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1. Background 

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

materials for the 21st century, because of their unique properties (Figure 1).  

 
a)       b) 

Figure 1. Single (a) and multiwalled (b) carbon nanotubes1 

 

CNTs were reported for the first time in the middle of the 20th century by 

Russian scientists, Radushkevich and Lukyanovich2. Their scientific “career” however 

started only after Sumio Iijima’s paper in Nature in 19913. 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 application in, e.g., the automobile and aviation industry, in solar cell, 

transistor and battery production or in medical sciences (dentistry, neurology, medical 

biology, etc.)4.  

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

combustion of fossil fuels and continuously growing motorization, carbon nanotubes 

are increasingly emitted into the environment. Since CNT is a “young” material, our 

knowledge of its behaviour in the environment is limited. There are only a few well-

documented publications in this field. Today it is an important requirement that when a 

new technology is being developed, it should be environmentally safe. The extreme 
                                                
1 http://www.arc.eee.tut.ac.jp/research/nanotube/torch/swcnt01/swcnt01.htm, 2013.06.18; Tóth A., 
Bakalinska O., Bertóti I., Voitko K. V., Prykhod'ko G. P., Gunko V. M., László K., Carbon 50(2), 577-
585 (2012) 
2 Radushkevich, L.V., Lukyanovich, V.M. Zurn. Fisic. Chim. 1952; 26, 88-95 
3 Iijima, S., Ichihasni,T., Nature, 1993; 363, 603-607 
4 Ulbricht, R., Lee,S.B., Jiang,X.,Inoue,K., Zhang,M.,Fang S., Baughman,R.H.,Zakhidov,A.A., Materials 
& Solar Cells, 2007; 91, 416-419; Sato,M., Webster,T., Expert Rev.Medical Devices, 2004; 1, 105-114; 
Cipollone, S., Carbon Nanotubes and Neurons: Nanotechnology Application to the Nervous System, 
PhD thesis 2008-2009, Universitá degli Studi di Trieste 
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properties of CNTs (high surface area, needle shaped, good light absorbent 

nanoparticles) give more impact to this problem. They are mobile, either air- or 

waterborne and are able to migrate in the soil (Figure 2).  

 
Figure 2. Possible interaction of carbon nanoparticles in the environment [adapted 

from5]  

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

motorization as the polar region. Particularly, the high surface area of CNTs raises 

concerns about their possible fate in nature. In the environmental compartments 

properties of the nanotubes may also be altered6. CNTs and the different substances in 

water or air can easily interact, thus manipulating each other’s behaviour, which could 

raise even more problems. CNTs are bioavailable to several organisms and thus can 

also be accumulated in the food chain. 

 

2. Scope of the work 

Recent mass applications of nanotubes have been limited to bulk multiwalled 

carbon nanotubes (MWCNTs). In polymer composites, for example, MWCNTs 

improve the mechanical, thermal, and electrical properties of the matrix. The prospect 

of affordable CNTs has been inspiring their use as adsorbents in 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 their increasing industrial production. In spite of 

sustained research effort in the field, however, the behaviour 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 

                                                
5 Tiwari A.J., Marr L.C., Journal of Environmental Quality, 2010; 39, 1883-1895 
6 Helland, A.,Wick,P., Koehler, A., Schmid,K., Som, C., Environ Health Perspect., 2007; 115, 1125–
1131. 
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their potential effects will not be trivial. Although CNTs have several properties in 

common with high surface area activated carbon, their unique morphology guarantees 

that the comparison with the extensively studied porous carbons is not obvious.  

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 study whether the 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 purification7. On 

escaping into the environment high surface area nanoparticles may catalyse its 

decomposition. MWCNT can be such a catalyst. The catalytic activity of CNTs was 

studied in the 2 2 2 22 2H O O H O   reaction 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 was 

investigated. 

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

purification. On the other hand, spontaneously or accidentally released CNTs may 

come into in contact with the dissolved organic pollutants in waters or in the soil 

compartment of the environment. It is important to understand the CNT – (water 

soluble ) organic molecule interactions from both aspects. Both of these aspects 

underline how important 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 a lot of information is available about the adsorption of 

aromatic molecules on activated carbons, the extension 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 were studied from their aqueous solution. The influence of the 

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

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

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

often coexist in waters as a result of the chlorination step during the purification. The 

                                                
7 Yap C.H., Gan S., Ng K.H., Chemosphere 2011; 83, 1414–1430. 
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competitive adsorption from bisolute phenol and 3-chlorophenol systems was studied 

and compared to their adsorption behaviour in single solute systems.  

 

3. Materials and methods 

3.1. Carbon nanotubes 

 Two sets of multi-walled carbon nanotubes were used in the experiments. One 

was synthesized in a laboratory scale plant in Ukraine, the other was purchased from 

China. The acronyms of the CNTs are listed in Table 1. 

 

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-COOHSL acid/base purified M3-COOH 
 

3.2. Methods 

Morphology and surface chemistry of CNTs were characterised by various 

methods used in the nanotube literature. For morphological characterisation, high 

resolution transmission electron microscopy (HRTEM), nitrogen (77 K) and n-propane 

(273 K) adsorption, and small angle X-ray scattering (SAXS) were used. Chemical 

properties of the CNTs in the dry state were tested by Raman spectroscopy, inductive 

coupled plasma optical emission spectroscopy (ICP-OES), X-ray photoelectron 

spectroscopy (XPS) and by comparison of the n-propane (273 K) and water (293 K) 

vapour adsorption. In aqueous phase their properties were investigated by 

potentiometric titration and electrophoretic mobility measurements. 

The catalytic activity of CNTs in aqueous phase was investigated in the 

2 2 2 22 2H O O H O   reaction. The influence of the surface chemistry of the CNTs, the 

pH (pH 4.6-8.1), the temperature (293-323 K) and the stability of the catalyst were also 
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tested.  

The equilibrium adsorption isotherms of phenol, 3-chlorophenol and dopamine 

were measured from 0.1 M aqueous NaCl solutions at 293 K. The pH was set to pH 3 

or pH 11 with HCl and NaOH, respectively. The equilibrium concentrations were 

determined by Ultra Performance Liquid Chromatography (UPLC, Waters).  

The two-component systems were measured from fixed initial total aromatic 

concentrations of phenol + 3-chlorophenol. 

 

4. Results 

4.1. Morphology and gas adsorption properties of pristine and chemically modified 

MWCNTs (P-CNT, O-CNT, N-CNT) probed by nitrogen, n-propane and water vapour 

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 restrictions may be 

available for n-propane. On the other hand the comparison of the adsorption of the 

nonpolar n-propane and water measured at similar temperature provide 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 significantly improved. The measured water uptakes 

proved to be proportional to the surface concentration of the heteroatoms (Figure 3). 

Although it is claimed that N heteroatoms notably enhance the adsorption performance 

of high surface area porous carbons even at low concentration, in the case of the N-

CNT sample such enhancement was not observed. 
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Figure 3. Influence of the surface heteroatoms (O + N) on water vapour uptake at 

various relative pressure 

 
It can be concluded that the comparative analysis of the adsorption isotherms 

from various gases offers a novel means to obtain deeper and more complex 

information about the morphology and the surface character of CNTs. 

 

4.2. Catalytic activity 

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 

energy: 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. 

 

4.3 Adsorption from dilute aqueous solutions 

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 impact on the behaviour of the CNTs in aqueous phase. In 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 
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range of the investigation (pH 3-11).  

The introduction of the 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 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. The 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 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 ( P
P

P CP

cx
c c




 where 

cP is the equilibrium concentration of phenol, and cCP that of 3-chlorophenol, 

respectively, in the bulk liquid) (Figure 4). 
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a)      b) 

Figure 4. Composition of the interfacial layer as a function of the 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. 

 

5. New scientific results 

1. Three small gas adsorbates (nitrogen, n-propane and water vapour) were first 

time in parallel applied for the investigation of the morphology and the surface 

chemistry of carbon nanotubes. The comparative analysis of the adsorption isotherms 

from these gases offers a novel means of obtaining a thorough and more complex 

information about the morphology and the surface character of the MWCNTs than the 

evaluation of any of the single isotherms. Oxygen and nitrogen 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. 

Contrary to the expectation based on literature data the enhancing effect of the N 

heteroatoms was not observed in case of the N-doped CNT studied. [1,4] 

2. The carbon nanotubes slightly catalyse the decomposition of hydrogen 

peroxide. The effect is also influenced by the surface chemistry of the nanotubes and 

the pH of the solution. The activation energy of the overall reaction with pristine CNT 

is approximately twice as high as with the oxidised one. During the reaction the surface 

of the multiwalled nanotube becomes oxidized which results in an enhanced catalytic 

activity. [6] 

3. The carbon nanotubes, similarly to activated carbons, are able to adsorb 
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aromatic molecules from water. Their adsorption efficiency, however, is lower than that 

of commercial activated carbons developed for water treatment. The sorption 

interaction, which is further enhanced by the introduction of surface carboxylic groups, 

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 CNT surface play a role. The low coverage shows that in spite of its 

hydrophobic character the surface of the CNT is mainly covered with water, which 

forms clusters. [2,3,7] 

4. The acid-base purification of multiwalled carbon nanotubes increases the 

phenol adsorption, but the strength of the sorption 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 the 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. [3,5] 

5. 3-chlorophenol is the preferentially adsorbing component in all the measured 

cases from the bisolute phenol – 3-chlorophenol solutions. 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 parameters obtained fail to describe the co-adsorption 

quantitatively in the mixed phenol – 3-chlorophenol systems. [5]. 

 
6. Practical aspects 

CNTs can be found in the environment, e.g., because of motorisation. Due to 

their expanding large-scale production their concentrations in the environment will 

certainly increase. The involvement of CNTs in the ecological processes in the 

environment can be not disregarded, because, owing to their small size, they are air- 

and waterborne, and they are able to migrate in the soil. They interact with their 

environment because of their high surface area. Due to their unique surface properties 

(e.g., high surface area, easy tuneable surface chemistry) their application as potential 

sorbents is also envisaged in the future. 
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of Phenol, Progress in Colloid and Polymer Science 135, 148–156 (2008)  
(IF: -) 
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Conference papers 
42. Berke B., Tóth A., Onyestyák Gy., László K.: Synthesis and characterisation  of 
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(ISBN 978-966-02-5998-0) 
 
45. Borodavka T. V., Kulyk T. V., Tóth A., Bosznai Gy., Gun’ko V.M., Mikhalovska 
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Modern Problems of Chemistry and Physics of Surface, 11-13 May 2011, Kiev, 
Ukraine Programme and abstract book, p. 127-128. (ISBN 978-966-02-5998-0) 
 
46. Tóth A., Novák Cs., László K.:  Influence of ionic environment on the thermal 
regeneration of porous carbon,14th International Congress on Thermal Analysis and 
Calorimetry VI Brazilian Congress on Thermal Analysis and Calorimetry, 14-18 
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