanotube was sonicated for 15 min and then
shaken for 3 days with 6 ml 0.1–1 mM solution of phenol at 20 �C



Table 1
Selected physicochemical data of the aromatic compounds.

Phenol Dopamine

OH HO

HO

NH2.HC l

Molar mass (g/mol) 94.11 139.16
Solubility in water (g/l), 20 �C 82 [31] 600 [31]
pKa, 20 �C 9.89 [32] 8.93, 10.6 [33]
k of detection (nm) 272.8 282.0
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to reach equilibrium. In the case of dopamine, 0.005–0.015 mg of
nanotube and 3 ml of 0.5–1 mM solution was used. Contact times
needed to reach equilibrium were deduced from preliminary ki-
netic measurements. The equilibrium concentrations were deter-
mined by Ultra Performance Liquid Chromatography (UPLC)
(Waters). Twenty microliters of phenol samples was analyzed on
a BEH C18 column (1.7 lm, 50 � 2.1 mm) with 40:60 methanol/
water containing 0.2% phosphoric acid as eluent at 1.15 ml/min
flow rate. UV absorption was measured at 272.8 nm. Ten-microli-
ter dopamine samples were analyzed on a Kinetex HILIC column
(2.6 lm, 150 � 4.6 mm) using a 25:75 0.01 M ammonium acetate
(pH = 3)/acetonitrile eluent (flow rate 0.5 ml/min). The concentra-
tion was measured by a photodiode array (PDA) detector at
282 nm.
3. Results and discussion

3.1. Characterization of the nanotubes

The HRTEM images (Fig. 1) reveal that the nanotubes contain 5–
30 walls. Their internal diameter ranges between 2–10 nm and 4–
13 nm for CNT-P and CNT-COOH, respectively. Some of the internal
tubes contain traces of the catalyst. In CNT-P and CNT-COOH,
7300 mg/kg and 3800 mg/kg of metal, respectively, were found
by simultaneous multielement ICP-OES, the main component
being Ni (5450 and 2160 mg/kg, respectively).

SAXS measurements (Fig. 2), which probe a much larger sample
volume, confirm the HRTEM results. The response of the dry CNT-P
Fig. 1. HRTEM micrographs of the (a) C
is satisfactorily modeled by a lognormal distribution of outer diam-
eters centered on 24 nm with half-width 8 nm and of inner diam-
eters centered on 4 nm with half-width of 1.4 nm. The density of
the graphite decreases toward the outer layers, and the surface
of the tubes is rough. From the width of the 002 Bragg reflection,
the average wall thickness, deduced from the Scherrer expression
[34], is about 8.5 nm, i.e., the walls are built up of ca. 25 graphene
layers, in good agreement with the HRTEM observations.

When the MWCNTs are immersed in water for about a week, a
change in shape of the scattering spectra occurs. Inspection of
Fig. 2 shows that the intensity in the lowest q region decreases
with respect to the shoulder at q � 0.05 Å�1, as the water reduces
the electron density contrast between the outside of the MWCNTs
and their surroundings. The shoulder, however, is only slightly af-
fected. For consistency with the size distribution of the dry
MWCNTs, it must be assumed that water does not penetrate the
system completely: it enters partially into both the inner bore of
the tubes and the defects on the rough outer surface. No significant
difference could be detected between the responses of CNT-P im-
mersed in pure water and in a 5 mM aqueous solution of phenol.

Fig. 3 shows the low temperature nitrogen adsorption iso-
therms. The DFT pore size distribution (PSD) was obtained from
NLDFT assuming slit-shaped geometry and is shown in the Supple-
mentary material (Fig. S1). The characteristic parameters derived
from the isotherms are listed in Table 2. The surface fractal dimen-
sion from the gas adsorption measurements was ds = 2.6 for both
nanotubes, i.e., the oxidation does not alter the roughness of the
accessible surface. (This value is consistent with the SAXS observa-
tions of Fig. 2: the power law slope of �3.6 in the region
NT-P and (b) CNT-COOH samples.



Fig. 2. SAXS response of the MWCNTS: CNT-P (black), CNT-COOH (red), and CNT-P
in water (blue). Only 50% of the data points are shown. For clarity, successive curves
are shifted vertically by a factor 2.5. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Low temperature nitrogen adsorption isotherms of the CNT-P (j) and CNT-
COOH ( ) samples. Inset: first derivative of the adsorption branches. (Black) solid
line: CNT-P, (red) dashed line: CNT-COOH. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

Table 2
Results derived from the N2 adsorption isotherms and SAXS.

SSAXS

(m2/g)
SBET

(m2/g)
102 Vmicro

(cm3/g)
V0.95

(cm3/g)
dave

(nm)

CNT-P 155 177 1.6 0.48 10.9
CNT-COOH 163 183 0.83 0.60 13.3
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Fig. 4. Potentiometric curves of CNT-P and CNT-COOH; CNT-P (j) and CNT-COOH
( ) samples. The arrows highlight the data belonging to the immersion. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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0.01 6 q 6 0.3 Å�1 corresponds to ds = 6–3.6 = 2.4.) The surface
areas derived from the SAXS measurements SSAXS, 155 and
163 m2/g for CNT-P and CNT-COOH, respectively, are slightly smal-
ler than the surface area SBET from nitrogen adsorption (Table 2).
The differences are of the order of the experimental error. The po-
sition of the first peak in the PSD agrees well with the estimates of
the internal diameter found from both SAXS and HRTEM observa-
tions. A close-up view of the isotherms reveals weak extra adsorp-
tion around p/p0 � 0.3 that is not typical of layer-by-layer
adsorption. For better visibility of this feature, the inset in Fig. 3
shows the derivative of the adsorption isotherm in the relevant
p/p0 range. A similar feature has previously been observed and
attributed to capillary condensation in open ended MWCNTs, the
diameter of which corresponds to the mesopore region [35,36].
The wide non-characteristic PSD in the larger size domain belongs
to the interparticle space of the bulk nanotubes.

The potentiometric titration curves (Fig. 4) reveal the difference
in the acid–base properties of the nanotubes. The pH at immersion
was 6.1 and 4.3 for CNT-P and CNT-COOH, respectively. The spe-
cific net proton surface excess amount (Dnr, mmol/g) was derived
directly from the initial and equilibrium concentrations of the sol-
ute [20]. The values of nr

Hþ and nr
OH� were calculated at each point

of the titration, and the net proton excess Dnr ¼ nr
Hþ � nr

OH� was
plotted as a function of the equilibrium pH. Positive values indicate
acid consumption, i.e., proton binding from the carbon suspension,
while negative values correspond to base consumption, i.e., release
of protons or binding of hydroxyl ions. The reversibility of the titra-
tion was tested in a cycle of forward and reverse titrations starting
from the initial pH of the carbon suspension, descending to pH 3,
increasing to pH � 10 and then returning again to pH = 3. Granular,
or even powdered, microporous activated carbon exhibits signifi-
cantly wider hysteresis loops [37]. The narrow hysteresis loops in
these cases indicate that the proton exchange processes are rela-
tively fast and that pore diffusion does not play a significant role
in the H+/OH� consumption. The fact that the acid/base reactions
take place at easily accessible surface sites indicates that the inter-
nal space in the nanotubes is hardly accessible for the water. This
finding is supported by the SAXS observations of CNT-P immersed
in excess water.

Introduction of the carboxylic groups not only shifts the point of
zero net proton surface excess (pHPZNPSE) from 6.1 to as low as 3.8,
but also increases the base consumption almost linearly with pH
due to reaction with –COOH groups. The potentiometric curves
of the two nanotubes cross each other at pH � 3.2. Below this
point, the proton excess of CNT-COOH exceeds the CNT-P curve,
but the difference between the two titration curves is not signifi-
cant. The divergence, however, becomes more striking at higher
pH values. It has recently been found that traces of accessible me-
tal may increase the zeta potential above +10 mV [38]. The electro-
phoretic mobility measurements gave l = 2.22 ± 0.10 � 10�8 m2/
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V s and �2.54 ± 0.22 � 10�8 m2/V s for CNT-P and CNT-COOH,
respectively.

Similar values were reported recently by Smith et al., who also
found that introduction of O-functionalities slightly reduces l
around pH = 6 [39]. These results confirm that the surface charge
is not influenced by the metal impurities. The metal catalyst ob-
served in the inner boreholes by HRTEM and detected by ICP is
inaccessible also for the aqueous solutions used in the adsorption
experiments.

3.2. Adsorption results

Adsorption of phenol and dopamine on the as-received CNT-P
and CNT-COOH was investigated in different aqueous environ-
ments. Both probe molecules are weak electrolytes and therefore
sensitive to pH.

3.2.1. Phenol
The pH values of the phenol solutions, measured before adding

the nanotubes (pHinitial) and in the equilibrium state after remov-
ing the nanotubes (pHequilibrium), are listed in Table 3. To avoid
simultaneous evaporation of the phenol, CO2 was not removed.
pHinitial exhibits the pH shift due to phenol addition, while pHequi-

librium is influenced by the removal of phenol, by H3O+/OH� ex-
change on the surface and also by the fulvic acid released from
the surface, particularly in the basic domain. Fulvic acids often con-
taminate CNT surfaces, particularly when their purification after an
oxidative treatment is incomplete [40]. Their pH-dependent
adsorption behavior can severely influence the adsorption mea-
surements for several reasons: (i) when adsorbed on the CNT
surface they modify the surface character of the CNTs; (ii) when
(partially) desorbed (depending on the pH) from the surface, they
compete with other adsorptives dissolved in the aqueous solu-
tions; (iii) being UV active, they may disturb the detection of other
aromatic molecules if no chromatographic separation precedes the
UV absorption measurements (Fig. S2).

The phenol adsorption isotherms (Fig. S3) are of Type L in the
Giles classification [41]. The linearized Langmuir model was used
to fit the experimental adsorption isotherms

ce

na
¼ 1

Knm
þ ce

nm
ð2Þ

na is the adsorbed amount at the equilibrium concentration ce.
Parameters calculated from the experimental data, i.e., the satura-
tion adsorption capacity nm and the interaction parameter K, are
listed in Table 3.

Owing to the different adsorption sites (defects, functional
groups, high energy sites) and the complex adsorption mechanism
of phenol [6,19,42], models based on Polanyi theory (e.g., Dubinin-
Astakov, Polanyi-Manes) are recommended for such systems [17].
In our case, however, the applicability of these fits is limited to the
Table 3
Parameters derived from the Langmuir model for phenol adsorption.a

pH nm (mmol/g) Parameters from nm

Nominal Equilibrium Sphenol (m2/g) hpheno

CNT-P Not set 6.7 0.106 ± 0.003 19 11
pH 3 3.0 0.124 ± 0.011 22 12
pH 11 8.1 0.123 ± 0.014 22 12

CNT-COOH Not set 4.6 0.091 ± 0.006 16 9
pH 3 3.1 0.110 ± 0.006 20 11
pH 11 7.8 0.072 ± 0.008 15 8

a Coefficient of determination R2 varies in the 0.93–0.99 range.
b DG = �RTln K.
non-buffered systems, since the data on the pH dependence of the
solubility of both phenol and dopamine are lacking. Although over-
parameterization of these models often provides good isotherm
fitting [43,44], an acceptable fit (R2 > 0.98) with meaningful param-
eters was obtained only for the phenol/CNT-P system under non-
buffered conditions. Langmuir and Freundlich models may also
yield a good fit in such systems [18]. In our case, the Langmuir
model gave better determination coefficients than the Freundlich
equation. The fitted parameters display a less pronounced pH
dependence than was found with porous carbons. In all cases but
one, the values of K are higher, i.e., the adsorption interaction is
stronger than that obtained in similar conditions on non-oxidized
microporous carbons [45]. Although the adsorption capacity of
CNT-P shows no pH dependence, the interaction parameter is high-
est at pH = 3. When surface carboxylic groups are present, adsorp-
tion is most favored at pH = 3. Both the nanotube surface and the
phenol are sensitive to pH, i.e., both species participate in proton-
ation/deprotonation processes. Like nanoporous activated carbons,
CNTs can attract pollutant molecules via hydrophobic interactions,
p–p bonds, electrostatic interactions, hydrogen and covalent
bonds. It is proposed that various mechanisms act simultaneously
[6,19,22]. At pH � 3, all the species are protonated, i.e., they are
neutral and the dispersive p–p interaction dominates. For both
nanotubes, the adsorption of phenol is maximum at this pH: the
interaction is strongest and the adsorption capacity is high. With
increasing pH, the interaction weakens and the capacity slightly
decreases. At nominal pH = 11, the electrostatic repulsion arrests
sorption. This tendency is more marked for CNT-COOH, which is
more sensitive to pH owing to the acidic functional groups. Repul-
sion is greatest in this case, resulting in reduced surface coverage.

The Gibbs free energy of adsorption was calculated from K as
DG = �RTln K, where R is the gas constant and the temperature
T = 293 K [46]. The values of DG in Table 3 are close to those,
�4.37 and �4.05 kJ/mol, respectively, reported by Sheng et al. for
the adsorption of ionizable aromatic compounds on CNTs [18]. It
was found recently that the adsorption energy might be influenced
by the tube curvature: smaller tube curvature resulted in higher
adsorption energy [47].

The surface coverage can be viewed in two ways.

(i) Coverage by the adsorbate. The surface area occupied by
phenol Sphenol is calculated as

Sphenol ¼ nm � NA � aphenol ð3Þ

where NA is Avogadro’s number and the cross-sectional area
is aphenol = 0.30 nm2/molecule [16]. The surface coverage is
then hphenol ¼ Sphenol

SBET
� 100.

(ii) The area available for a single pollutant molecule. From the
monolayer capacity nm, the area available for a pollutant
molecule can be expressed as
K (l/mmol) DGb (kJ/mol)

l (%) aav (nm2/molecule) nm,S (lmol/m2)

2.67 0.621 5.34 ± 0.37 �4.1
2.45 0.678 7.16 ± 2.0 �4.8
2.45 0.678 5.30 ± 0.34 �3.8

3.35 0.495 6.48 ± 1.5 �4.6
2.74 0.604 8.43 ± 2.1 �5.3
4.32 0.383 4.12 ± 1.0 �3.5



Table 4
Parameters derived from the Langmuir model for dopamine adsorption.a

pH nm (mmol/g) Parameters from nm
b K (l/mmol) DGc (kJ/mol)

Nominal Equilibrium Sdop (m2/g) hdop (%) aav (nm2/molecule) nm,S (lmol/m2)

CNT-P Not set 4.7 0.142 ± 0.003 39.6 22 2.09 0.79 15.7 ± 1.9 �6.82
pH 3 4.0 0.126 ± 0.006 36.8 21 2.26 0.73 25.0 ± 3.9 �7.97

CNT-COOH Not set 4.0 0.209 ± 0.011 59.4 32 1.45 1.15 6.0 ± 0.76 �4.44
pH 3 3.8 0.163 ± 0.006 45.3 25 1.89 0.87 34.2 ± 6.5 �8.62

a Coefficient of determination R2 varies in the range 0.94–0.98.
b From molecular structure calculations, adopamine = 0.47 nm2/molecule.
c DG = �RTln K.
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Fig. 5. Relationship between the calculated surface area available for a pollutant
molecule and the Gibbs free energy; Phenol, CNT-P, Phenol, CNT-COOH,
Dopamine, CNT-P, Dopamine, CNT-COOH. The error bars are estimated from the
Langmuir plot. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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aav ¼ nm � NA

SBET
ð4Þ

The calculated values are listed in Table 3, which also con-
tains the adsorption capacity relative to the surface area,
nm;S ¼ nm

SBET
.

Generally speaking, and as can be expected from Eq. (1), the
surface coverage of both CNTs is significantly lower than for micro-
porous carbons [45,48]. Furthermore, the BET model may overesti-
mate the surface area in narrow slits. The interstitial space is of
limited access for phenol, and aggregation further limits the avail-
ability of the adsorption sites [10]. The phenol, water, and the ions
present in the solution (Na+, Cl�, H3O+, OH�), as well as the con-
taminants introduced into the system by the nanotube, all compete
for the surface sites. In addition to the catalyst, unpurified oxidized
nanotubes intrinsically contain large polyaromatic compounds
known as fulvic acids, the release of which is also pH dependent
[40]. Unless they are removed by chromatographic separation,
these UV active molecules may disrupt the concentration measure-
ments. In our systems, the error can be as high as 0.01–0.04 mM,
depending on the pH. The outcome of this competition shows that
the phenol molecules occupy an area that is an order of magnitude
smaller than the nominal area available to them. The larger aav val-
ues obtained for CNT-COOH may stem from the pore blocking ef-
fects of oxygen functionalities located at the open ends or at
imperfect walls, through increasing affinity to water [21]. The sur-
face concentrations in all conditions are smaller for CNT-COOH,
demonstrating that the otherwise dominant dispersive and hydro-
phobic interactions are disturbed by the electron withdrawing ef-
fect of the functional groups.
3.2.2. Dopamine
As dopamine is pH sensitive and as it decays at higher pH values

[49], measurements at pH = 11 were not taken. The pH of the initial
and final dopamine solutions is given in Table 4.

The drop in pH is further accentuated by the introduction of HCl
with the dopamine.

Compared with those of phenol, the adsorption properties of
dopamine are more strongly influenced by the pH of the solution
(Fig. S4, Table 4). The values of K are much higher at nominal pH
3 than in the not set conditions, while the saturation uptake exhib-
its a much more limited pH dependence. The dopamine and phenol
uptakes on CNT-P are similar, while CNT-COOH adsorbs much
more dopamine, particularly when the pH is not set. This is due
to the basic character of the dopamine molecule itself. While
CNT-COOH is already deprotonated above its pHPZNPSE (pH�3.8),
exhibiting a negative surface charge, the dopamine is positively
charged due to its protonated amine group. The electrostatic inter-
action is reflected in the high values of K. Unlike phenol, the K and
nm sequences are opposite: Knot set < KpH3, nm,pH3 < nm,not set, and
there is a greater difference between the parameters nm and K in
the case of dopamine adsorption on CNT-COOH. Dopamine adsorbs
more strongly from pH 3 solution, especially on CNT-P, and its
adsorption is preferred to CNT-COOH in unbuffered conditions.
Higher values of K yield Gibbs energies that are higher than with
phenol (Tables 3 and 4). Dopamine adsorption is more sensitive
than phenol to the surface chemistry of the CNT.

The area available for a dopamine molecule (Table 4) is smaller
than that for phenol (Table 3). Surface coverage is therefore higher
for dopamine, especially if we consider its larger cross-sectional
area (h is 21–33% with dopamine and 8–12% with phenol), in spite
of the competition already mentioned. The increased adsorption
can be explained by the presence of the amino group and the high-
er number of substituents in dopamine, as well as by the carboxylic
groups that decorate the nanotubes [11,12,17,18]. Interaction be-
tween the –NH2 groups and the traces of catalyst has a low prob-
ability owing to limited access to the inner borehole of the tubes.

The occupied surface area is practically independent of the free
energy when phenol or dopamine adsorbs on the pristine nanotube
at any pH, and the calculated areas for the two molecules are also
very similar (Fig. 5). While higher free energy is correlated with
larger available surface area for dopamine, an opposite and more
pronounced trend is found for phenol on CNT-COOH. This may
be an indication of different sorption mechanisms.
4. Conclusions

The adsorption of phenol and dopamine from aqueous NaCl
solutions was investigated on commercial non-oxidized and oxi-
dized MWCNTs in the nominal pH range of 3–11. The surface cov-
erage found with the two aromatic probe molecules (h = 21–33%
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and 8–12% for dopamine and phenol, respectively) is substantially
below the performance of porous carbons, but the �DG values
show that the adsorption potential is stronger and that it is further
enhanced with surface modification. Introduction of carboxylic
groups not only increases the compatibility of CNTs with hydro-
philic media, thereby increasing the persistency of their aqueous
suspensions, but may lead to pH-dependent electrostatic interac-
tions with acid/base type pollutants. The higher K values found
in the case of dopamine, particularly at pH 3, may indicate the role
of the amine group in the interaction. Although the surface area
available for adsorption is far lower in MWCNTs than in activated
carbons, it is nonetheless substantial. In particular, delayed release
of toxic molecules either adsorbed on the surface or trapped in the
inner bore of such systems could constitute an environmental haz-
ard. The need for further adsorption studies with regard to their
environmental aspects is therefore pressing, particularly for
MWCNTs in their functionalized state.
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[47] A. Pacholczyk, A.P. Terzyk, M. Wiśniewski, P.A. Gauden, R.P. Wesołowski, S.
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A B S T R A C T

The poor compatibility of carbon materials with different dispersion media can be over-

come by surface functionalization. In this work, multiwall carbon nanotubes (MWCNTs)

were doped by oxygen and nitrogen at low concentrations. Morphological and structural

changes caused by chemical treatment were monitored using nitrogen, propane and water

vapor adsorption measurements. Pore size distribution (PSD) functions derived from vari-

ous models are compared. The contribution of slit-shaped pores to the total surface area

available for adsorbed molecules is smaller than that of cylindrical pores. Functionalities

with heteroatoms (both O and N) enhance water adsorption onto MWCNTs. However, no

statistical difference is observed between the water adsorption properties of O- or

N-containing MWCNTs.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Applications of carbon nanotubes (CNTs) are often restricted

by their poor compatibility with certain liquids, polymers,

etc., especially with polar compounds. CNTs are difficult to

disperse in water or organic media and they are extremely

resistant to wetting. These features of CNTs limit their use

in composites, e.g., in fabricating aligned assemblies for elec-

tronic or photonic devices. To exploit the potential of CNTs in

a variety of materials, their compatibility with dispersion

media must be improved. Appropriate functionalization of

the carbon nanotubes appears to offer a possible route to

overcome these obstacles.

Chemical functionalization can improve both the solubil-

ity and the processibility of CNTs, thus allowing the unique

properties of the nanotubes to be combined with those of

other types of materials [1,2]. It may also help to regulate

the interaction of CNTs with other media, such as solvents,

polymers or biopolymers. Different mechanical or electrical

properties of the functionalized nanotubes could be used to

fine-tune the chemistry of CNTs. Introduction of various het-

eroatoms, e.g., O and N functionalities, is expected to improve

the compatibility of CNTs with polar entities [3,4]. As O-doped

carbon nanoparticles exhibit pH dependent properties, the

behavior and their colloidal stability can be controlled by

the acidity of the aqueous environment [5–9].

Nitrogen doping of single and multi-walled CNTs is of con-

siderable fundamental interest to explore the effect of dopants

on quasi-1D electrical conductors, as well as in applications

such as field emission tips, lithium storage, composites and

0008-6223/$ - see front matter � 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.carbon.2011.09.016
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nanoelectronic devices [10–12]. It is known that surface nitro-

gen significantly enhances the sorption properties of nanopor-

ous activated carbons [13,14], opening new horizons in the

expanding fields of CNT applications. N-functionalities offer

a universal and efficient means of attaching biomolecules,

e.g., proteins [15,16] or DNA [17], to CNTs under ambient con-

ditions. N-doped MWCNTs also display a fast response (a few

milliseconds) to toxic gases or organic solvents [18,19]. The

biocatalytic activity of these materials is outstanding, owing

their ability to bind enzymes by their N-containing groups

[20,21].

Surface treatment modifies not only the wettability of

CNTs but may also alter their morphology [22]. Depending

on the severity of the treatment, the ends of the CNTs can

be opened, giving access to the interior of the tube. However,

it can cause serious damage of the walls, which may split lo-

cally, yielding shorter tubes. Such mechanisms can uncover

residual catalyst nanoparticles from the inner CNT channels,

thereby also modifying the adsorption properties of the nano-

tubes [23–26].

In this article we report the morphological and structural

characterization of chemically modified MWCNTs using low

temperature nitrogen adsorption isotherms as well as n-pro-

pane and water adsorption/desorption experiments per-

formed at ambient temperature.

2. Experimental

2.1. Carbon nanotubes

Multiwall carbon nanotubes, labeled as pristine CNT, P-CNT

(TMSpetsmash, Kiev, Ukraine) were synthesized by chemical

vapor deposition from a mixture of propylene and hydrogen

using a mixed Al-, Fe- and Mo-oxide catalyst. Accessible cat-

alyst was removed by treatment with HCl and NH4F solutions

and then washed with distilled water to neutral pH.

An oxidized derivative of CNT (O-CNT) was produced by

refluxing P-CNT in 70% nitric acid for 4 h at 373 K. At the

end of the reaction the CNTs were washed with distilled

water to neutral pH. To remove fulvic acid-like aromatic

impurities, the O-CNT was washed with 1% aqueous NaOH

solution for 12 h [9], and then washed with distilled water to

neutral pH. The acidic sites were then regenerated with

0.1 M HCl solution. After thorough washing the nanotubes

were oven-dried (378 K, 4 h).

Nitrogen was introduced by soaking O-CNT in an aqueous

solution of urea. The dried samples were heated to 1073 K for

30–40 min in nitrogen atmosphere, yielding N-CNT.

2.2. Characterization methods

X-ray photoelectron spectra were recorded on a Kratos XSAM

800 spectrometer operating in fixed analyzer transmission

mode using Mg Ka1,2 (1253.6 eV) excitation. The pressure in

the analysis chamber was lower than 1 · 10�7 Pa. Survey spec-

tra were recorded in the kinetic energy range of 150–1300 eV

with steps of 0.5 eV. Photoelectron lines of the main constitu-

ent elements, i.e., O1s, N1s and C1s were recorded in 0.1 eV

steps with 1 s dwell time. The spectra were referenced with re-

spect to the energy of the C1s line of graphitic carbon (sp2

hybridization) at 284.1 ± 0.1 eV binding energy (BE). Quantita-

tive analysis, based on peak area intensities after removal of

the Shirley-type background, was performed using the Kratos

Vision 2 program with experimental sensitivity factors. Sites

with O and N atoms were determined by fitting the measured

peak-envelope of the O1s and N1s signals by three or four

Gauss–Lorenz (70:30) type components (1.4–1.6 eV half-width).

Residual metal content in the samples was determined by

simultaneous multi-element ICP-OES (Labtest Plasmalab ICP

Spectrometer).

2.3. Adsorption measurements

Low temperature (77.4 K) nitrogen adsorption/desorption iso-

therms were measured using a NOVA 2000 (Quantachrome)

automatic analyzer. The n-propane adsorption isotherms were

determined at 273 K after the same kind of sample preparation

using an Autosorb-1 (Quantachrome) computer controlled sur-

face area analyzer. The specific surface area (Table 4, SBET) was

calculated according to the multipoint BET method [27]. The

total pore volume Vp was evaluated by converting the volume

of nitrogen adsorbed at a relative pressure p/p0 � 0.99 (p and p0

denote the equilibrium pressure and the saturation pressure of

nitrogen at 77.4 K, respectively) close to unity, on the assump-

tion that the pores are filled with liquid nitrogen.

The pore size distributions (PSDs) fV(x) (differential

fV(x) � dVp/dx, where x is the pore half-width or radius) of the

studied CNTs were calculated with the overall equation of

Nguyen and Do [28] and its modified form (MND method)

[29–32]. From the nitrogen desorption and propane adsorption

isotherms the fV(x) distributions were computed using the

modified regularization procedure CONTIN [33] under the con-

dition of non-negativity (fV(x) P 0 at any x) and with a fixed reg-

ularization parameter a = 0.01. For CNT, the models of slit-like

and cylindrical pores were used because the main channels are

cylindrical, but the CNTwalls can include slit-shaped pores.

The fV(x) distributions associated with the pore volume

can be transformed to the fS(x) distributions with respect to

the specific surface area, using the corresponding models of

pores

fSðxÞ ¼ w
x

fVðxÞ � VðxÞ
x

� �
ð1Þ

where w = 1 for slit-like and 2 for cylindrical geometry [30,31].

To estimate the deviation of the pore shape from the slit-like

or cylindrical pore models the criterion Dw = SBET/�fS(x)dx � 1

[31] was used. The differential PSD functions (f(x) � dV/dx

(�f(x)dx � Vp) were recalculated as incremental PSDs (IPSDs,P
/(xi) � Vp) with respect to the pore volume and specific sur-

face area.

The PSDs were also calculated using the overall equation

(in the framework of Density Functional Theory, DFT) [34]

WðpÞ ¼ vM

Z rkðpÞ

rss=2

qfðxÞfðxÞdxþ
Z xmax

rkðpÞ

t

x� rss=2
qMðxÞfðxÞdx

" #
ð2Þ

where W is the adsorption, vM the liquid molar volume, rf the

fluid density in the occupied pores, rm the density of the mul-

ti-layered adsorbate in the pores, rk the half-width of the

pores filled at pressure p, and rss the collision diameter of

the surface atoms. To calculate the density of a gaseous
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adsorbate (nitrogen) at a given pressure p, the generalized

Bender equation [35] was used. The transition from gas (sub-

script g) to liquid (l) or fluid in the form of multi-layered

adsorbate in pores (m) can be described in terms of fugacity

f(T,q)

ln
fðT;qÞ
RgTq

¼ pðT; qÞ
RgTq

� 1þ 1
RgT

Z q

0

½pðT;qÞ � RgTq� dq
q2

ð3Þ

and

fl;m ¼ fg exp
Ei;m

RgT

� �
; ð4Þ

where q is the density of adsorbate, and E is the interaction

energy of an adsorbate molecule with the pore walls and

neighboring molecules, calculated with the Lennard-Jones

potentials.

3. Results and discussion

The HRTEM image (Fig. 1a) reveals a bamboo like structure

encapsulating metal traces from the catalyst (<17 lg/g Al,

404 lg/g Fe and 647 lg/g Mo in P-CNT) in the inner space of

CNT (Fig. 1b). The external and internal diameters were be-

tween 12–20 nm and 5–12 nm, respectively, for all three types

Fig. 1 – Low (a) and high (b) magnification HRTEM images of P-CNT taken by JEM-2100F, Japan.

Table 2 – Distribution of the C1s binding states.

A B C D E F

Binding energy, eV 284.0 285.0 285.7 287.5 289.5 291.7
P-CNT, % 71.0 8.8 9.8 2.6 4.5 3.1
O-CNT, % 69.6 10.4 8.8 3.7 4.9 3.4
N-CNT, % 72.2 2.3 12.8 3.7 5.3 3.7

Fig. 2 – Deconvolution of the C1s band of O-CNT. (A)

Delocalized aromatic sp2 structures; (B) localized aromatic

sp2 structures; (C) C–O and C–N single bonds; (D) C=O bonds;

(E) carboxyls, ethers and N-component; (F) p! p* shake-up

satellite of the first component.

Table 1 – XPS results for CNTs (at.%).

C O N

P-CNT 98.8 1.2 –
O-CNT 97.9 2.1 –
N-CNT 98.3 1.1 0.6

C A R B O N 5 0 ( 2 0 1 2 ) 5 7 7 – 5 8 5 579
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of CNT investigated. No corrosion or fractioning was visible

after the chemical treatment. This is corroborated also by

the values of the ratio, R = ID/IG, of the integrated intensities

of the D and G bands in the Raman spectra. These ratios

hardly changed after the various treatments (1.0, 0.94 and

1.1 for P-CNT, O-CNT and N-CNT, respectively). The wall thick-

ness of the nanotubes (Fig. 1) is comparable to that of the

information depth of XPS. Moreover, no special care was ta-

ken to align the nanotubes parallel to the surface of the sam-

ple holder. For this reason, estimates the surface composition

from XPS can only be approximate. Interpretation of the XP

spectra of CNTs is further complicated by the presence of het-

eroatoms, the chirality of the CNT, the electronegativity of the

functional groups, and the type of bond. The number and the

quality of the walls also can influence the chemical shift in

the spectra [36]. In addition to deducing the apparent surface

concentration, the C1s and N1s envelopes were investigated

in detail.

Pristine CNTs that are not stored under special conditions

always contain oxygen functionalities, since the active edges

and defect sites react readily with oxygen from the atmo-

sphere (Table 1). Nitric acid treatment is a standard means

of introducing a variety of O-containing acidic and basic func-

tionalities at the surface [37]. Liquid phase oxidation with

HNO3 under conditions similar to those applied in our exper-

iments, is reported to increase the amount of oxygenated sur-

face groups, while maintaining almost the same textural

features as the initial samples [38]. Only more prolonged ni-

tric acid treatment was found to increase the population/for-

mation of defects and to cause CNT shortening [39]. In our

case, the deconvolution of the typically asymmetric C1s peak

(Tables 1 and 2, Fig. 2) shows that this process generates a

modest increase in the surface O-content and modifies only

slightly the distribution of the various species of carbon envi-

ronment [40].

Reaction with urea can take place according to the follow-

ing reactions

and can result in the development of ring systems (Fig. 3).

The value of only 0.6 at.% for the N-content shows that the

introduction efficiency of N in the reaction with urea,

NH

NH

O

H2N

H2N

O

OH

C

OH

O

-2H2O
-CO

H2N

H2N

O

OH

OH

-2H2O

H2N

H2N

O

C

C

OH

O

-2H2O
-2CO

O

OH

Fig. 3 – Coupling reaction of O-CNT with carbamide.

Table 3 – Deconvolution of N1s band of N-CNT.

A B C D

Binding energy, eV 398.2 399.4 401.1 403.8
N-functionalities, % 51.6 18.5 15.4 14.5

Fig. 4 – Deconvolution of the N1s band of N-CNT.
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followed by heat treatment in inert atmosphere, is limited. A

comparably low efficiency, however, was obtained by Rocha et

al. [41]. It compares unfavorably to using NH3 coupled with a

carbon–nitrogen source involving pyridine. The latter allows

regulated growth of CNTs containing nitrogen at concentra-

tions ranging from 4% up to 10% at.% [20]. Nevertheless, the

N1s spectrum (Fig. 4) is complex. The deconvolution yielded

four peaks at 398.2, 399.4, 401.1 and 403.8 eV. We do not

attempt to assign the last peak owing to the contradictory

information in the literature [20]. The sharp peak at 398.2 eV

correlates well with binding energies reported by Pels and

Rocha [41,42] for pyridinic functionalities. The other two

deconvoluted peaks at 399.4 and 401.1 eV can be assigned to

pyrrolic-like and quaternary-like nitrogen coordination,

respectively [41,43,44]. The distribution of the various chemi-

cal forms of the incorporated nitrogen is shown in Table 3.

It can be concluded that the applied treatment did not sig-

nificantly change the chemistry of the samples.

3.1. Vapor adsorption measurements

The morphological consequences of the chemical modifica-

tion of the CNTs were monitored by gas adsorption tech-

niques. The nitrogen and propane adsorption isotherms,

measured at 77.4 K and 273 K, respectively, are shown in

Fig. 5. The corresponding structural characteristics are sum-

marized in Table 4. The surface fractal dimension deduced

from the nitrogen adsorption isotherms with the Neimark-

Kiselev method [45] revealed no significant differences in

surface roughness on the molecular length scale. For P-CNT,

O-CNT and N-CNT, its value was respectively 2.40, 2.34 and

2.44, exhibiting a trend similar to that of the integral D/G ratio

R in the Raman spectra.

All the nitrogen isotherms are of Type II B [46], exhibiting a

knee at p/p0 � 0.02. The steep increase and the narrow hyster-

esis loop in the higher relative pressure range correspond to

adsorption in the broad pores formed between nanotubes.

The absence of low pressure hysteresis suggests that the

adsorption is reversible and that access of nitrogen into the

narrow inner bore is kinetically hindered, even in the chemi-

cally treated tubes. A close up view of these isotherms reveals

weak extra adsorption around p/p0 � 0.3 that is not character-

istic of layer-by-layer adsorption. For better visibility of this

feature, the inset in Fig. 5 shows the derivative of the adsorp-

tion isotherm in the relevant p/p0 range. A similar feature

has previous been observed and attributed to capillary

Table 4 – Surface area and total pore volume of three types of
CNT.

Parameter Adsorbate P-CNT O-CNT N-CNT

SBET, m2/g N2 179 192 191
C3H8 213 227 224

Vp, cm3/g N2 3.90 2.71 1.76
C3H8 0.09 0.10 0.10

Fig. 5 – Adsorption/desorption isotherms of nitrogen (77.4 K)

and n-propane (273 K) for the three CNTs. j P-CNT, O-CNT,

N-CNT. Inset: 1st derivative of the adsorption branches.

(Black) dotted line: P-CNT, (red) dashed line: O-CNT, (green)

solid line: N-CNT. (For interpretation of the references to

color in this figure legend, the reader is referred to the web

version of this article.)

Table 5 – Structural characteristics of the MWCNTs from nitrogen adsorption isotherms.

Parameter Pore type P-CNT O-CNT N-CNT

Slit Cylindrical Slit Cylindrical Slit Cylindrical

Pore volume, cm3/g Micropores 0.016 0.028 0.016 0.031 0.023 0.033
Mesopores 0.418 0.701 1.539 0.887 0.659 0.443
Macropores 3.470 3.174 1.157 1.792 1.085 1.288

Surface area, m2/g Micropores 37 46 30 56 55 77
Mesopores 41 60 125 79 100 69
Macropores 102 73 37 58 36 45

Dw 0.230 0.057 0.291 0.142 0.343 0.523
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condensation in open ended MWCNTs, the diameter of which

corresponds to the mesopore region [47].

Owing to the elevated temperature, the adsorption of pro-

pane (which gives Type I isotherms) is much more limited.

Hysteresis loops occur throughout the whole p/p0 range. This

shows that the propane molecules with their higher kinetic

energy can penetrate into the interior of the tubes through

the open ends as well as through nanoholes caused by wall

damage. Adsorption thus takes place also on the inner sur-

face. In the chemically treated tubes, adsorption is slightly

enhanced. The BET surface area and the total pore volume

values derived from the two sets of isotherms are listed in
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Table 4. It is worthwhile to note that the ‘‘external’’ (geomet-

ric) surface area of these nanotubes is about 175 m2/g, which

is consistent with the SBET values reported in Table 4.

The contributions of the different pore types to the pore

volume and the available surface area (Table 5) were deduced

from the isotherms using slit-like and cylindrical pore geom-

etry. Although the volume of the micropores is low, their con-

tribution to the specific surface area is significant (Fig. 6c, and

Table 5). The internal radius of these MWCNTs is in the mes-

opore range. Additionally, the space between the nanotubes

provides the textural porosity of MWCNT aggregates, which

corresponds to meso- and macropores. This kind of porosity

can be easily tuned by the quality (surface tension) of the

space filling solvent [48]. The adsorption of gases on the in-

side and outside of MWCNT results in a broad PSD at

x > 5 nm (Fig. 6b).

The surface area occupied by N2 and C3H8 molecules was

taken as 0.162 and 0.487 nm2, respectively.

Propane (boiling point 231 K) can be adsorbed at 273 K

(temperature of adsorption measurements) only in narrow

pores. Its main PSD peak is therefore at x < 2 nm (Fig. 6d).

Propane can however penetrate (albeit slowly) into the defec-

tive structures, or even into the bore of the MWCNTs (open

hysteresis loops). It follows that a small PSD peaks occur at

x > 2 nm. The total adsorption of propane is much lower than

that of nitrogen because of the difference in their location.

Propane, unlike nitrogen, ignores the textural porosity

between the MWCNT (since T = 273 K) and only partly fills

the inner space of the nanotubes.

Certain structural differences between P-CNT and modi-

fied O-CNT and N-CNT exist over the whole range of pore

sizes (Figs. 6 and 7, Tables 4 and 5). Moreover, O-CNT and N-

CNT are characterized by larger deviations in the pore shape

from the models (Table 5, Dw). It is worthwhile recalling that

the maximum surface fractal dimension corresponds to the

maximum value of Dw for N-CNT.

Slit-shaped pores may be located both in and between the

tube walls of the MWCNTs, which have 10–15 layers (accord-

ing to HRTEM images). Their contribution is smaller than that

of cylindrical pores. For P-CNT, therefore, Dw is smaller for the

model of cylindrical pores than for slit-shaped pores. For the

former this corresponds approximately to 6% of the deviation

of the pore shape from the cylindrical pore model. Fig. 7

shows from nitrogen adsorption data the distribution of the

various pore categories relating to the pore volume and sur-

face area in the three types of MWCNT.

Water vapor adsorption was used to analyze the hydro-

philic/hydrophobic properties of the nanotubes after the

chemical treatments. The most pronounced effect of the

chemical modification in P-CNTis that the adsorption capacity

for water increases strongly when the hydrophilicity of the

nanotubes is enhanced by O- and N-containing functionalities.

The measured uptakes seem to be proportional to the concen-

tration of the surface heteroatoms (Table 1, Figs. 8 and 9).

The closed hysteresis loop for P-CNT (Fig. 8) shows that the

adsorption is reversible, in contrast to O-CNT and N-CNT.

SAXS/WAXS experiments recently reported on pristine CNTs

of similar bore size revealed that even after 7-days of contact

with liquid water only very limited penetration occurs [49]. It

is thus likely that, in contrast to the propane, water adsorbs

only on the outer surface of P-CNT. At the same time, a por-

tion of water is probably trapped in the inner channels of

chemically modified nanotubes, as shown by the low pressure

hysteresis.
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4. Conclusions

Both nitrogen and propane adsorption isotherms exhibit ex-

tended or open hysteresis loops. This can be explained by

gas adsorption in the interior of closed carbon nanotubes

through micropores in the tube walls or in defects between

neighboring walls. Although the volume of these micropores

is low, their contribution to the specific surface area is signif-

icant. The internal radius of the CNTs studied lies in the mes-

opore range while the space between neighboring CNT in

their aggregates corresponds to meso- and macropores. Pro-

pane is adsorbed mainly in narrow pores of the MWCNTs. It

penetrates slowly into the bores of the nanotubes, as indi-

cated by the open hysteresis loops. The total adsorption of

propane is much smaller than that of nitrogen because of

the difference in their location and measurement tempera-

tures. Nitrogen also adsorbs in textural pores between the

carbon tubes. Slit-shaped pores may be located within and

between the tube walls of the MWCNTs. Their contribution

to the adsorption is smaller than that of the cylindrical pores

in the inner bores of the tubes. Introduction of hetero-atoms

increases the compatibility of MWCNT towards water, as

shown by the enhanced water uptake already at low relative

pressures. The adsorption of water increases with increasing

content of surface hetero-atoms. No particular enhancement

in the adsorption properties caused by nitrogen doping was

observed.
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a b s t r a c t

A commercial multiwall carbon nanotube and its carboxylated derivate (CNTC and COOHC, respectively)
was used after purification to study the competitive adsorption of phenol (P) and m-chlorophenol (CP)
from 0.1 M aqueous NaCl solutions without external pH control. The adsorption takes place practically
exclusively on the external surface of the nanotubes. The uptake of P is suppressed in comparison to
its single solute behaviour on both nanotubes, independently of the initial pollutant concentration. The
uptake of CP however is more sensitive to the concentration and the surface chemistry of the nanotube.
The measured co-adsorption isotherms were compared to the isotherms calculated from the competitive
Langmuir model (CLM). Preferential adsorption of CP was observed in about 95% of the relative concen-
tration range. The total adsorption may exceed the corresponding single component sorption capacity.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

For multiple reasons, the sorption behaviour of carbon nano-
tubes (CNTs) has been intensively studied in the past decade. The
expanding carbon nanotube industry is actively seeking new appli-
cations. Their large surface area and surface hydrophobicity make
CNTs an excellent potential adsorbent of organic pollutants from
aqueous media. From an ecological point of view, however, not
only engineered CNTs, but also nanotubes are released into the
environment through the combustion of fossil fuels. There, they
become exposed to natural water systems and can exchange with
organic pollutants such as aromatic or polyaromatic hydrocarbons
(PAHs) [1–4]. Their high surface area coupled with their mobility
can easily modify the transport of various pollutants in any envi-
ronmental sector. The surface oxygen groups and the pH may se-
verely enhance the uptake of naphtols due to transformation
processes [1,2,4,5]. No such effect, however, was reported in the
case of various phenols, including chlorophenol [2,4,6–8]. In spite
of a concentrated research effort in the field, the behaviour of CNTs
in the environment is not fully known.

Most sorption studies are performed with aqueous solutions
containing only one pollutant. From a practical point of view how-
ever, competitive adsorption from binary or multisolute systems is
more relevant. Reference works apply one of the following tech-
niques for such investigations: (i) the concentration of one of the
components is systematically changed while that of the others(s)
is kept constant [9–12]; (ii) the initial concentration of the pollu-
ll rights reserved.
tants is varied but their molar ratio is kept constant and
[9,13,14]; and (iii) the total initial concentration of the pollutants
is constant but their molar ratios are varied [15,16]. The advantage
of the last method is that it makes possible the comparison of the
behaviour of solutes in a wide relative concentration range.

A comparative study on the adsorption of aqueous bi-solute
monochlorinated phenols on porous carbons led to the conclusion
that the surface–aromatic molecule interactions are influenced by
the presence of the second solute. While the presence of o- or p-
chlorinated phenol suppressed the adsorption of phenol, increasing
the concentration of phenol only slightly affected the adsorption
capacity for the chlorophenols [11,14].

On high surface area graphite and activated carbon (AC), phenol
and aniline only slightly influenced each other’s adsorption. When
oxygen functionalities were present the basic compound adsorbs
preferentially and this is more pronounced at low adsorbate con-
centrations [13].

It is widely accepted that results obtained on ACs cannot be ex-
tended directly to CNTs. Therefore, the potential applications of the
CNTs on an industrial scale, as well as their fate in the environ-
ment, initiated an intensive research into the interaction of aque-
ous solutions of organic impurities with CNTs [1,3,4,17–19]. Only
a few studies, however, investigate adsorption from multisolute
model solutions.

Competitive adsorption of phenanthrene, pyrene and naphtha-
lene were investigated on multiwalled CNTs, non-modified after
acidic (HNO3 and H2SO4) purification. All the single-, bi-, tri-solute
isotherms could be successfully fitted to the Dubinin–Ashtakhov
model. The adsorption of a given primary solute changed signifi-
cantly from nonlinear to nearly linear when competitors were

http://dx.doi.org/10.1016/j.jcis.2012.07.064
mailto:klaszlo@mail.bme.hu
http://dx.doi.org/10.1016/j.jcis.2012.07.064
http://www.sciencedirect.com/science/journal/00219797
http://www.elsevier.com/locate/jcis


Table 1
Selected physico-chemical data of the aromatic compounds.

Phenol 3-Chlorophenol

Molar mass 94.11 139.16
Solubility in water (g/L), 20 �C 82 [23] 26 [23]
pKa, 20 �C 9.89 8.85
Cross sectional area (nm2/molecule) 0.42 nm2 [16] 0.60 nm2 [24]
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added. The competitive sorption was found to depend on the rela-
tive equilibrium concentrations of the primary and the co-solutes.
Significant competition was observed at relatively low concentra-
tions of the primary solute and high concentrations of competitors.
Competition was much weaker at relatively high concentrations of
the primary solute if the competitors were present in low concen-
tration. The influence of the other solutes was hardly detected
when the concentration of the primary solute was close to its sol-
ubility limit. As neither pore-filling nor partition–adsorption
mechanism explained the behaviour of these PAHs, a Polanyi-
based surface adsorption mechanism was proposed to interpret
the observed sorption and competition [10]. It was also found that
the adsorption of 2,4-dichlorophenol and 4-chloroaniline either in
neutral or ionic form can be suppressed by nonpolar naphthalene
on multiwalled CNT [8].

In this study we compare the adsorption properties of pristine
and COOH-functionalised commercial multiwall nanotubes
(MWCNTs) from a two-solute aqueous solution of phenol and 3-
chlorophenol. Phenol is the most frequent aromatic contaminant
of water and could be easily converted to (poly)chlorinated phenol
derivatives in the chlorination step of water purification. Competi-
tive adsorption on O-bearing nanotubes, although they exhibit en-
hanced wettability with water, was not reported earlier in the
open literature.
Table 2
Data derived from low temperature N2 adsorption and pH of the CNTs.

SBET (m2/g) Vtot (cm3/g) W0 (cm3/g) pHa

CNTC 167 1.08 0.074 4.9
COOHC 187 1.08 0.067 4.1

a pH of immersion.
2. Experimental

2.1. Carbon nanotubes

Multi-walled carbon nanotubes, one in its pristine and the other
in its carboxyl functionalized form, were purchased from Chengdu
Organic Chemicals Co. Ltd., Chinese Academy of Sciences (purity
>95 (m/m)%). Their nominal external and internal diameters are
10–20 and 5–10 nm, respectively, and their length is 10–30 lm.
According to the manufacturer, the functionalized nanotube con-
tains 2 m/m% COOH. The MWCNTs were purified with aqueous
HCl solution to remove accessible traces of the catalyst [20]. Fulvic
acid impurities were removed by the treatment described by Wang
et al. [21]. The purified samples are labelled as CNTC and COOHC,
respectively.

2.2. Characterisation methods

2.2.1. Morphology
Nitrogen adsorption/desorption isotherms were measured at

77 K, using a Nova 2000e (Quantachrome, USA) computer controlled
apparatus. The samples were evacuated at 293 K for 24 h. The appar-
ent surface area SBET was obtained from the BET model. The total
pore volume VTOT was calculated from the amount of nitrogen va-
pour adsorbed at a relative pressure close to 1 on the assumption
that the pores are then filled with liquid nitrogen. Micropore volume
(W0) was deduced from the Dubinin–Raduskevich model.

2.2.2. Acid–base properties in aqueous solution
The potentiometric titration of the surface functional groups

was performed on a laboratory-developed computer-controlled
titration system [16]. Details of the titration in the case of CNTs
are described elsewhere [22]. The initial (immersion) pH of the
potentiometric titration is used to characterise the behaviour of
the carbon nanotubes in aqueous solution.

2.3. Adsorption isotherms from dilute aqueous solutions

Phenol (P, Merck, 99.5%) and 3-chlorophenol (CP, Merck, >98%)
were used as model pollutants. Their relevant physico-chemical
properties are listed in Table 1. They were used in 0.1 M aqueous
NaCl solution. The initial total aromatic concentrations (ctotal,0) of
the solutions were fixed as 0.417 mM and 1.25 mM. The molar ra-
tios of phenol and 3-chlorophenol were systematically changed be-
tween 0 and 1. The relative concentration of the solutes xi is
defined as

xi ¼ ciX
i

ci

ð1Þ

where ci is the molar concentration of component i.
10 mg of CNT was sonicated for 15 min with 3 ml 0.1 M NaCl in

tightly closed centrifuge tubes. After 24 h 3 ml pollutant mixture
was added, and the tubes were shaken for 3 days in darkness at
293 K to reach equilibrium. Contact times needed to reach equilib-
rium were deduced from previous kinetic measurements. After
centrifugation the equilibrium concentration was determined by
Ultra Performance Liquid Chromatography (UPLC) (Waters). 20 ll
of sample were analysed on a BEH C18 column (1.7 mm,
50 � 2.1 mm) using 40:60 methanol:water containing 0.2% phos-
phoric acid as eluent at 1.15 ml/min flow rate. The UV absorption
was detected at 272.8 nm. UPLC analysis of P and CP solutions
showed no sign of degradation of the aromatic compounds after
3 days.

3. Results and discussion

3.1. Characterisation of the materials

Low temperature N2 adsorption isotherms (not shown here) are
of type IV in the IUPAC classification, with a type H3 hysteresis
loop typical of aggregates [25]. The total pore volume, micropore
volume and surface area are listed in Table 2. The ratio of the D
and G bands IG/ID determined from Raman spectroscopy showed
no difference between the two nanotubes: IG/ID = 1.3 for both puri-
fied MWCNTs. N2-adsorption and Raman measurements reveal no
significant difference in the morphology of these tubes.

The surface chemistry of the CNTs in wet conditions was char-
acterised by the potentiometric titration curves measured in a CO2-
free 0.01 M NaCl solution (Fig. 1, Table 2). The point of zero net
proton surface excess occurs at approximately pH 4.7 for CNTC,
while the surface charge of COOHC is always negative in the range
of the investigation (pH 3–11). The divergence between the two
tubes becomes striking at higher pH values. The narrow hysteresis
loops indicate that the internal bore of the nanotubes hardly par-
ticipates in the protonation/deprotonation process as the surface
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proton exchange is relatively fast. In highly microporous carbons
the diffusion control of the proton transport results in a much more
pronounced irreversibility [26]. Although the tubes were wide en-
ough to accommodate both the solvent and the solutes, the uptake
takes place essentially on the external surface of the CNTs. It was
also found that, away from the pH of the intersection, the surface
charge is enhanced by increasing the ionic strength.
3.1.1. Single solute isotherms
The Langmuir model yielded a good fit to the single solute iso-

therms (not shown here) (Table 3). Although increasing the num-
ber of the parameters may provide better isotherm fitting
[1,27,28] an acceptable fit with meaningful parameters was ob-
tained from the simple Langmuir model.

The adsorption capacity of CP exceeds that of P on both CNTs,
which may be explained by the difference in solubility of the two
pollutant molecules (Table 1). (Lower solubility means weaker
interaction between the solute and the solvent, a principle also
used in chromatography.) The initial slopes of the curves are al-
ways steeper for CP as is also reflected in the corresponding K val-
ues. Surface area related nm values were used to estimate the
surface coverage. It should be noted, however, that the surface area
available for the molecules in the liquid phase may be different
from SBET due to (i) the kinetic conditions (77 K vs. 293 K) and (ii)
the different size of the molecules. The accessibility of the inner
borehole during the shaking is to be considered as well [22]. Com-
parison of the surface area related nm values reveals that the sur-
face coverage by phenol is very similar, 19% and 20%, on the two
carbon nanotubes, respectively, i.e., the surface layer also contains
a significant amount of the background solution. The adsorption
capacities of CP on CNTC and COOHC are also very similar: the sur-
face coverage of CNTC and COOHC by CP is 82% and 72%, respec-
Table 3
Langmuir parameters of the single-solute isotherms.a

CNTC

nm K R2 aav

mmol/g lmol/m2 L/mmol nm2/molecule

P 0.13 ± 0.01 0.78 ± 0.06 2.7 ± 0.3 0.9804 2.14
CP 0.38 ± 0.02 2.28 ± 0.12 3.7 ± 0.6 0.9487 0.73

a nm and K are the monolayer capacity and the ‘‘adsorption coefficient’’ from the Langm
for a single molecule.
tively: this nanotube is significantly more densely populated
than the non-oxidised one.

The influence of the surface functionalization is more pro-
nounced in the case of the K parameter (Table 3): there is a factor
of almost 2 between the corresponding K values of the two nano-
tubes. CP interacts more weakly with the COOHC surface, as the
electrostatic interaction of the background electrolyte with the
negatively charged COOHC disturbs the interaction with the aro-
matic compounds. Wisniewski et al. found that increasing the sur-
face oxygen content significantly reduces the adsorption enthalpy
of phenol [28]. These authors also propose that the phenol lying di-
rectly on the CNT surface is close to the solid state, and by increas-
ing the oxygen content it progressively approaches a state similar
to a supercooled liquid.

The Langmuir parameters in Table 3 were used to predict the
individual isotherms in the bi-solute systems.

3.1.2. Competitive isotherms
The competitive adsorption isotherms of P and CP from their

two-solute solutions were measured at two total concentration
values that correspond to the initial section and the saturation
range of the single solute isotherms. The na equilibrium uptakes
of both pollutants (individual isotherm) were plotted as a function
of xi (defined by Eq. (1)).

Figs. 2 and 3 show the curves obtained for the two nanotubes.
The shape of the experimental isotherms of P is concave in all

four cases, which indicates that the interaction is weak, indepen-
dently of the surface chemistry of the nanotube. CP always has a
convex initial section in both MWCNTs, a sign of a stronger inter-
action. On CNTC however the shape of the CP isotherm changes
with ctotal,0. At the higher ctotal,0 the CP isotherm, after a saturation
interval, exhibits a very steep increase as xCP ? 1 (Fig. 3a). The up-
take of the more strongly adsorbing CP has a more pronounced ef-
fect on the shape of the total adsorption.

Single solute Langmuir parameters were used to calculate the
isotherms according to the competitive Langmuir model (CLM)

na;i ¼ nm;i � Ki � ci

1þPKi � ci
ð2Þ

The respective calculated curves are shown in Figs. 2 and 3.
Comparison of the corresponding measured and calculated curves
shows that CLM overestimates the real adsorption of phenol in all
the cases studied. Similarly, the real adsorption of CP is underesti-
mated on the oxidised nanotube at both total concentrations
(Figs. 2b and 3b). On CNTC, however, the relation of the measured
and modelled CP uptake depends on ctotal,0. At the lower ctotal,0 the
measured CP uptake is higher than expected from CLM when
xCP < 0.6, while at higher relative concentrations the real and ex-
pected values are practically identical (Fig. 2a). At the higher
ctotal,0 = 1.25 mM, i.e., on the plateau of the single solute isotherm,
at xCP < 0.4 the real CP adsorption exceeds the calculated value,
but at higher xCP the real uptake is overestimated (Fig. 3a). The
sigmoidal shape of the individual CP isotherm at ctotal,0 = 1.25 mM
indicates that a low concentration of P already limits the adsorption
of CP on this CNT.
COOHC

nm K R2 aav

mmol/g lmol/m2 L/mmol nm2/molecule

0.15 ± 0.01 0.80 ± 0.05 1.4 ± 0.2 0.8848 1.67
0.37 ± 0.02 1.98 ± 0.10 2.0 ± 0.3 0.9554 0.84

uir model, respectively; R2 is the square of the regression; aav surface area available



Fig. 2. Adsorption of phenol ( ) and 3-chlorophenol ( ) from 0.1 M aqueous NaCl solution on CNTC (a) and COOHC (b). ctotal,0 = 0.417 mM. The continuous (blue and green)
lines are guides for the eye. The (black) dot-dashed line is the algebraic sum of the measured data. The continuous thin (red) lines are the individual isotherms of P and CP
calculated from Eq. (2). The dotted (red) line is their total. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)

Fig. 3. Adsorption of phenol ( ) and 3-chlorophenol ( ) from 0.1 M aqueous NaCl solution on CNTC (a) and COOHC (b). ctotal,0 = 1.25 mM. The continuous (blue and green)
lines are guides for the eye. The (black) dot-dashed line is the algebraic sum of the measured data. The continuous thin (red) lines are the individual isotherms of P and CP
calculated from Eq. (2). The dotted (red) line is their total. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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As a consequence of these observations the total adsorption on
the oxidised CNT is underestimated by the CLM at both total con-
centrations. In the case of CNTC over- and underestimation may
occur equally, depending on the total concentration of the pollu-
tant and their relative concentration. It is worthwhile to mention
that Yang et al. [10] applied the Polanyi-based Dubinin–Astakhov
theory for the competitive adsorption of PAH molecules on a
non-functionalized CNT (similar to CNTC). The adsorption capacity
they calculated from the individual isotherms always overesti-
mated the experimental data. The adsorption of chlorinated phenol
and chlorinated aniline on the same CNT was also over-predicted
by the Polanyi-based model [8].

The composition of the interfacial layer xlayer,i was calculated as

xlayer;i ¼ na;iP
na;i

; ð3Þ

where na,i is the adsorbed amount of P or CP, respectively. The rela-
tionship between the xi values in the solution and in the interface
(Figs. 4 and 5) shows that CP is the preferentially adsorbed pollutant
on both nanotubes except in a very narrow relative concentration
window. The cross-over occurs at xP � 0.95, i.e., CP adsorbs
preferentially when its relative concentration exceeds xCP = 0.05,
independently of the absolute and relative composition of the free
liquid phase and the surface properties of the MWCNT.

For the interpretation of these observations the interactions of
the following components must be considered: the surface of the
nanotubes, the aromatic probe molecules, the ions from NaCl and
the water. The pH drops from the initial 5.8–6.4 to 5.3–6.2 and
from 5.8–6.5 to 4.0–4.5 in the aqueous phases separated from
CNTC and COOHC, respectively. Under these conditions the surface
of the CNTC is still close to neutral, while according to Fig. 1, COO-
HC is deprotonated. Both phenols are practically in the protonated,
i.e., neutral state. Thus, the most typical interaction between these
aromatic species and the CNTs is the p–p interaction between the
delocalised electrons [6,19]. This interaction is enhanced by the
chlorine substituent due to its high electronegativity, as is also
indicated by the higher K values of the CP isotherms. Recent molec-
ular model calculations on AC and dilute aqueous phenol solution
indicate that the phenol interaction with the surface groups is neg-
ligible due to the strong competition with the water [29]. Our



Fig. 4. Composition of the interface as a function of relative composition of the bulk liquid phase, ctotal,0 = 0.417 mM, (a) CNTC, and (b) COOHC; phenol, 3-chlorophenol.
Solid lines are guides for the eye.

Fig. 5. Composition of the interface as a function of relative composition of the bulk liquid phase, ctotal,0 = 1.25 mM, (a) CNTC, and (b) COOHC; phenol, 3-chlorophenol.
Dotted and solid lines are guides for the eye.
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experimental data on CNTs also show that the COOH groups in this
concentration do not influence the phenol uptake. The effect of the
salt on the adsorption of carbon nanoparticles is a complex matter
[17,30]. As we are very close to the point of zero charge of the CNTC
nanotube, the effect of the NaCl can be neglected here. On the more
negative COOHC surface however, the electrostatic screening of the
Na+ and Cl� ions may reduce the strength of the p–p interaction
between the CNT surface and the aromatic molecule and reduce
the K value in comparison to the CNTC.

The surface coverage by the aromatic molecules can be charac-
terised by the average surface area available for a single molecule
aav:

aav ¼ SBET

na � NA
ð4Þ

where SBET is the surface area from N2 adsorption, na = f(xP) is the to-
tal adsorbed amount of phenols and NA is Avogadro’s number. Fig. 6
shows these values as a function of the relative concentration in the
equilibrium free liquid phase.

The population of the surface by the two phenols is a function of
the relative composition of the equilibrium liquid phase and the
total concentration of the initial solutions. When both aromatic
molecules are present at the interface (xCP < 0.95), the adsorbed
layer is less ordered, the surface is less populated: the surface area
available for a molecule is larger. The ‘perturbing’ effect of P is
more significant at the lower total concentration. The functional-
ised nanotube is more sensitive to the relative composition, which
may be explained by the higher surface charge, and which also
may attract the ions of the background salt, thereby disturbing
the p–p interaction and increasing the disorder of the adsorbed
layer.
4. Conclusions

The results of co-adsorption measurements of phenol (P) and
m-chlorophenol (CP) on the two purified commercial CNTs re-
vealed that the following parameters play a significant role in the
performance: surface chemistry of the CNT, the chemical nature
of the aromatic compound, as well as their total and relative con-
centration. No external pH control was applied. Preferential
adsorption of the CP was observed in all the systems, a finding that
may be explained by its poorer solubility in water. This compound
was also more sensitive to the concentration and the surface chem-
istry of the CNTs. On the oxidised nanotubes the co-adsorption re-
sulted in a total uptake at both absolute concentrations that was
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much higher than expected from the single solute behaviour of the
two aromatic molecules. On the plain nanotube however the total
adsorption deviated from the expected uptake either in a positive
or a negative direction, depending on the relative concentration
of P. P may be able to suppress the CP adsorption already at low
concentration. Although the Langmuir model gives a good fit for
the single component isotherms, the parameters obtained fail to
describe the co-adsorption of P and CP in the complex systems.
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