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Abstract 

The interactions which occur between both polar and non-polar fluid phases and surfaces 

of various carbon materials: porous Activated Carbon (AC), non-porous Carbon Black 

(CB) and Multiwall Carbon Nanotubes (MWCNTs) with different surface chemistry 

have been studied. These are currently of great interest as they govern the interfacial 

behaviour of carbons in a wide range of applications; separation and composite 

technologies being tow prime examples. Consequently, techniques for chemical 

modification of carbon surfaces are also of interest. 

Surface oxygen functional groups have been introduced, or modified, using the 

following oxidation techniques: liquid-phase oxidation (both AC and CB), Fenton and 

Birch reduction treatment (MWCNTs) and in a more controlled manner using gas-phase 

ozone treatment (CB). The chemistry of all the resulting carbon surfaces were 

characterised using X-ray Photoelectron Spectroscopy (XPS), which gives a quick and 

direct quantitative measure of the external surface composition. This technique, which 

has not yet been extensively employed in detailed adsorption studies, is a promising 

alternative to Temperature Programmed Desorption (TPD) and Boehm titration method 

in the determination of oxygen and other surface groups. Physical effects of the various 

surface modifications have been studied using a variety of techniques appropriate for the 

material in question. Scanning Electron Microscopy (SEM) images show some 

deteriorating effects of the liquid-phase oxidations on the structure of both activated 

carbon and carbon black materials. Conversely, surface areas from nitrogen adsorption at 

77°K, coupled with immersion calorimetry data for toluene, show that the physical 

structure of the carbon blacks is not modified by ozone treatment. This has allowed a 

detailed study of the effects of surface oxygen level (i.e. polarity) on vapour adsorption. 

Regarding the MWCNT materials, detailed High-Resolution Transmission Electron 

Microscopy (HRTEM) photographs show that the multi-wall structure of the nanotubes 
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is not significantly disrupted during the introduction of active functional groups by the 

Fenton or Birch treatment and therefore keeping intact their mechanical properties which 

augurs well for their use as reinforcement in composite structures whilst also improving 

their dispersion properties in polar fluids. 

A systematic shift to higher adsorption values, due to the increasing specific 

interactions between the alcohol –OH groups and the surface oxygen groups, is observed 

in all the isotherms of alcohols from the CB series as the total surface oxygen 

concentration ([O]T) increases. Moreover, this effect was observed to be most significant 

for methanol confirming that the mechanism of adsorption is dominated by hydrogen 

bonding and therefore dependant on the surface concentration of oxygen sites; whereas it 

becomes less marked in the case of ethanol and isopropanol respectively due to the 

increasing non-specific, dispersion, interactions of the alkyl chain with the non-polar 

carbon surface. Overall correlations were observed between the surface oxygen 

concentration [O]T, the resulting enthalpy of immersion -ΔHi values and the 

characteristic energy E of the Dubinin–Radushkevich–Kaganer (DRK) equation obtained 

for toluene and these alcohols and the influence of the carbon surface chemistry on the 

character of the adsorption isotherms is also discussed. 

This behaviour is also observed and much more pronounced in the case of water 

adsorption on other oxidised carbon materials (AC, CB and MWCNT) due to the higher 

polarity of water molecules. The water adsorption data were analysed using in particular 

the Dubinin–Serpinsky (DS) equation and also some of its recent variations such as 

Barton and D’Arcy & Watt equations. The DS2 and various Barton equations were found 

to fit best the AC and CB materials modified by liquid-phase oxidations and also for the 

CB O3 series with increasing level of oxidation while both D’Arcy & Watt equations 

gave the best fittings for the MWCNTs materials. It was also shown that the resulting 

parameters a0 (for the DS equation) describing the surface concentration of primary polar 

adsorption sites and as the limiting water adsorption value were both linked to the surface 

oxygen level [O]T. Regarding interfacial bonding, the oxidised CB and MWCNT 
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materials are expected to show an improved physicochemical wetting of their surfaces by 

various resin compounds. 

 

 

KEYWORDS: Carbon black (CB), Activated carbon (AC), Multiwall carbon nanotubes 

(MWCNTs), Adsorption, Immersion calorimetry, X-ray photoelectron spectroscopy 

(XPS), Ozone modification, Surface chemistry, Dispersion and polar interactions. 
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Résumé 

Les travaux présentés dans cette thèse décrivent les interactions entre vapeurs polaires et 

non-polaires et divers adsorbants carbonés tels que Noirs de Carbone (CB), Charbon 

Actif (AC) et Nanotubes de Carbone Multi-feuillets (MWCNT) ayant différentes chimies 

de surface. 

Les groupes fonctionnels contenant des atomes d’oxygène ont été introduits par les 

techniques d’oxydation suivantes: oxydation acidique en phase liquide (pour les noirs de 

carbone et charbons actifs), oxydation Fenton et réduction Birch (pour les MWCNTs) et 

d’une manière mieux contrôlée grâce au traitement à l’ozone en phase gazeuse (pour les 

CBs). Les surfaces carbonées résultantes ont été analysées par Spectrométrie Photo-

électronique X (XPS), qui fournit une mesure quantitative rapide et directe de la 

composition chimique de la surface. Les images produites par Microscopie Electronique 

à Balayage (MEB/SEM) ont quant à elles été utilisées pour nous donner des informations 

sur la nature des dommages structuraux des noirs de carbone et charbon actifs induits par 

les différentes méthodes d’oxydation, en particulier les traitements à l’acide. 

Inversement, les surfaces spécifiques à partir de l’adsorption d’azote à 77°K ainsi que les 

données d’enthalpies d’immersion dans le toluène indiquent que la structure physique des 

noirs de carbone n’a subi aucune modification majeure par l’oxydation à l’ozone. Cela 

nous a permit de mener une étude détaillée des effets de la concentration d’oxygène de 

surface (i.e. polarité de surface) sur l’adsorption de diverses vapeurs. En ce qui concerne 

les MWCNTs, les photographies détaillées obtenues par Microscopie Electronique en 

Transmission Haute Résolution (HRTEM) montrent que la structure multi-feuillet des 

nanotubes n’a pas été vraiment perturbé durant l’introduction des groupes fonctionnels 

par les deux traitements Fenton et Birch, ce qui permet de déduire qu’ils ont gardé intact 

leurs propriétés mécaniques nécessaires à la majorité de leurs applications. 
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Pour la série des noirs de carbone oxydés à l’ozone, un décalage systématique vers 

des valeurs d’adsorption plus élevées est observé dans toutes les isothermes d’alcools 

lorsque la concentration d’oxygène [O]T en surface augmente causant ainsi une 

multiplication des interactions spécifiques entre le groupe alcool –OH et les sites actifs 

de surface contenant les atomes d’oxygène. Cet effet est beaucoup plus significatif dans 

le cas du méthanol ce qui confirme que le mécanisme d’adsorption pour cette molécules 

est dominé par les liaisons hydrogène de type dipôle/dipôle et donc fortement sensible au 

niveau d’oxydation de la surface. Cette tendance est en revanche respectivement moins 

prononcée pour l’éthanol et l’isopropanol en raison de l’augmentation des interactions 

non-spécifiques, appelées aussi interactions de dispersion, entre la chaine alkyle et la 

surface carbonée non-polaire. Des corrélations globales existantes entre la concentration 

d’oxygène de surface [O]T, les enthalpies d’immersion et l’énergie caractéristique E de 

l’équation Dubinin–Radushkevich–Kaganer (DRK) obtenue pour le toluène et ces trois 

alcools ont d’ailleurs été mises en évidence. Nous nous sommes aussi intéressés à 

l’influence de la chimie de surface de ces matériaux carbonés sur le caractère des 

isothermes d’adsorption pour ces vapeurs. 

Un comportement identique est observé dans le cas de l’adsorption d’eau sur ces 

trois type de matériaux oxydés (AC, CB et MWCNTs) mais tout en étant beaucoup plus 

prononcé en raison de la plus grande polarité des molécules d’eau. Les isothermes 

d’adsorption d’eau ont été analysées en particulier à l’aide de l’équation de Dubinin–

Serpinsky (DS) mais nous avons aussi utilisé quelques unes de ses récentes variations 

telles que les équations de Barton et d’Arcy & Watt. Pour tous ces matériaux, les 

résultats obtenus par modélisation des équations précédentes montrent que le paramètre 

a0 décrivant le nombre de sites primaire d’adsorption mais aussi as représentant la 

quantité d’eau adsorbée limite sont dépendant du niveau d’oxydation de surface [O]T. En 

ce qui concerne les liaisons au niveau des interfaces, nous nous attendons à ce que les 

surfaces des noirs de carbone et MWCNTs oxydés présentent une amélioration 
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considérable de leur mouillage physico-chimique dans une gamme variée de résine, ceci 

dans le but d’améliorer les propriétés et performance du matériau composite ainsi formé. 

 

 

MOTS-CLÉS: Noir de charbon, Charbon actif, Nanotubes de carbone multi-feuillets, 

Adsorption, Calorimétrie d’immersion, Spectrométrie photo-électronique X (XPS), 

Oxydation de surface à l’ozone, Chimie de surface, Interactions de types : dispersion et 

polaires. 
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Chapter 1   Introduction 

The properties and applications of activated carbons strongly depend on their porosity 

but the chemical nature of the surface plays an important role as well. This is also true for 

other type of carbon materials such as carbon black which are usually non-porous, carbon 

nanotubes or carbon fibres. Both hydrophobic graphene sheets and hydrophilic surface 

functional groups are contained in these materials. Non-specific interactions between a 

molecule/atom in the fluid phase and the atoms composing the solid result from the 

London forces and are highly dependent upon the physical structure of the carbon i.e. 

specific surface area/porosity. Thus, the graphene layers will be responsible for the 

adsorption of non-polar species. As for the specific interactions, they occur at the 

individual chemical groups, usually oxygen (but some others can contain phosphorus, 

sulphur, etc...) by polar interactions. These groups will act preferentially as primary 

adsorption centres for polar interactions (with water or methanol for example). Both of 

these adsorption mechanisms will be discussed more in details within this thesis. In the 

course of this work, the effects of surface chemical modification on various carbon 

materials have been studied with specific reference to their interactions with vapour 

molecules. Where possible, the initial structure of the carbon material has been 

considered as well as any changes caused by the chemical treatments. 

Typically, in a porous solid, the physical structure including the porous network 

strongly depends on the choice of material precursor used then it can be controlled and 
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modified using different carbonisation and activation conditions (atmosphere, 

temperature, duration of treatment, etc...). On the other hand, the surface chemistry can 

be modified via post-processing chemical treatment. Chemical functional groups are 

intrinsically present on the carbon surface depending of the different chemical 

composition of the precursor chosen for the production. To suit a practical application, 

more of these groups can be introduced or existing groups removed, using one or 

combination of the following methods: acidic treatment, ammonia treatment (to introduce 

nitrogen-containing functional groups), heat treatment in oxidant/inert/reducing 

atmosphere, microwave treatment, ozone treatment, plasma modification, etc... The 

oxygen surface groups, which are bound to the carbon structure, are responsible for 

wettability [1

Nowadays, researchers are not only focused on how to modify the surface chemistry 

but also on the characterisation. They also try to get a better understanding of the 

chemical groups present of the carbon surface in order to optimize existing applications 

and broaden to other practical applications. A variety of experimental techniques to 

assess and determine the type and concentration of surface functional groups exist. 

Common examples are: the Boehm Titration method, Temperature Programmed 

Desorption (TPD), (Fourier Transform) Infra-Red Spectroscopy (FTIR) and X-ray 

Photoelectron Spectroscopy (XPS) which was the main technique used in this work to 

characterise our carbon materials. 

], adsorption behaviour [2][3] and as well catalytic [4][5] and electrical 

properties [6]. So modification of surface chemistry of these carbon materials is 

becoming a very attractive cost effective and viable pathway in order to design suitable 

materials for novel applications. Examples of these applications are: structural and 

chemical modification of activated carbon for its application in electrochemical 

capacitors [7], preparation of carbon black for new printing ink formulation, removal of 

metal cations from aqueous solution using oxidised activated carbon clothes [8] or 

multiwall carbon nanotubes [9] and bonding and stress transfer in carbon composites [10], 

etc... 
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In the first part of this work, the effects of liquid-phase oxidation on the structure of 

several carbon materials: graphite, carbon black and activated carbon were investigated 

and compared using microscopy techniques SEM and AFM. Thermal treatment on the 

surface chemistry using XPS and thermal gravimetric analysis (TGA) was also studied. 

Following this initial investigation, the prime aim of this work was to study the effects of 

oxygen-containing functional groups present on the carbon black surface on the 

adsorption characteristics of polar and non-polar vapours. The carbon black was oxidised 

using ozone in order to minimize the alteration/damage of the carbon structure resulting 

from the treatment. Additionally, the reactivity of the surface oxygen groups was also 

probed using water adsorption for activated carbons and carbon blacks oxidised with 

various acids. Finally, the last part of this work was carried out on functionalised 

multiwall carbon nanotubes (MWCNTs). The different nanotubes materials were 

characterised using microscopy techniques (mainly Transmission Electron Microscopy 

(TEM)) and XPS whereas the reactivity of the active groups was probed with water 

adsorption. 

 

Structure of the thesis 

The first part of this thesis consists in the theoretical background relative to this work.  

The conceptual notions to gas/solid interactions and to the different types of porosity will 

be presented. This part also includes a description of the porous and non-porous carbon 

materials used in this work and the different theories describing the adsorption of 

vapours/gases on these solids will also be discussed including the special case of water. 

Finally, an overview of the oxidation of carbon surfaces will also be presented at the end 

of this chapter. 

The second part of the thesis provides details of the different procedures used to 

modify the surface chemistry of the carbon materials as well as a brief description of the 

experimental techniques adopted for their characterisation. 
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The third part which presents the results and discussions is composed of four 

sections. The initial observations of the effect of oxidation and heat treatment on the 

different carbon materials are presented in the first section. The second section covers the 

adsorption of increasing chain-length alcohols on carbon black surfaces modified using 

ozone oxidation. The third section deals with adsorption of water on ozonated carbon 

black and on carbon black and activated carbon modified by liquid-phase oxidations. 

Finally the fourth section is focused on the characterisation of functionalised multiwall 

carbon nanotubes and the influence of the surface chemistry on water adsorption for this 

material. 

The thesis ends with a summary and the possible outlook perspectives for further 

research. 
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2 
Chapter 2   Theory and Literature review 

2.1 Gas/solid interactions 

2.1.1 Adsorption forces 

The adsorption of a gas by a solid is the result of attraction between adsorptive molecules 

(individual molecules of the gas) and the atoms or ions composing the solid surface 

(adsorbent). Once adsorbed in an extremely thin surface layer of the solid, the gas 

molecules are denoted “adsorbate”. For indication, the IUPAC (International Union of 

Pure and Applied Chemistry) definition [1] of adsorption is the following: “an increase 

in the concentration of a dissolved substance at the interface of a condensed and a liquid 

phase due to the operation of surface forces. Adsorption can also occur at the interface 

of a condensed and a gaseous phase”. 

These forces include dispersion forces which are attractive and short range repulsive 

forces. Also electrostatic (Coulombic) forces arise if the solid and/or the gas are polar. 

Dispersion forces, also called London forces, were first characterised by London in 1930 

[2][3]. The rapid fluctuation in electron density within each atom induces an electrical 

dipole moment in neighbouring atoms, leading to an attraction between the atoms. If one 

considers now the case of two atoms, by using the perturbation theory from quantum 

mechanics, one obtains [4]: 
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 𝜀𝐷(𝑟) = −𝐶 ∙ 𝑟−6 Eq.  2.1 

where r is the interatomic separation distance and C the dispersion constant of the 

dipole-dipole interaction. 

In this equation, dipole-quadrupole and quadrupole-quadrupole interactions have 

been neglected due to the relatively small contributions. On the other hand, the repulsion 

forces (resulting of overlapping electron orbitals) can be expressed as [4]: 

 𝜀𝑅(𝑟) = 𝐵 ∙ 𝑟−12 Eq.  2.2 

where B is an empirical constant. 

By summation of the pairwise attractive and repulsive interaction, one obtains the 

total potential energy between the two atoms as represented in Figure 2.1: 

 𝜀(𝑟) = −𝐶 ∙ 𝑟−6 + 𝐵 ∙ 𝑟−12 Eq.  2.3 

This relation is also referred to as the Lennard-Jones (L-J) potential [5][6] or the 6-12 

potential who first proposed it in 1931. The other form of the L-J potential is: 

 𝜀(𝑟) = 4𝜀 ∙ ��
𝜎ℎ𝑠
𝑟
�
12
− �

𝜎ℎ𝑠
𝑟
�
6
� Eq.  2.4 

where ε is the well depth and σhs is the hard sphere diameter. 

The relation is often written as: 

 𝜀(𝑟) = 𝜀 ∙ ��
𝑟0
𝑟
�
12
− 2 �

𝑟0
𝑟
�
6
� Eq.  2.5 

where r0 = 21/6·σhs is the distance at the minimum of the potential. 
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Figure 2.1: Potential energy diagram of two atoms of argon. 

In the case of the adsorption of a gas on a solid, the total energy will be the 

summation of the individual interactions of each atom within the gas phase with each 

atom of the adsorbent: 

 𝛷(𝑧) = �𝜀𝑖𝑗(𝑟𝑖𝑗)
𝑖,𝑗

 Eq.  2.6 

2.1.2 Adsorption isotherms 

When a solid is exposed to a gas or vapour then the concentration of the gas/vapour at the 

solid surface and into its pores if it has porosity, becomes greater than in the gas/vapour 

phase [7]. This phenomenon which brings this enrichment of material is called 

“adsorption” as defined earlier. It must not be mistaken with “absorption” in which 

molecules enter the bulk phase of solid material and are taken up by the volume not by 

the surface. 
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In a closed system, adsorption of gas onto the solid can be measured by monitoring 

the fall in pressure of the adsorptive within a known volume (volumetric system) or the 

mass gain of the solid due to adsorbing gas molecules in the case of a gravimetric system. 

In the latter system, a spring balance is commonly used. 

The amount of gas Na taken up by a given material is a function of the mass m of 

the solid, the temperature T, the pressure p of the gas and the physical and chemical 

characteristics of both solid and gas/vapour. 

 𝑁𝑎 = 𝑓(𝑇, 𝑝, 𝑠𝑜𝑙𝑖𝑑,𝑔𝑎𝑠/𝑣𝑎𝑝𝑜𝑢𝑟) Eq.  2.7 

For a given system at a constant temperature, the adsorption isotherm can be 

expressed in the convenient form: 

 𝑁𝑎 = 𝑓 ��
𝑝
𝑝0
�
𝑇

, 𝑠𝑜𝑙𝑖𝑑,𝑔𝑎𝑠/𝑣𝑎𝑝𝑜𝑢𝑟� Eq.  2.8 

where p0 is the saturation pressure of the gas/vapour at the temperature T. 

Many different types of isotherms have been reported in the literature [8][9]. These 

isotherms can have various shapes depending on the type and nature of the adsorbent and 

adsorbate and particularly the intermolecular interaction between the gas/vapour and the 

surface. 

The first classification to interpret adsorption isotherms was originally proposed by 

Brunauer, Deming, Deming and Teller (BDDT)i

7

 [10] in 1940 and comported five types. 

The BDDT classification has become the core of the modern IUPAC classification [11] 

with an additional one (type VI) introduced much later by Sing [ ]. These six isotherm 

classes are presented in Figure 2.2. 

                                                 
i Also sometimes referred to as the Brunauer classification. 



CHAPTER 2   Theory and Literature review
 

 

10 

 

 

Figure 2.2: Classification of the five types of adsorption isotherm (BDDT), together with 

type VI, the stepped isotherm. 

Type I isotherms are typically observed by adsorption on microporous solids. 

Micropore filling occurs at low relative pressure (< 0.1 𝑝 𝑝0� ). This isotherm is 

characteristic of the adsorption on activated carbons and zeolites. 

Type II isotherms result from the physical adsorption of gases by nonporous solids 

as carbon blacks. This isotherm describes multilayer adsorption on an open surface. But 

it can be also a combination of a type I (micropores) with a pure type II (open surface). 
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Type III and type V isotherms reveal week gas-solid interactions [12] whereas the 

adsorbate-adsorbate interactions are relatively strong. It is the case of water adsorption on 

hydrophobic surfaces (for example graphite or activated carbon with low oxygen 

content). In addition, type V possesses a hysteresis loop characteristics of the presence of 

mesopores where capillary condensation occurs. 

Type IV isotherms are from the adsorption on mesoporous solids. They have also a 

hysteresis loop. 

Finally, type VI isotherm is an isotherm with steps reflecting the formation of 

successive monolayer on very homogeneous and non porous surface. This case is 

relatively rare but it is interesting theoretically. The adsorption of krypton on graphitised 

carbon black at 90°K is an example of type VI isotherm [13]. 

 

New classification of adsorption isotherm [14], taking into account adsorption for 

subcritical and supercritical conditions (temperature above critical temperature) is 

arising. Murata and Kaneko [15] have proposed a new equation to describe the 

phenomena of supercritical gas adsorption which correlated well with both experimental 

data and DFT (Density Functional Theory) results. 

2.1.3 Notions of porosity 

The origin of the word pore is from the Greek word ‘poros’ which means passage. So the 

role of a pore is to act as a passage between the external and the internal surfaces of a 

solid and allowing gas or vapour molecules to enter, go through or out of the solid. For 

catalysis or purification/separation applications, most of the adsorbents possess porosity 

which in the same time enhances their internal surface area. The number of pores, their 

size and shape can vary greatly for different adsorbents and even within the same solid. 

This will determine, for example, the adsorption capacity and also the dynamic 
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adsorption rate of an activated carbon. According to IUPAC [16], three groups of pores 

are distinguished: 

Macropores: 𝑑0 > 50𝑛𝑚 

Mesopores: 2𝑛𝑚 ≤ 𝑑0 ≤ 50𝑛𝑚 

Micropores: 𝑑0 < 2𝑛𝑚 

where d0 is the pore width for slit type pores or pore diameter for cylindrical pores. 

But in the literature, these porosity classes may often overlap in terms of size and 

definitions. 

The different kinds of pores inside an activated carbon granule are represented in the 

Figure 2.3. Moreover “closed” pores (isolated void within the solid) and “blinded” pores 

(pores which do not lead to any other pore or surface) may also be present inside the 

solid. 

 

Figure 2.3: Schematic drawing of the different types of pores in an activated carbon 

particle. 

A series of interconnecting tubes or slits is a common misconception to describe the 

porosity in carbon. A more realistic view would be that the carbon atoms are regrouped 

together in imperfect aromatic sheets and form a three dimensional covalently bonded 

network. The spaces or interstices between these sheets or lamellae represent the porosity 
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of carbon and is resulting from the carbonisation and activation process during the 

fabrication of the material. 

The basis for pore classification is that each size range corresponds to different 

adsorption effects (or mechanism), as observed in adsorption isotherm. 

2.1.3.1 Macroporosity 

Macropores act as transport highway to the interior of the carbon particle and only have 

interest for kinetic considerations. Major cracks, fissures and other structural defects will 

lead to the formation of this kind of porosity which is considered as an external surface. 

Their contribution to the surface area of the solid is relatively low (< 5 m2/g). Adsorption 

process follows the layer by layer mechanism typical of non-porous solids. The 

adsorptive molecules travel through the macropores and mesopores, from where they 

finally enter the micropores. 

2.1.3.2 Mesoporosity 

Mesopores are also providing a transport system for the molecules to allow them to enter 

the microporosity. This is the place where capillary condensation occurs, resulting in a 

hysteresis loop in the adsorption isotherm (at high relative pressure) characteristic of the 

differences between the pore filling and emptying processes. The mesopores filling 

occurs at the final stage of the isotherm via multilayer formation to the point where the 

cylindrical meniscus reaches its critical radius. It is also assumed that at this stage all the 

micropores are completely filled up. 

2.1.3.3 Microporosity 

Micropores generally contribute to the major part of internal surface area and also to pore 

volume of the activated carbon. These pores, filled at very low relative pressure, are 

representative of type I isotherms. They are considered to be of similar size of the 

adsorbate molecules. Most of the adsorption takes place within these micropores, where 

the interaction energy is much greater than in larger pores due to the closeness of pore 
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walls, resulting in a relatively deep and sharp potential well and enhanced adsorption for 

very low relative pressure. This is part of the theory developed by Dubinin and will be 

explained more comprehensively in the paragraph 2.2.3. 

The filling process inside the micropores can be divided into two steps: 

i. monolayer formation 

ii. micropore filling by cooperative effects [17]. 

 

The adsorption process within the micropores is completely reversible due to their 

narrow widths which inhibit the phenomenon of capillary condensation. 

2.2 Adsorption by porous and non-porous solids 

To all the isotherms seen previously correspond different mathematical models but 

usually these models ignore some structural features of the adsorbent and the influence of 

adsorbate-adsorbent interactions. This section reviews the most common models. Most 

have been used in this work. 

2.2.1 Langmuir equation 

Langmuir [18][19] was first to produce a relationship between the amount of gas adsorbed 

and equilibrium pressure. According to Langmuir, adsorption equilibrium is governed by 

a dynamic process between the molecules arriving on the surface and those leaving the 

surface. One can write separately the rate of condensation rc (Eq.  2.9) and the rate of 

evaporation re (Eq.  2.10). 

 𝑟𝑐 = 𝑘𝑎 ∙ 𝑝 ∙ (1 − 𝜃) Eq.  2.9 
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 𝑟𝑒 = 𝑘𝑑 ∙ 𝜃 Eq.  2.10 

where 𝜃 = 𝑁𝑎
𝑁�  is the fraction of surface covered, with N, total number of 

adsorption sites, Na, amount of adsorbed molecules. ka and kd represent the rate constants 

for adsorption and desorption respectively. 

Langmuir assumes the surface of the adsorbent is homogeneous, there is no 

adsorbate-adsorbate interaction and only monolayer adsorption can occur. At 

equilibrium, the two rates are equals, i.e. 𝑟𝑐 = 𝑟𝑒, one obtains the Langmuir equation: 

 𝜃 =
𝑏 ∙ 𝑝

1 + 𝑏 ∙ 𝑝
 Eq.  2.11 

where p is the pressure of the gas (mbar for example) and 𝑏 = 𝑘𝑎
𝑘𝑑� = 𝑏0 ∙ 𝑒

𝑄
(𝑅∙𝑇)�  

with b0 a parameter being reciprocal of pressure (mbar-1) and Q representing the energy 

of adsorption. 

2.2.2 The Brunauer, Emmett and Teller (BET) model  

To generalise the Langmuir theory to multilayer adsorption, Brunauer, Emmett and 

Teller [20] developed a model, known as the BET model. The physical adsorption on non-

porous solid leads generally to a type II isotherm, starting with the creation of a statistical 

monolayer on the solid surface. The basic assumptions are that in all the layers, except 

the first one, the heat of adsorption q is equal to qL the heat of condensation (or 

liquefaction) of the liquid adsorbate. Also a molecule can condense or evaporate only on 

or from exposed surfaces. The BET equation in a convenient form is expressed as: 

 
𝑝
𝑝0�

𝑁𝑎 ∙ �1 − 𝑝
𝑝0� �

=
1

𝑁𝑎𝑚 ∙ 𝐶
+

𝐶 − 1
𝑁𝑎𝑚 ∙ 𝐶

∙ 𝑝 𝑝0�  Eq.  2.12 
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where p0 is the saturation vapour pressure, Na is the amount of gas adsorbed at the 

relative pressure 𝑝 𝑝0� , Nam is the amount of gas corresponding to the monolayer 

capacity and CBET is the BET constant given in practice by: 

 𝐶𝐵𝐸𝑇 = 𝑒𝑥𝑝 �
𝑞1 − 𝑞𝐿
𝑅 ∙ 𝑇

� Eq.  2.13 

where q1 is the heat of adsorption for the first layer, qL is the heat of liquefaction of 

the adsorbate and R the ideal gas law constant. 

So 𝑞1 − 𝑞𝐿 is the net heat of adsorption [7]. 

Mathematically, the BET equation is linearisable over the range 0.05 < 𝑝
𝑝0� <

0.35 by plotting the left member 
𝑝
𝑝0�

�1−𝑝 𝑝0� �
 versus 𝑝 𝑝0� . So, the monolayer capacity Nam 

and the CBET constant can be determined from this graphical representation. Then, the 

surface area of the adsorbent can be calculated using the simple relation: 

 𝑆𝐵𝐸𝑇 = 𝑁𝑎𝑚 ∙ 𝜎 ∙ 𝑁𝐴 Eq.  2.14 

where SBET is the surface area of the solid (in m2/g), Nam is the monolayer capacity 

(in mol/g), σ is the footprint area of an adsorbate molecule (in m2/molecule) and NA is the 

Avogadro’s number (molecules/mol). 

A criticism of BET model is the assumption that all the adsorption sites on the solid 

surface are energetically identical. That’s why this equation is not linear at the very low 

pressure. In reality, most of surfaces are energetically heterogeneous. Another 

disadvantage is that the model neglects adsorbate-adsorbate interactions. And this type of 

interactions becomes more and more preponderant when the layer is approaching 

completion. Moreover, the capillary condensation phenomenon is also a source of 

deviations in the graph. These can explain the non-linearity of the BET representation for 

high relative pressure (> 0.5 𝑝 𝑝0� )[7]. 



CHAPTER 2   Theory and Literature review
 

 

17 

 

The applicability of this model may be questioned for microporous solid as it fails to 

describe adequately the adsorption and filling in the micropores [21]. It could results in an 

unrealistic large monolayer capacity, hence high surface area, resulting from the 

enhanced adsorption inside the micropores (capillarity condensation) before the final 

completion of the monolayer. 

2.2.3 Theory of Dubinin 

The Theory of Volume Filling of Micropores (TVFM) developed by Dubinin in late 

1940s and reviewed several times since then [22][21][23] is one of the most widely used to 

describe physical adsorption of gas and vapours on microporous solids. This theory and 

all equations which originate from it find their fundamental basis in Polanyi’s potential 

theory of adsorption [24][25]. Polanyi defines the thermodynamic potential A as the 

differential molar work needed to transfer one mole of the gas phase to a given place on 

the surface. The potential A is expressed as: 

 𝐴 = 𝑅 ∙ 𝑇 ∙ 𝑙𝑛�𝑝0 𝑝� � = −∆𝐺 Eq.  2.15 

where -ΔG is the Gibbs free energy and R is the ideal gas law constant. 

For a planar and homogeneous surface, all the points being at the same distance of 

this surface draw an equipotential surface and this potential decreases with the distance 

and at the end becomes null. The space between each set of equipotential surfaces and 

the solid surface corresponds to a definite volume W in which adsorption occurs. The 

main proposition of the Polanyi theory is that the adsorption potential A at constant 

volume filling W is temperature independent: 

 �
𝜕𝐴
𝜕𝑇
�
𝑊

= 0 Eq.  2.16 
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This proposition has been confirmed by voluminous experimental data. Dubinin 

conceived adsorption as a volume filling of the micropores (adsorption space) rather than 

the typical physical image, successive adsorbed layers onto the pore walls. 

Dubinin postulated that the volume of vapour adsorbed W by activated carbon at the 

relative pressure 𝑝 𝑝0�  is a function of the thermodynamic potential A. 

2.2.3.1 Dubinin-Radushkevich (DR) equation 

The Dubinin-Radushkevich (DR) equation was devised to describe the adsorption of 

various vapours onto many microporous carbons. After the analysis of experimental data 

on the adsorption of different vapours onto active carbons with different pore structure 

[26][27], Dubinin and Radushkevich [28][29] arrived to the following relationship: 

 𝑊 = 𝑊0 ∙ 𝑒𝑥𝑝 �−�
𝐴

𝛽 ∙ 𝐸0
�
2

� Eq.  2.17 

where W0 is the total volume of micropore system accessible to the adsorbate, E0 is 

the characteristic adsorption energy of the solid (for the reference vapour) and the 

parameter β is the affinity coefficient or similarity constant and is equal to the ratio of 

adsorption potentials of the adsorptive to a reference vapour. 

By convention, benzene is usually used as reference compound and is by definition 

given the value 𝛽𝑏𝑒𝑛𝑧 = 1. This coefficient is specific to the nature of the adsorptive and 

will be discussed more in details later. They assumed that the pore size distribution is a 

Gaussian function so the value of the exponent n was chosen equal to 2. 

The characteristic energy of a given solid/adsorptive system is related to the 

parameters E0 and β by the following relation: 

 𝐸 = 𝛽 ∙ 𝐸0 Eq.  2.18 
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2.2.3.2 Dubinin-Astakhov (DA) equation 

At a later stage, Dubinin and Astakhov [30] proposed the following expression known as 

the Dubinin-Astakhov (DA) equation: 

 𝑊 = 𝑊0 ∙ 𝑒𝑥𝑝 �−�
𝐴

𝛽 ∙ 𝐸0
�
𝑛

� Eq.  2.19 

where n reflects the heterogeneity of the solid and is usually smaller than 4~6. n 

increases with the homogeneity of the solid. 

Obviously, the DR and DA equation are identical if 𝑛 = 2. 

2.2.3.3 Determination of L and Smic 

These equations can be written in term of amount adsorbed (not in volume) with the 

following expression: 

 𝑁𝑎 = 𝑁𝑎0 ∙ 𝑒𝑥𝑝 �−�
𝐴

𝛽 ∙ 𝐸0
�
2

� Eq.  2.20 

or 

 𝑁𝑎 = 𝑁𝑎0 ∙ 𝑒𝑥𝑝 �−�
𝐴

𝛽 ∙ 𝐸0
�
𝑛

� Eq.  2.21 

where Na is the amount adsorbed at the relative pressure 𝑝 𝑝0�  and Na0 is the 

limiting amount adsorbed. 

One has the relation: 

 𝑊0 = 𝑁𝑎0 ∙ 𝑉𝑚 Eq.  2.22 

where W0 is in cm3/g, Na0 in mol/g and Vm, the molar volume of the liquid adsorbate 

in cm3/mol. 
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The molar volume in the adsorbed phase can be different from the one of the liquid. 

But in first approximation, it is convenient to say that the adsorbate state is not different 

from the liquid state [31]. So, as a working hypothesis, the molar volume of liquid 

adsorbate is usually used. 

For activated carbons, Stoeckli et al. [32] showed that the characteristic energy E0 

can be linked to the accessible slit-shaped micropore width L by the following empirical 

expression: 

 𝐿 (𝑛𝑚) =
10.8 (𝑛𝑚.𝑘𝐽.𝑚𝑜𝑙−1)

𝐸0 (𝑘𝐽.𝑚𝑜𝑙−1) − 11.4 (𝑘𝐽.𝑚𝑜𝑙−1) Eq.  2.23 

This relationship found her roots in the work of Dubinin et al. [33] who used small-

angle X-ray scattering to investigate different active carbons, and later on a systematic 

study based on adsorption and immersion calorimetry techniques with molecules of 

various size [34][35]. 

Then the surface area of the slit-shaped micropores can be estimated by the 

following geometrical relation: 

 𝑆𝑚𝑖𝑐 =
2 ∙ 103 ∙ 𝑊0

𝐿
 Eq.  2.24 

where L is in nm, W0 in cm3/g and Smic in m2/g. 

2.2.3.4 Determination of n 

The parameter n of the DA equation reflects the heterogeneity of the adsorbent and can 

be used as a measure of the sharpness of the micropore size distribution. This parameter 

usually lies in the range 1~3 for carbonaceous materials. From the literature, adsorbents 

with a relatively narrow micropore size distribution associated with small size possess an 

n value approaching three. On the contrary, if the solid has a wide pore size distribution, 

the n value will be smaller and tend to ~1 as the heterogeneity increases. A good 
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example of this was the study made by Burevski [36] on the micropore structure and the 

energetic heterogeneities of two active carbons. 

In the case of a new type of adsorbent, the optimum n value should be determined. A 

simple mathematical transformation of the DA equation leads to: 

 𝑙𝑛 �𝑙𝑛 �
𝑊0

𝑊
�� = 𝑛 ∙ 𝑙𝑛(𝐴) − 𝑛 ∙ 𝑙𝑛 (𝛽 ∙ 𝐸0) Eq.  2.25 

with 𝑊0 = 𝑁𝑎0 ∙ 𝑉𝑚 and Na0 is the limiting amount adsorbed (“plateau” in the case 

of type I isotherm). 

A representation of the left member 𝑙𝑛 �𝑙𝑛 �𝑊0
𝑊
�� versus 𝑙𝑛 (𝐴) gives n and then E0. 

2.2.3.5 The affinity coefficient β 

For different vapours, the attractive forces between the molecules and the surface of the 

adsorbent are not the same. It leads to the idea that plots of adsorption capacity versus 

adsorption potential ε for different vapours produce different curves [37]. They can 

superimpose or coalesce into one “correlation curve” by applying an appropriate 

coefficient. These coefficients are scaling factors called “affinity coefficients” or 

“similarity coefficients” and designated by the letter β. By convention, benzene is taken 

as reference compound and 𝛽𝑏𝑒𝑛𝑧 = 1 is assumed. 

In a case of non-polar adsorbent, β is only related to the properties of the adsorptive. 

But in the opposite case, the polarity of the adsorbent can have a major influence on the β 

values. As an example, later discussed in the Chapter 5 of this work, the functional 

oxygen groups present on the carbon black surface have been shown to have a significant 

influence on βalcohol values. 

It has been suggested that affinity coefficients can be calculated from molecular and 

physical properties of the adsorptive (or adsorbate). The relations the most commonly 

used to approximate β are the ratios of: 
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 Molar polarisabilities α [38]: 

 𝛽 =
𝛼

𝛼𝑅𝐸𝐹
 Eq.  2.26 

 Molar volumes Vm of the adsorbate in the liquid-state [39]: 

 𝛽 =
𝑉𝑚

𝑉𝑚,𝑅𝐸𝐹
 Eq.  2.27 

 Parachors Ω [40]: 

 𝛽 =
𝛺

𝛺𝑅𝐸𝐹
=

𝑉𝑚 ∙ 𝛾1 4�

𝑉𝑚,𝑅𝐸𝐹 ∙ 𝛾𝑅𝐸𝐹
1
4�

 Eq.  2.28 

where γ is the surface tension. 

The parachor concept started on completely empirical grounds with Macleod [41] 

who proposed in 1923 a remarkably simple equation to estimate the surface tension of a 

liquid as everyone expected to see the surface tension of a liquid changing inversely of its 

density with temperature. As stated now (Sugden’s form [42]), the parachor is considered 

to be an additive quantity and has been used to solve several structural problems [43]. 

Balasubrahmanyam published an excellent historical review [44] on the parachor concept 

and its relation to Einstein and the molecular volume. 

These three relations have been compared in several previous works and recently by 

Wood [45] who concluded that these three different ways give good predictability but that 

the use of power functions with exponents less than unity provided slightly better fits of 

predictions to experimental values. 

The topic of affinity coefficients including prediction models and criteria for 

selecting reference compound is not trivial and is still nowadays under discussion. 

Reucroft et al. [46] obtained better agreement when the reference compound used was of 
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similar polarity of vapours under considerations, also did Noll et al. [47], while Golovoy 

and Braslaw [48] and Wood [49] found a single reference compound would be sufficient. 

Recently, Wu et al. [50] developed a model based on only three parameters: volume, 

molecular weight (related to the size of the adsorbate) and energy of interactions 

(between the compound and a graphite model surface). These parameters are calculated 

from the physicochemical structure of the adsorbate. The interaction energy parameter 

describes directly specific interactions (including hydrogen bonding) between the 

adsorbate molecules and the surface of the adsorbent. It was found that this model 

predicted better than the usual method based on parachor, molar polarisability or molar 

volume. But it is more difficult to make use of it due to many calculations. 

2.2.3.6 Dubinin-Radushkevich-Kaganer (DRK) equation 

In the case of the adsorption of vapours on non-porous surfaces such as carbon black [51] 

and manganese dioxide (α-MnO2), Dubinin’s theory can be extended and Kaganer [52] 

suggested a variant to the DR equation. The so-called Dubinin-Radushkevich-Kaganer 

(DRK) equation takes the form: 

 𝑁𝑎 = 𝑁𝑎𝑚(𝐷𝑅𝐾) ∙ 𝑒𝑥𝑝 �− �
𝐴

𝛽 ∙ 𝐸0
�
2

� Eq.  2.29 

where Nam(DRK) represents the monolayer capacity. 

The adsorption data are usually examined for relative pressure 𝑝 𝑝0� < 0.1 . 

Obviously, the DRK equation does not take into account multilayer adsorption as the 

BET model does. For most of the systems, the plot of ln(Na) versus A2 reveals a linear 

section before multilayer adsorption takes place. This will lead to an extrapolated value 

of the monolayer capacity Nam(DRK). An important information about the DRK 

equation is the influence of the surface chemistry on the first layer adsorbed 𝑝 𝑝0� < 0.1 

which is less the case with the BET equation. This is an advantage for the study of the 
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adsorption of polar adsorbate molecules on polar surface before multilayer adsorption set 

in. 

2.3 Case of water adsorption 

The adsorption mechanism of water, which is a small polar particle, on carbon surfaces is 

very different from the one of other adsorptive such as nitrogen, carbon dioxide, toluene 

or other organic vapours. From a qualitative point of view, water adsorption differs 

because of two main reasons: 

 Interaction between water molecules is much stronger than interaction between 

water and carbon atoms on the surface designed as weak gas-solid interactions. 

The dispersion interaction of water with pure carbon surface is equal to ~ -35 

kJ/mol. This phenomenon is reversed in the case of organic molecules. 

 Adsorption process is dominated by polar interactions on the surface i.e. mostly 

controlled by formation of hydrogen bonding between water molecules and 

hydrophilic centres, called also surface primary sites. 

 

It is well known that a clean carbon surface is essentially hydrophobic due to weak 

dispersion energy. Type III and V isotherms are characteristic of water adsorption on this 

kind of surface, with type V being given by mesoporous solid where capillary 

condensation occurs. The weakness of adsorbent-adsorbate interactions will induce the 

water uptake at low relative pressure (< 0.3~0.4 𝑝 𝑝𝑠� ) to be very small. While at the 

same relative pressure, the organic vapour has already completely filled up the 

micropores. At a relative pressure of 0.4~0.6 𝑝 𝑝𝑠� , a fast increase of the amount 

adsorbed is observed. This can be explained by the fact that once a molecule has become 

adsorbed on a primary site, this molecule will act as a secondary centre. Then, because 

the adsorbate-adsorbate forces are strong, the adsorption of further molecules will be 
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promoted – a cooperative chain reaction process – and will cause the formation of water 

molecule aggregates (or cluster) connecting to each other and the micropores will be 

filled up [53]. 

Therefore, the properties and characteristics of the surface of carbon materials may 

be modified with the introduction or elimination of oxygen functional groups [54]. These 

groups essentially of type carboxyl, hydroxyl, quinone and lactone will condition 

(influence) the amount of water adsorbed at low and intermediate relative pressure. For 

an increasing concentration of oxygen groups, the isotherm will move to larger adsorbed 

amount at identical relative pressure. At the same time, the isotherm changes shape 

progressively from a type III to a type II isotherm, increasing the competitiveness of 

water in relation to organic vapours. To understand the water adsorption mechanism, it is 

therefore necessary to understand the relative influence of the porous structure and the 

surface chemistry. 

 

In the last two decades, the description of water adsorption mechanism on 

carbonaceous materials was more studied but only few of the published articles describe 

this mechanism due to its complexity. In the mid 1950s, Dubinin et al. [55] postulated that 

oxygen complexes (energy privileged sites) act as primary active centre on which water 

adsorption occurs through hydrogen bonding and forms isolated clusters. In the literature, 

these clusters are often called secondary adsorption centres. As the adsorption process 

continues, these clusters then increase in volume. Finally when the relative pressure is 

higher, adsorption process leads to continuous layers of water molecules for non-porous 

solids and links the pore walls in the case of microporous carbons. Originally, the authors 

proposed the following relations (also denoted as DS1 equation) to describe 

quantitatively the water adsorption phenomenon: 

 𝑎 = 𝑐 ∙ (𝑎0 + 𝑎) ∙ ℎ Eq.  2.30 

or 
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 𝑎 =
𝑎0 ∙ 𝑐 ∙ ℎ
1 − 𝑐 ∙ ℎ

 Eq.  2.31 

where a is the amount adsorbed at the relative pressure h (= 𝑝 𝑝𝑠⁄  𝑜𝑟  𝑝 𝑝0⁄  where p 

and ps (or p0) are equilibrium and saturated vapour pressure of water, respectively), a0 is 

the surface concentration of primary adsorption centres, c is the ratio of the adsorption 

and desorption rate constants (= 𝑘𝑎𝑑𝑠 𝑘𝑑𝑒𝑠⁄ ). 

This relation gives a very good description of the water adsorption on non-porous 

adsorbents mainly (only hydrogen bonding interactions) but less for porous carbons. On 

the other hand, it gives very useful information about the number of primary sites on the 

surface. Therefore, there is a serious inconvenient to this model which is the assumption 

of unlimited adsorption space i.e. the amount adsorbed tends to infinity when the relative 

pressure approaches the value  1 𝑐� . 

Thus, it was modified to take into account limited adsorption space (pore volume) 

keeping the initial stage (in low pressure region) of water adsorption mechanism 

described previously. The following equation (DS2 equation) proposed by Dubinin and 

Serpinsky [56] applies to describe the water adsorption on microporous carbon. 

 𝑎 = 𝑐 ∙ (𝑎0 + 𝑎) ∙ (1 − 𝑘 ∙ 𝑎) ∙ ℎ Eq.  2.32 

or in the other form: 

 ℎ =
𝑎

𝑐 ∙ (𝑎0 + 𝑎) ∙ (1 − 𝑘 ∙ 𝑎) Eq.  2.33 

Moreover, many alternatives to the original DS2 equation exist. Barton and co-

workers proposed two main relations [57] and the first one (denoted as B1 equation) is 

written as: 
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 𝑎 = 𝑐 ∙ (𝑎0 + 𝑎) ∙ (1 − 𝑘 ∙ 𝑎2) ∙ ℎ Eq.  2.34 

The other one (denoted as B2 equation) was proposed few years later and is 

supposed to describe better the final part of the isotherm [58]. 

 𝑎 = 𝑐 ∙ (𝑎0 + 𝑎) ∙ (1 − 𝑒𝑥𝑝[−𝑘2 ∙ (𝑎 − 𝑎𝑐)2]) ∙ ℎ Eq.  2.35 

In this equation, the authors stated that ac does not have a proper physical meaning. 

In the last three equations, k is a constant fixed by the condition that for ℎ = 𝑝 𝑝𝑠 = 1⁄ , 

the total amount adsorbed is as (where as is the maximum adsorption) [56]. For Barton et 

al. [57] the parameter k is controlling the decline in adsorptive power (when adsorption 

increases).  

Also Furmaniak et al. [59] proposed to generalize the equation of Dubinin and 

Serpinsky as well as Barton et al. [57]. This improvement leads to the following 

adsorption isotherm equation (GB equation): 

 𝑎 = 𝑐 ∙ (𝑎0 + 𝑎) ∙ (1 − 𝑘 ∙ 𝑎𝑛) ∙ ℎ Eq.  2.36 

The value of the exponent has a major influence on the isotherm shape. The plateau 

region becomes more and more visible when the exponent n increases. It is also 

important to notice that the previous generalised equation can be reduced to these 

expressions: 

DS1 if k=0 

DS2 if n=1 

Or B1 if n=2 

This equation has been designed to describe with more accuracy the middle and final 

pressure ranges of water isotherms for microporous carbons. These two pressure ranges 

correspond to upward rise in adsorption and to the plateau region respectively. 
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The adsorption of water on highly oxidised activated carbon can be studied by two 

other models. The first one is the D’Arcy & Watt equation [60] (DW equation) and is 

composed of one Langmuir isotherm describing the adsorption on primary sites 

(hydrophilic groups) and of one DS1 isotherm describing the adsorption of water 

molecules on secondary sites. 

 𝑎 = 𝑎𝑝𝑟𝑖𝑚 + 𝑎𝑠𝑒𝑐 =
𝑎𝑚,𝐿 ∙ 𝑘𝐿 ∙ ℎ

1 𝑝𝑠� + 𝑘𝐿 ∙ ℎ
+
𝑐𝐷𝑆 ∙ 𝑎0,𝐷𝑆 ∙ ℎ

1 − 𝑐𝐷𝑆 ∙ ℎ
 Eq.  2.37 

where am,L is the total concentration of all Langmuir sites and kL is the Langmuir 

constant. 

It should be pointed out that the D’Arcy & Watt approach contains some 

inconsistencies as mentioned by Barton et al. [61]. The chemisorbed water molecules 

(primary sites) cannot act as secondary centres. 

It has also been shown by Furmaniak et al. [59] that the DW equation could be 

generalised taking into account the primary and secondary sites during water adsorption. 

The generalised D’Arcy & Watt equation (GDW equation) is written as: 

 𝑎 =
𝑎𝑚,𝐿 ∙ 𝑘𝐿 ∙ ℎ

1 𝑝𝑠� + 𝑘𝐿 ∙ ℎ
+
𝑤 ∙ 𝑎𝑚,𝐿 ∙ 𝑘𝐿 ∙ ℎ

1 𝑝𝑠� + 𝑘𝐿 ∙ ℎ
∙

𝑐𝐷𝑆1 ∙ ℎ
1 − 𝑐𝐷𝑆1 ∙ ℎ

 Eq.  2.38 

where w determines the amount of primary centres involved in the formation of the 

secondary sites. 

Another solution to describe the adsorption of water on oxidised carbons is to 

decomposed the original type IV isotherm into two contributions, both following the DA 

equation [62][63]. The first contribution is a type I isotherm for the low pressure region 

and is associated with adsorption by acidic centres. The second contribution is a type V 

which can also be described with the Dubinin-Serpinsky approach. 
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Water adsorption isotherms at 303°K generated from the various models are 

represented in Figure 2.4 together with experimental data points obtained on carbon 

black N330. Furmaniak et al. published recently another review [64] on most popular 

analytical approaches for water adsorption on carbons which contains adsorption 

isotherms generated from a multitude of theoretical and semi-empirical models. 

 

Figure 2.4: Water adsorption isotherms generated from the different models at 303°K. The 

following parameters have been used for the calculations: c = 2, a0 = 0.1 mmol/g, as = 0.9 

mmol/g; for B2, ac = 4 mmol/g; for GB, n =6 describing strictly microporous carbons with 

more visible upward rise and plateau. For the D’Arcy & Watt model, cDS = 0.88, a0,DS = 

0.11mmol/g, amL = 0.07 mmol/g, KL = 0.4 mbar-1 and ps = 42.42 mbar. Additionally 

experimental data on carbon black N330 is also represented. 
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2.4 Immersion calorimetry 

Immersion calorimetry is a complementary technique to gas/vapours adsorption methods 

in the characterisation of carbon surfaces. In both techniques, information collected 

regarding a surface are specific to the adsorbate used. The enthalpy of immersion -ΔHi 

(J/g or J/m2) is related to the heat release during the immersion, in the desired liquid, of 

an outgassed carbon powder. The enthalpy of immersion is known to be directly 

proportional to the surface for solids which have only an open surface such as graphite, 

non porous carbon fibre, graphitized carbon black and also some non graphitized carbon 

black. Thus, the heat of immersion is a good way to determine in first approximation the 

surface of a solid provided that an appropriate calibration is available. However, 

regarding activated carbons or more generally microporous solids, several factors 

influence the release of the heat. These factors (surface chemical composition, pore 

structure and volume) make impossible the use of a single calibration value obtained 

from calorimetric measurement which is equally applicable to all carbons. Therefore, 

surface area estimation from immersion calorimetry is subjective in nature. 

The procedure to use calorimeters to determine enthalpy of immersion has been 

widely reported in the literature whether it be a static type calorimeter [65] or a flow 

microcalorimeter as designed by Groszek [66]. In this work, the calorimeter used was of 

Calvet type which belongs to the first category of calorimeter and will be described more 

in details in the experimental section. 

It has been shown that heats of immersion using organic liquids or water could be 

related to either the characteristic energy β∙E0 of the Dubinin-Radushkevich equation or 

the Dubinin-Serpinsky equation. 

In the case of organic liquids, from the definition of the net heat of adsorption qnet 

and the established link between the enthalpy of immersion of a microporous solid and 

the isosteric heat of adsorption qst, a fundamental relation for the enthalpy of immersion 

has been devised: 
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 −∆𝐻𝑖 =
𝛽 ∙ 𝐸0 ∙ 𝑊0 ∙ √𝜋 ∙ (1 + 𝛼𝐿 ∙ 𝑇)

2 ∙ 𝑉𝑚
+ ℎ𝑖 ∙ 𝑆𝑒𝑥𝑡 Eq.  2.39 

Where β, E0 and W0 are the parameters of Dubinin’s theory as mentioned earlier, Vm 

is the molar volume, αL is the thermal expansion coefficient, Sext is the external surface 

area of the solid and hi (or -hi) is the specific enthalpy of wetting usually obtained using 

non-porous carbon blacks. 

 

In the case of immersion into water, it has been shown by Kraehenbuehl et al. [67] 

that the enthalpy of immersion was related to the number of primary adsorption sites a0 

present on the carbon surface. 

 −∆𝐻𝑖 = −25.0 ∙ 𝑎0 − 0.6 ∙ (𝑎𝑠 − 𝑎0) Eq.  2.40 

where -ΔHi is in J/g, as (maximum adsorbed amount) and a0 are expressed in 

mmol/g and the coefficients are expressed in J/mmol (H2O). 

Knowing a0 from adsorption experiment or from direct measurement by XPS, it is 

possible to compare the calculated value of -ΔHi to the experimental enthalpy of 

immersion [68]. 

As described in Chapter 6, when a carbon sample is immersed in water or water is 

adsorbed on its surface, heat is released due to the interactions of water molecules and 

carbon surface. This release of energy originates from two distinct processes [69]: 

i. Creation of water cluster by hydrogen-bonds on the primary adsorption sites (a0) 

ii. Dispersion of the water molecules on the oxygen-free carbon surface 

 

These two processes have significantly different energetic contributions because 

their natures are not the same. This explains the difference between the two coefficients 

of the previous equation: -25.0 J/mmol (H2O) for i) and -0.6 J/mmol (H2O) for ii). 
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2.5 Measure of the external surface area 

2.5.1 The Gregg-Lanford’s or pre-adsorption method 

This method is surely the most direct technique to evaluate the external surface area of a 

porous solid. It consists to fill up the micropores whilst leaving the mesopores, 

macropores and external surface free. Gregg and Lanford [70] proposed the use of n-

nonane as pre-adsorbate, because n-alkane with long chain are very slow to leave the 

pores by pumping at room temperature. Then, nitrogen adsorption at 77°K should be 

done permitting to calculate the external surface area from BET or αS method. An 

important decrease of the CBET constant in comparison to the global isotherm is a direct 

consequence of micropore volume disappearance. 

2.5.2 αS plot and t-plot 

The t-plot from Lippens and de Boer [71] was originally devised to detect deviations of 

experimental isotherm from a standard isotherm. But one problem met in this method is 

the necessity to know the thickness of the adsorbed layer on the walls of the pores. But 

since the object is to compare the shape of the experimental isotherm with the one of the 

standard isotherm, it is not necessary to know the number of molecular layer n/nm. 

This is, accurately, the basis of the method developed by Sing [72] where the 

isotherm is normalised by the factor ns or n0.4. The plot n/n0.4 (= αS) versus the relative 

pressure 𝑝 𝑝0�  represents the normalised adsorption of a reference solid. 

This α-curve should be used to build an αS plot from the isotherm of a test solid by 

plotting the amount adsorbed of the experimental sample against the αS value of the 

reference for each corresponding relative pressure. The important advantages of this 

method are that its applicability is not restricted to nitrogen and it can be used for both 

type II and type III isotherms. 
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Nitrogen adsorption at 77°K is generally regarded as the most suitable method for 

the determination of surface area and porosity. In the particular case of carbon materials, 

a number of authors have published reliable standard data [73][74] to use for the 

characterization of microporous and non-porous carbon materials. But other adsorptives 

with different size, shape and polarity are available to characterize more effectively 

carbon materials. Standard adsorption data have been produced for a small range of 

adsorptive (benzene [75], methanol [76], CO2 [77], etc...) using graphitized and 

ungraphitized carbon black. In this work, the reference data from Carrot et al. [76] for the 

adsorption of methanol have been used. It should be pointed out that due to the polarity 

of the methanol molecules, the isotherm shape is expected to be fairly sensitive to surface 

oxygen concentration, which of course changes from one carbon black to another. 

Regarding nitrogen adsorption, reference data using graphitized carbon black 

N234G has been produced and give good agreement with Sing et al. data [73]. 

2.6 Non-porous and porous carbon adsorbents 

2.6.1 Carbon black 

Carbon black is another form of elemental carbon, consisting of spherical-like particles 

and has been used the most in this work. The majority of carbon black is produced by the 

oil furnace process i.e. the incomplete combustion of heavy aromatic feedstock in a hot 

flame of (preheated) air and natural gas [78]. Carbon black can also been manufactured 

from the thermal decomposition in inert atmosphere (absence of oxygen). 

A schematic picture of the reactor used in the oil furnace process is shown in the 

Figure 2.5. 
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Figure 2.5: Simplified illustration of the oil furnace reactor. The oil feed stock is injected 

into a very high temperature gas flame and the carbon black formation is controlled via a 

quench water system. 

Carbon blacks are used as reinforcing fillers to optimize the physical properties of 

tires. It represents 85% of the carbon black manufactured worldwide. The other 15% are 

used mainly in the paint industry [79]. 

The mechanism of carbon black formation is quite complex but three main steps, 

independently of the different production process, can be drawn off: 

i. Nucleation which lead to the transformation of a molecular system in particles 

system (10 to 150 nm diameter for these primary particles). The average size of 

the primary particles is the most important factor to determine colour strength. 

ii. Aggregation of the primary units of carbon black by the collision and fusion of 

these particles inside the combustion zone of the reactor. The size (extent) and 

complexity of the spherical-like “cluster” are controlled in the reactor and are 

link to the structure grade of the final product. 
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iii. Finally, those aggregates may be held together by weak forces to form 

agglomerates like chain (up to 1 mm length). But these agglomerates can break 

down easily during mixing or other process. 

 

The structure development of the carbon black material is displayed in the Figure 

2.6. The parallel lines on the primary particle represent the graphene sheets. More details 

will be given in the paragraph 4.3 where the structure of the carbon black used in this 

study was observed using HRTEM. 

 

Figure 2.6: Sequence of the structure development of carbon black from the primary 

particle to agglomerate (which is a packing of aggregates through weak electronic forces). 

Aggregates are the base structure of carbon black, they are indivisible. 

2.6.1.1 Surface oxidation of carbon black 

Like written previously, different grades of carbon black can be produced by controlling 

the reactor geometry, the flows of air, gas and liquid feedstock and the position of the 

water quench. Carbon black may contain small quantities of chemisorbed heteroatoms on 
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its surface (mainly oxygen up to 8 at.% and less than 1 at.% hydrogen, sulphur and 

nitrogen). Some carbon blacks are post treated in an oxidative process to increase the 

oxygen amount on the surface. This surface oxidation has an effect on the performances 

of carbon black for some applications. For example, in coating application and printing 

ink field, the rate of dispersion and the stability of the product improve with high oxygen 

amount. But on the other hand, an oxidised carbon black will lose its electrical 

conductivity. 

2.6.2 Activated carbon 

Activated carbon, also called active or microporous carbon is a non-graphitic form of 

carbon, characterised by a large internal surface area ranging from 500 to ~2000 m2/g 

and a high internal porosity, making it suitable for a wide range of applications. 

Activated carbons can be manufactured from a wide variety of materials such as 

peat, coal, wood and coconut shell. In general, any carbonaceous source can be converted 

into activated carbon via several methods [31][80]. Therefore, expensive synthetic resins 

or polymeric materials can also be used as precursor to improve reproducibility and/or to 

meet specifications for special applications. In fact, the most desirable method to control 

the end-product properties is to adjust processing conditions. 

The manufacturing process is divided into two steps: carbonisation and activation. 

The pyrolysis or carbonisation is the thermal decomposition of an organic material under 

vacuum or inert atmosphere over a temperature range from 400 to 1000°C. Most of the 

non-carbon elements (i.e. heteroatoms such as oxygen, hydrogen, nitrogen and sulphur) 

are removed from the original source material as volatiles. This changes the properties of 

the porosity and opens up closed porosity. The carbon atoms will regroup together in 

aromatic sheets. The spaces between these sheets or lamellar create a preliminary 

porosity (interstices) of the product. 
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This is followed by the activation process which results in a large internal surface 

area and development of the porous structure via an activation agent which reacts with 

carbon. Two routes are available to activate the material: chemical activation or physical 

activation. 

The chemical activation involves the treatment (impregnation) of the raw material 

with ZnCl2 (zinc chloride) or H3PO4 (phosphoric acid) prior to carbonisation. During 

carbonisation, primarily, the chemical agent attacks on the cellulosic structures in the 

precursor. The pore size distribution is dependent on the ratio of chemical compound to 

precursor. The main inconvenient of this method is that the resulting activated carbon is 

not of high purity due to the presence of heteroatoms (Cl, P, N, etc...) on the surface. 

Also, the activation agents are considered hazardous chemicals and not friendly for 

environment. 

The physical activation refers to the gasification of carbon by oxidising gases such 

as carbon dioxide, steam and air in the temperature range of 700~1100ºC. It is the most 

commonly used method to produce activated carbon. Thus the extent of development of 

porosity and these characteristics depend on [31]: 

 initial structure of the carbon 

 the oxidising gas 

 the temperature and duration of gasification 

 the pressure of the gas 

 the particle size of the carbon 

 the presence of impurities in the carbon 

 

The gas molecule must penetrate into the interior of the particle to remove a carbon 

atom from its initial position. So, generally, the slower the reaction the more extensive is 

the development of the porosity inside the particle. The reactions of carbon with steam 

and carbon dioxide are the following: 
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 𝐶 + 𝐻2𝑂 ⇄ 𝐶𝑂 + 𝐻2 Eq.  2.41 

 𝐶 + 𝐶𝑂2 ⇄ 2𝐶𝑂 Eq.  2.42 

The reaction of CO2 with solid carbon is known as the Boudouard reaction. Steam is 

often preferred to CO2 because the water molecule is smaller than CO2 one so the access 

into the micropores is easier. 

The activation process and the mechanisms involved are extremely complicated in 

theory but it is easy to acknowledge how different activation conditions influence the 

range of porosities created. So in practice, the desired pore structure of an activated 

carbon end-product is attained by combining the correct raw material and activation 

conditions. 

Activated carbon is a widely used adsorbent because it adsorbs a large variety of 

organic compounds, it is cheap and it can be reused if the adsorbed substances are 

removed. This regeneration or re-activation is usually achieved by heating under vacuum. 

Related to the type of application, various forms of activated carbons can be used 

including powders, cylindrical extrudates, spherical beads, granules and fibres (or cloth). 

According to Stoeckli, the microstructure of activated carbon can be represented 

with a slit-shaped model as seen in the Figure 2.7. 
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Figure 2.7: Schematic representation of the structure of activated carbon (adapted from 

Stoeckli [81][34]). 

The most important properties of activated carbon, which will determine its usage, 

are the pore structure and the surface chemistry. These are described in detail in 

paragraphs 2.1.3 and 2.7. 

2.6.3 Graphite 

Graphite is one of the two crystallographic forms of elemental carbon with diamond. The 

crystal lattice of graphite consists of a lamellar structure in which carbons atoms within 

each lamellae (basal plane) form hexagonal ring system. Each atom of carbon is bonded 

through sp2 hybridised orbitals to three nearest neighbours within the plane (strong σ 

covalent bonds stronger than the bonds of diamond). The fourth electron unhybridised 

2pz orbital leads to the formation of π bonds with neighbouring atoms. 

Two forms of graphite exist depending of the stacking order of basal planes: the 

most common is the hexagonal structure, represented in Figure 2.8, where the layers are 

stacked in an ABAB sequence. The resulting in-plane interatomic distance is 𝑎𝑐−𝑐 =
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1.421 Å and the lattice constant is 𝑎0 = 2.461 Å. The interplanar distance is 𝑐/2 =

3.35 Å [82]. 

The other form of well-crystallised graphite has a rhombohedral structure and is less 

stable than the hexagonal form. The graphene sheets are arranged relative to each other in 

an ABC stacking sequence. 

 

Figure 2.8: Crystal structure of hexagonal graphite. Each carbon atom in the honeycomb 

network is bonded through sp2 bonds to the three nearest neighbours within the basal 

plane. The layers are stacked in ABAB sequence due to weak interplanar interactions 

(delocalized π bonds). The resulting in-plane interatomic distance ac-c is equal to 1.421 Å 

whereas the interplanar distance c/2 is equal to 3.354 Å (with c = 6.708 Å). 

The weak interactions between layers originate from the small overlap of the 2pz 

orbitals. These interactions between basal planes are predominantly dominated by long-
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range Van der Waals forces. These two kinds of interactions i.e. covalent and VdW along 

different crystal directions make graphite a very highly anisotropic material [83][31]. 

2.6.4 Carbon nanotubes 

Carbon nanotubes (CNTs) are often believed to be first discovered by Ijima [84] in 1991 

but in reality they have been observed before that as for example, Oberlin, Endo and 

Koyama [85] who published a TEM image of what could be the first SWCNT ever 

observed. Regarding the MWCNTs, from the editorial of Monthioux and Kuznetsov [86] 

published in 2006 in the journal Carbon, it appears that Radushkevich and Lukyanovich 

[87] published a report in the early 1950s, showing hollow carbon fibres (that is to say 

multi-walled carbon nanotubes) for the first time. Since the undoubted tremendous 

impact paper from Ijima in 1991, date of the “re-discovery” of the CNTs, the nanotubes 

have been the focus of considerable research in the fields of physics, chemistry and 

material science. Numerous investigators all over the world have since reported 

remarkable properties for this novel form of carbon material. From unique electronic 

properties to mechanical properties (and also chemical stability) exceeding any current 

materials, carbon nanotubes offer tremendous opportunities in the rapidly growing field 

of nanotechnology. Most theoretical studies on CNTs focus on the understanding of the 

relationship between nearly one-dimensional structure and diverse properties. Carbon 

nanotubes can be described as graphene sheets that have been rolled up into a tube (and 

closed at each end with half of a fullerene). As stated before, nanotubes are considered as 

nearly one-dimensional structures because they generally have a very high length to 

diameter ratio (about 1000). Nanotubes can exist as either two main structures: single 

walled carbon nanotubes (SWCNTs) are considered as tubes with only one wrapped 

sheet of graphite and multi-walled carbon nanotubes (MWCNTs) are composed of a 

collection of concentric SWCNTs with different diameters. The length and diameter of 
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these two structures differ a lot and as consequence, their properties are also very 

different. 

As represented in the Figure 2.9, a single walled nanotube is usually characterised 

by a single vector 𝐶ℎ����⃗  called chiral vector. Two atoms from the graphene are chosen. One 

will be used as the origin. The graphene sheet is then rolled up in the direction of the 

chiral vector until the two atoms coincide. The vector pointing from the origin toward the 

other atom is defined as the chiral vector. And the direction of the nanotube axis is 

orthogonal to this chiral vector. 

 

Figure 2.9: Schematic diagram showing the chiral vector 𝑪𝒉����⃗  and the chiral angle θchi. The 

chiral vector is defined by the vector 𝒏 ∙ 𝒂𝟏����⃗ + 𝒎 ∙ 𝒂𝟐����⃗ , 𝒂𝟏����⃗  and 𝒂𝟐����⃗  being the unit vectors of the 

two dimensional graphene sheet. The chiral angle is defined as the angle between the chiral 

vector 𝑪𝒉����⃗  and the zigzag axis 𝒂𝟏����⃗ . 
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The chiral vector is defined with the following relation: 

 𝐶ℎ����⃗ = 𝑛 ∙ 𝑎1����⃗ + 𝑚 ∙ 𝑎2����⃗ ≡ (𝑛,𝑚) Eq.  2.43 

where n and m are two integers, a1 and a2 are the lattice vectors of the graphene 

sheet. 

The chiral angle θchi (0 ≤ 𝜃𝑐ℎ𝑖 ≤ 30°) is the angle between the chiral vector 𝐶ℎ����⃗  and 

the a1 direction (n,0). Two special cases of nanotubes exist: the “zigzag” (n,0) and 

“armchair” (n,n) nanotubes with respective chiral angle of 0 and 30°. All the other ones 

are called chiral nanotubes (n,m) with 𝑛 ≠ 𝑚. The Figure 2.10 gives a visual idea of the 

structure of armchair, zigzag and chiral SWCNTs. 

The circumference of the nanotube corresponds to the length of the chiral vector 𝐶ℎ����⃗ . 

 𝑐 = �𝐶ℎ����⃗ � = 𝑎 ∙ �𝑛2 + 𝑚2 + 𝑛 ∙ 𝑚 Eq.  2.44 

where a is the length of the unit lattice vector (𝑎1����⃗  𝑜𝑟 𝑎2����⃗ ) and equals: 

 𝑎 = ‖𝑎1����⃗ ‖ = ‖𝑎2����⃗ ‖ = 𝑎𝑐−𝑐√3 Eq.  2.45 

It is well known that for graphite, the in-plane carbon-carbon bond length is 

𝑎𝑐−𝑐 = 1.421 Å and in a first approximation, the same value can be used for carbon 

nanotubes. But in reason of the curvature of the carbon nanotube, a larger value such as 

1.44 Å is more realistic [88][89]. 



CHAPTER 2   Theory and Literature review
 

 

44 

 

 

Figure 2.10: SWCNTs with different chiralities. (a) (5,5) armchair nanotube, (b) (9,0) 

zigzag nanotube and (c) (10,5) chiral nanotube. 

The chirality of the carbon nanotube plays a significant role on the properties of the 

material, in particular on its electronic properties. It has been discovered that the 

nanotubes can be either metallic if |𝑛 −𝑚| = 3 ∙ 𝑞 or semiconducting if |𝑛 −𝑚| = 3 ∙

𝑞 ± 1 (q is an integer) [90]. 

Usually, carbon nanotubes are closed with a fullerene cap at the end of the tube, 

called termination cap. These caps are formed from pentagons and hexagons and are 

derived from the well known C60 hemisphere fullerene. 

Regarding the morphology of the nanotube, defects can be introduced in the tube 

structure via the Stone-Wales transformation. The Stone-Wales transformation (see 

Figure 2.11) is achieved by a reversible diatomic interchange and the resulting structure 

is formed of two pentagons and two heptagons in pairs. These heptagons permit concave 

areas within the tube and allow many equilibrium shapes to be obtained. 
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Figure 2.11: Stone-Wales transformation occurring in an armchair nanotube under axial 

tension. 

As stated before, multi-walled carbon nanotubes are concentric graphene cylinders 

nested in each other. These concentric nanotubes are held together by week Van der 

Waals forces and also have different chirality. The Figure 2.12 represents a high 

resolution transmission electron microscope (HRTEM) micrograph showing the 

nanostructure of an as-produced MWCNT used in this work. According to theoretical 

calculations or based on TEM images, the intershell spacing between two successive 

graphene tubes is in a range from 3.4 to 3.6 Å [91][92], slightly larger than in graphite. 
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Figure 2.12: HRTEM photograph of as-produced MWCNT. The multiwall structure 

formed by concentric graphene sheet is clearly visible on each side. 

2.7 Oxygen on carbon surfaces 

2.7.1 Overview 

In the older literature and still nowadays, the chemical nature of the adsorbent surface has 

often been overshadowed by the role played by porosity and physical morphology 

regarding the properties and applications of carbon materials. 

However, functional groups on carbon surfaces (oxygen, nitrogen, sulphur, etc…) 

play a decisive role in diverse fields and applications such as adsorption selectivity and 

behaviour, catalysis, wettability and moisture content. And it is interesting to note that 

these heteroatoms, especially oxygen are always present (in small concentration) on the 
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surface of carbonaceous materials [93]. The preparation process of these materials will 

influence which functional groups can be formed or removed. 

Reaction between oxygen and carbon surfaces is one of the most common reaction 

involving elemental carbon and also one of the oldest known. In 1863, Smith discovered 

that charcoal could bind oxygen chemically if it was exposed to high temperature [94][95]. 

This was confirmed few decades later by Rhead and Wheeler [96]. Then, in the second 

part of the XXth century, numerous studies appeared focusing on chemical properties of 

oxidised carbons and identification of surface functional groups [97][98][99][100][101]. 

But why are the effects of oxygen so pronounced? A realistic explanation to answer 

the previous question could lie in this simple calculation. 

Stoeckli [34] has postulated that an ideal graphene sheet should have an approximate 

surface area of 𝑆𝑔𝑟𝑎𝑝ℎ𝑒𝑛𝑒 = 2000 𝑚2/𝑔. This value includes both sides so one obtains 

𝑆1
2�  𝑔𝑟𝑎𝑝ℎ𝑒𝑛𝑒 = 1000 𝑚2/𝑔 for one side only. The number of atoms of carbon present 

on one square metre surface area can be calculated (Eq.  2.46 ) using the Avogadro 

number, the carbon molar weight and the surface area of one side. 

 𝑁𝑐𝑎𝑟𝑏𝑜𝑛 𝑎𝑡𝑜𝑚𝑠/𝑚2 =
𝑁𝐴

𝑆1
2�  𝑔𝑟𝑎𝑝ℎ𝑒𝑛𝑒 ∙ 𝑀𝑤[𝐶] = 5.018 ∙ 1019 Eq.  2.46 

where 𝑁𝐴 = 6.022 ∙ 1023 𝑎𝑡/𝑚𝑜𝑙 and 𝑀𝑤[𝐶] = 12.011 𝑔/𝑚𝑜𝑙. 

But a more accurate value can be obtained using the calculated footprint area of one 

carbon atom from the crystal structure of hexagonal graphene sheet (see Figure 2.8 and 

Figure 2.13). 
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Figure 2.13: Close view on the hexagonal structure of graphite sheet, in particular the 

footprint area of the central Carbon atom represented by the coloured triangle. 

From simple geometry considerations, one can calculate the theoretical footprint 

area for one carbon atom within the hexagonal graphite structure using Eq.  2.47. This 

area is represented by the grey triangle around the carbon atom and is equal to half the 

area of the hexagon composed by six carbon atom. 

 
𝐴𝐹𝑜𝑜𝑡𝑝𝑟𝑖𝑛𝑡 𝑐𝑎𝑟𝑏𝑜𝑛 𝑎𝑡𝑜𝑚 =

𝐴ℎ𝑒𝑥𝑎𝑔𝑜𝑛
2

=
3√3

4
𝑎𝑐−𝑐2 

= 2.623 × 10−20𝑚2 

Eq.  2.47 

With this equation, a value of 2.623 x 10-20 m2 per atom of carbon is obtained. This 

gives a value of 1316.3 m2/g as the theoretical surface area for graphene layer which is 

slightly higher than the value proposed by Stoeckli. 
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Coming back now to the surface oxidation of the carbon, if one considers a carbon 

surface with 1 at.% oxygen, it means that 4~5 x 1017 oxygen atoms are exposed on the 

surface and can potentially act as active centre for adsorption. 

For comparison with TPD or titration, the oxygen level [𝑂]𝑇(𝑇𝑃𝐷 𝑜𝑟  𝑇𝑖𝑡𝑟𝑎𝑡𝑖𝑜𝑛) 

measured with these techniques is expressed in mmol/g. So if one converts, for example, 

1 mmol/g in number of oxygen atoms per square meter (considering an ideal carbon 

surface as described by Stoeckli), one obtains, via the equation below, a value (6 x 1017 

Oatoms/m2) which is really close to the value obtained for 1 at.% oxygen (5 x 1017 

Oatoms/m2). 

 𝑁𝑜𝑥𝑦𝑔𝑒𝑛 𝑎𝑡𝑜𝑚𝑠/𝑚2 =
𝑁𝐴. [𝑂]𝑇(𝑇𝑃𝐷 𝑜𝑟  𝑇𝑖𝑡𝑟𝑎𝑡𝑖𝑜𝑛)

𝑆1
2�  𝑔𝑟𝑎𝑝ℎ𝑒𝑛𝑒

= 6.022 × 1017 Eq.  2.48 

 Where 𝑁𝐴 = 6.022 ∙ 1023 𝑎𝑡/𝑚𝑜𝑙 and 𝑆1
2�  𝑔𝑟𝑎𝑝ℎ𝑒𝑛𝑒 = 1000 𝑚2/𝑔. 

2.7.2 Oxygen surface groups  

The reaction of oxygen with carbon at edge site or vacancy will form carbon-oxygen 

functional group represented as: 

 𝑂2−(𝑎𝑑𝑠) + 𝐶 →𝐶𝑂(𝑎𝑑𝑠) + 2𝑒− Eq.  2.49 

On carbon surfaces, different types of oxygen-containing surface groups as CO(ads) 

in the above reaction can be observed [102][103][104]. The most common are listed in the 

Table 2.1 with a representation of their structural formula. It is also possible to observe 

epoxy group formation by atomic oxygen on a highly oxidised graphene layer [105]. 
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Table 2.1: Typical surface functional groups present on oxidised carbon surface. 

Structural formula Group and formula Structural formula Group and formula 

 

Carboxylic acid 
RCOOH 

 

Aldehyde 
RCHO 

 

Anhydride 
(R1CO)O(OCR2)  

Ether 
ROR’ 

 

Lactone 

 

Ketone 
R1COR2 

 

Hydroxyl 
ROH 

 

Quinone 

 

Peroxide 
ROOR’ 

 

Phenol 

 

Carbonate 
R1O(C=O)OR2 

  

Ester 
RCOOR’ 

 

Carbon-oxygen functional groups are those which influence the most adsorption 

behaviour and surface physicochemical properties such as surface acidity and wetting. 

This multitude of oxygen-containing surface groups can be explained by different 

reactivity of active site and also the use of different oxidising agents. They are formed 

from chemical reaction with oxidising gases (such as oxygen, ozone, carbon dioxide and 

air) and also with oxidising solutions such as nitric acid, hydrogen peroxide, sodium 

hypochlorite and ammonium persulfate. These treatments are usually carried out at room 

temperature but high temperature can be preferable during the oxidation process 

[106][107][108][109]. The final properties of the material can be controlled with temperature, 

treatment time and concentration. 



CHAPTER 2   Theory and Literature review
 

 

51 

 

Nevertheless, oxidation treatment can also affect the bulk carbon network. Moreno-

Castilla et al. [110] reported that HNO3 treatment on activated carbon affected more the 

surface area and porosity than any of the other treatments. They also found that treatment 

with ammonium persulfate fixed stronger acid groups than HNO3 treatment in spite of 

the fact that this latter treatment fixed the largest amount of oxygen complexes evolving 

as CO2 (during desorption). For Wu et al. [111], nitric acid oxidation created effectively 

significant amount of acidic functional groups on carbon fibre surface but also caused a 

decrease of tensile strength and a carbon fibre weight loss. 

2.7.3 Analysis techniques 

Several methods are available to determine the amount of oxygen surface groups and 

some of these methods give also really important information about the type of functional 

groups present on the carbon surface. Temperature Programmed Desorption (TPD) is 

nowadays becoming a very popular technique to quantify the different oxygen complexes 

of a carbon material whether inside the material or on the external surface. The controlled 

heating of the oxidised carbon under vacuum gives useful information about the kind of 

oxygen groups which are being decomposed. It is an alternative to XPS measurements 

and is usually combined with thermogravimetry analysis. 

 By heating the carbon material under vacuum, functional oxygen groups will 

decompose at different temperatures and release oxygen atoms in the form of two gases: 

carbon dioxide and carbon monoxide. By monitoring the gas phase of desorbed species, 

usually with a Gas Chromatograph/Mass Spectrometer (GC/MS), one can get important 

information about the amount and types of different species, kinetics of the desorption 

process and enthalpy of desorption. The temperatures at which CO and CO2 are being 

desorbed from the surface are then compared to experimental reference values found in 

the literature [112][113][114][115] and given in the Table 2.2. But it is important to note that 

TPD peak temperature may be affected by the texture of the materials (different types of 
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carbon materials, activated carbon and carbon nanotubes for example), chemical 

treatment and experimental parameters such as geometry design of the reactor or heating 

rate. 

Table 2.2: Oxygen surface groups and their pyrolytic elimination temperatures. 

Surface groups Decomposition 
product 

Temperature range 
of decomposition References 

Carboxylic acid CO2 
473-523°K 
453-573°K 

116 

117, 54 

Lactone CO2 
463-923°K 

900°K 

118 

119 

Carbonyl CO 973-1253°K 119,120 

Anhydride CO, CO2 
900°K 

673-723°K 

119, 117 

121 

Phenol CO 873-973°K 116 

Quinone and ketone CO 
1073-1173°K 
973-1253°K 

118 

116 

Ether CO 973°K 122 

 

Another method for determining these groups is the Boehm titration which was 

developed by Boehm in 1964 [123][124]. This method gives good results but the major 

constraint is that it is very time consuming. 

An alternative to these methods is X-ray Photoelectron Spectroscopy (XPS) which 

presents some certain advantages: rapidity of scanning, ease of use and possible 

determination of the type of functional groups. But because the analysis surface is very 

small (about 1 mm2), 3 scans are preferred for statistic purpose and limit the errors. 

All the techniques mentioned before have limitations to identify the type of surface 

functional groups and are generally used in combination with each other to give the right 

information. 
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Table 2.3: O1s binding energy and C1s chemical shifts related to primary C1s peak at 

284.6eV and for different chemical groups. 

Functional group C1s chemical shift 
(ev) 

O1s binding energy 
(ev) References 

C-O1H/C-O2R 1.6 ±0.1 
1   532.9-533.6 
2   532.6-533.3 

125,126 

127, 128 

ph-C=O 2.4 / 125 

Quinone/enol 2.1±0.1 / 127, 126 

-O2-C(=O1)-O2- 5.4 
1   532.3 
2   533.9 

125 

-C(=O1)-O2-C(=O1)- 4.4 
1   532.6 
2   533.9 

125 

-C(=O1)-O2 4.2±0.2 
1   531.7-532.6 
2   533.1-534.0 

125,126,127,128 

ph-C(=O)-O 3.6±0.1 / 125 

C=O 3.0±0.1 531.3-532.3 125,127,128 

C-N 0.94 / 125 

 

X-ray photoelectron spectroscopy uses the O1s binding energies to identify the 

nature of the chemical groups. In addition, the C1s chemical shifts related to the primary 

C1s peak at 284.6 eV can also be really useful to determine the functional groups. The 

Table 2.3 indicates these data for the most common oxygen-containing groups present on 

carbon surface. In this work, the focus was limited to oxygen-containing functional 

groups but surface groups containing other elements exist such as nitrogen and sulphur 

groups.  
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3 
Chapter 3   Experimental 

3.1 Adsorption measurement 

3.1.1 Isotherm measurement by gravimetric method 

The gravimetric method also known as McBain method [1] is based on the adsorbent 

weight increase during adsorption experiment. The adsorption isotherm is determined by 

measuring the amount adsorbed as a function of the equilibrium pressure 𝑝 𝑝0�  for a 

given temperature T. This technique has been used to measure the adsorption isotherms 

of water, carbon dioxide, toluene and alcohols (methanol, ethanol and isopropanol) at 

different temperature. Adsorption measurements of gases and vapours have been carried 

out using the IGA (Intelligent Gravimetric Analyser) (Hiden Isochema, UK). The IGA, 

represented in Figure 3.1, is a fully automated gravimetric system in which the 

environment around the sample is actively controlled over a wide range of conditions. 

This system is housed in a stainless steel vessel allowing temperature of the sample 

between -196°C and 500°C). 
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Figure 3.1: Schematic diagram of the IGA (Intelligent Gravimetric Analyser). 

The sample to characterise is placed inside a metallic mesh nacelle that is suspended 

from a microbalance with a very thin chain. Before each experiment, samples are 

outgassed at the required temperature with a furnace (Severn Furnace Ltd, UK) specially 

designed to accommodate the stainless steel vessel. The degassing is carried out until the 

weight becomes constant (usually between 2 and 4 h or longer for high temperature) in a 

residual vacuum better than 10-6 mbar. The vacuum system is composed of primary 

diaphragm vacuum pump (Vacuubrand, Germany) connected in serial with a turbo 

molecular pump (Balzers Pfeiffer, Germany). A vacuum better than 10-7 mbar can be 

achieved at the sample position and is monitored with a compact full range gauge 

(Balzers, Germany) having a pressure range up to 1 bar. The sample temperature is 

maintained constant (± 0.05°C) during adsorption/desorption runs using a recirculating 

water bath (Lauda Ecoline RE 104, Germany). 

The vapour adsorptive or gas is then injected into the system. After the pressure 

change and at constant temperature, the gravimetric analyser determines in real-time the 
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equilibrium mass uptake and kinetics parameter. The isotherm plot is built with these 

equilibrium values. 

 

On the other hand, all the adsorption isotherms for nitrogen at 77°K were measured 

using the Micromeritics ASAP 2010 volumetric apparatus (Micromeritics, UK) after 

outgassing as above. 

3.2 Immersion calorimetry 

Immersion calorimetry consists in the determination of the enthalpy of immersion -ΔHi 

(J/g or mJ/m2) obtained from the heat release during the immersion of a solid in a liquid 

(or a mixture of liquid). This technique is a complementary technique to adsorption 

method in the characterisation of surfaces and provide information about surface area 

(external and internal), porosity distribution (by employing molecular probes) [2] and 

surface chemistry [3][4][5]. 

Immersion calorimetry experiments have been carried out at room temperature 

(24.6°C ± 0.01°C) using a C80 II Calvet type calorimeter (Setaram, France) shown in 

Figure 3.2 a). 

In that case, the most reproducible and simplest method to get the immersion heat is 

to use sealed glass ampoule as described by Harkins and Jura [6] and Partyka et al. [7]. 

This method is based on the preparation of a glass ampoule with a brittle end. Thus, it is 

also possible, prior to the immersion, to do pre heat treatment during the degassing of the 

sample in order to clean the surface or remove surface groups for example. The 

immersion cell containing the glass ampoule is detailed in Figure 3.2 b). 
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a)        b) 

Figure 3.2: Schematic representation of: a) the C80 II Tian-Calvet type calorimeter and b) 

the immersion cell containing the ampoule used to determine enthalpies of immersion. 

3.2.1 Measure of enthalpy of immersion 

The first step before the immersion is to outgas the sample. At this effect, 0.2 g of solid is 

introduces in a glass ampoule and then the sample is outgassed in a vacuum of 10-3~10-2 

mbar for 2 hours. Finally the ampoule is sealed using a butane/propane compact 

blowlamp (Taymar, UK). The weight loss after the degassing is usually negligible. 

The ampoule is then placed in the immersion cell containing 7 mL of the test 

wetting liquid. Once thermally equilibrated at 24.6°C inside the calorimeter chamber, the 

capillary of the ampoule is gently broken by pushing down the metal rod. This allows the 

sample immersion to take place as the liquid will vaporise due to the pressure difference 

and will then penetrate inside the glass ampoule. The heat flow rise, due to the 
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immersion, is measured by a thermistor and recorded as a thermogram (Figure 3.3) from 

which -ΔHi (J/g) is automatically calculated using Eq.  3.1. 

 −∆𝐻𝑖(𝑒𝑥𝑝) =
𝐸
𝑚

=
∫ 𝑃 ∙ 𝑑𝑡𝑡
0
𝑚

 Eq.  3.1 

where E is the peak area in mJ (mW.s) and m is the sample weight in g. 

 

Figure 3.3: Characteristic thermogram of a measure of enthalpy of immersion. (Sample: 

CB N330 O3 30min in isopropanol). 

The heat terms due to both the breakage of the brittle end and the vaporisation of the 

liquid inside the ampoule have usually small contributions to the experimentally 
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measured heat. But in order to correct rigorously the sample experiment, it is possible to 

subtract a blank experiment realised with one empty ampoule. 

Another way to reduce the effect of the breakage is to have a very brittle end in 

order to minimize the energy needed to break it. This reason led us to make our own 

glass ampoule because it was found that the ampoules available commercially were very 

difficult to break and expensive as well (see Figure 3.4). The energy resulting from the 

breakage of the commercial ampoule is around 300 mJ whereas for the in-house prepared 

ampoule, this value drops to 80~90 mJ. 

   

a)       b) 

Figure 3.4: Photographs of a) commercial ampoule and b) lab-made glass ampoule with 

thin capillary. 

The procedure to make glass ampoule with thin capillary is detailed in Appendix A. 

3.3 X-ray photoelectron spectroscopy (XPS) 

3.3.1 Theoretical principle of XPS technique 

Surface analysis by XPS is realised by irradiating a material with a beam of 

monochromatic or polychromatic X-rays and by measure of the energy of emitted 

electrons. The X-ray sources such as MgKα (1253.6 eV) or AlKα (1286.6 eV) are 
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generally used. The photons which enter the solid interact with the surface atoms of the 

material (penetration depth 1~10 nm) and electrons are emitted by photoelectronic 

effect. 

Because the energy of a particular wavelength equals a known quantity, the kinetic 

energy of the ejected electrons can be determined using the following equation that is 

based on the work of Rutherford (1914) [8][9]: 

 𝐸𝐾 = ℎ ∙ 𝜈 − 𝐸𝐵 − 𝛷𝑆 Eq.  3.2 

Where EK is the kinetic energy of the emitted electron, h·ν is the energy of the 

incident photon, EB is the binding energy to the atomic orbital where the emitted electron 

comes from and ΦS is the extraction work of the electrons of the sample. 

In the case of a solid, binding energy is defined in respect to the Fermi level. The 

sample and spectrometer being at the same potential, their Fermi levels are equals. So the 

extraction work of the sample squares with the extraction work of the spectrometer and 

represents the energy necessary to bring one Fermi level electron to the vacuum level. 

During the photo-electronic process, photoelectrons are emitted but Auger electrons 

can also be ejected as seen in the Figure 3.5. 
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a)       b) 

Figure 3.5: a) Atomic model for the XPS emission process. An incoming photon causes the 

ejection of the photoelectron. b) Atomic model for the relaxation process resulting in the 

emission of a 2p auger electron. The instantaneous rearrangement of atomic levels results in 

a final state with two electrons vacancies on the L2,3 or 2p level. 

This type of emission occurs 10-14 second after the photoelectronic effect. In the 

Auger process, an outer shell electron comes to fill core state hole (“gap”) just created 

by the emitted photoelectron. In the same time, one Auger electron is simultaneously 

ejected. Its kinetic energy is equal to the difference between the energy of the initial ion 

(excited ion decaying) and the final ion (doubly charged ion) which has been ionised 

twice. 

So photoionisation leads to emission of two electrons, one photoelectron and one 

Auger electron. The sum of the energy of both emitted electrons cannot exceed the 

energy of the photon which is the source of the ionisation. 

3.3.2 Electron interaction with matter 

The probabilities of interaction of electrons with matter are greater than those of photons. 

The mean free path of one photon in matter is micrometer order whereas it is nanometre 
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order for the electron. So it is possible to ionise one atom within 10 micrometer depth. 

Therefore, only electrons coming from the first nanometres of the material surface could 

be extracted without energy loss. Those electrons that leave the surface without energy 

loss are the most useful and are responsible for the peaks measured in XPS spectra. 

3.3.3 Quantification of XPS 

After a qualitative analysis of the XPS spectra, it is important to determine the relative 

concentrations of the different chemical elements present in the sample. Methods, using 

the area under the XPS peaks and its height, have been developed. For a homogeneous 

sample, the intensity of the peak associated to the element i is given by the relation: 

 𝐼𝑖 = 𝑁𝑖 ∙ 𝐽0 ∙ 𝜎𝑖 ∙ (ℎ ∙ 𝜈) ∙ 𝜆𝑖 ∙ 𝑐𝑜𝑠 𝜃 ∙ 𝑇𝑖 Eq.  3.3 

where Ni is the number of atoms of element i per cm3, J0 is the flux of X-rays per 

unit area (photon/(cm2.s)), σi·(h·ν) is the photoelectron cross-section (from the relevant 

inner shell per atom of i by a photon energy h·ν for emission of a photoelectron), λi is the 

inelastic mean free path of electron extracted from element i, θemi is the angle of emission 

from the surface normal and Ti is the analyser transmission (for element i). 

From Eq.  3.3, one may write: 

 𝑁𝑖 =
𝐼𝑖

𝐽0 ∙ 𝜎𝑖 ∙ (ℎ ∙ 𝜈) ∙ 𝜆𝑖 ∙ 𝑐𝑜𝑠 𝜃𝑒𝑚𝑖 ∙ 𝑇𝑖
 Eq.  3.4 

The denominator of this equation is usually defined as the relative sensitivity factor 

of element i, Si: 

 𝑆𝑖 = 𝐽0 ∙ 𝜎𝑖 ∙ (ℎ ∙ 𝜈) ∙ 𝜆𝑖 ∙ 𝑐𝑜𝑠 𝜃𝑒𝑚𝑖 ∙ 𝑇𝑖  Eq.  3.5 

By measuring the ratio of intensities of peaks associated to both chemical elements 

A and B, one can access to the ratio of elemental concentration with the relation: 
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𝑁𝐴
𝑁𝐵

=
𝐼𝐴
𝐼𝐵
∙ �
𝑆𝐵
𝑆𝐴
� Eq.  3.6 

This expression can be used in the case of homogeneous samples if the ratio 𝑆𝐴 𝑆𝐵�  is 

independent of the materials’ matrix. 𝜎𝑖 ∙ (ℎ ∙ ν) and 𝜆𝑖 are often changing from one 

material to another one, but the ratios 𝜎𝐴 ∙ (ℎ ∙ ν)
𝜎𝐵 ∙ (ℎ ∙ ν)�  and  𝜆𝐴 𝜆𝐵�  remain equals. 

So for any spectrometer, it is possible to calculate a group a relative values of Si for all 

the elements. 

A general relation to determine the atomic fraction of any element can be written as 

an extension of the last equation: 

 𝐶𝑥 =
𝑁𝑥
∑ 𝑁𝑖𝑖

=

𝐼𝑥
𝑆𝑥�

∑ 𝐼𝑖
𝑆𝑖�𝑖

 Eq.  3.7 

where Cx is the atomic fraction of the element x. 

The values of sensitivity factor Si are based on measures and calculations of peak 

area, spectrometer characteristics and transmission function. These values can be found 

in the Kratos user manual but also in the literature with for example the tables of Scofield 

and Wagner [10]. 

 

Practically, analysis of XPS spectra is only semi-quantitative due to extreme 

sensitivity of electron emission to surface state. As an example, typical XPS spectra from 

a multi-walled carbon nanotube sample (both survey scan and narrow scans of carbon 

and oxygen elements) are represented in Figure 3.6. 
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Figure 3.6: Typical X-ray photoelectron survey spectrum of multi walled carbon nanotubes 

as-produced excited by Al Kα (1486.6 eV). Are also represented the narrow scans for 

oxygen and carbon element, O1s and C1s peaks respectively. 

3.3.4 Instrumentation 

Surface chemical composition of carbon materials were measured by X-ray 

photoelectron spectroscopy (XPS) using a Kratos Axis Hsi 5-channel instrument (Kratos 

Analytical Ltd, UK) with monochromatic Al Kα (1486.6 eV) X-rays. In addition, the 

charge neutralizer was used to minimize the surface charge accumulation in the case of 

insulating samples. The photograph and schematic diagram of the XPS apparatus used 

for this work is represented in Figure 3.7 and Figure 3.8 respectively. 
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Figure 3.7: Photograph of the XPS apparatus used in this work. 

An XPS instrument consists in three main components: an X-ray source (preferably 

monochromatic), an energy analyser and an electron detector containing a multiplier, 

amplifier and ratemeter. The analysis chamber is maintained permanently under ultra 

high vacuum (better than 10-9 mbar) via a turbo molecular pump and an ion pump, to 

avoid any obstruction to be present on the path of the emitted electrons. 

As mentioned before, the most common X-ray sources used in commercial XPS 

systems are the Alkα (1486.6 eV, width 0.85 eV) and MgKα (1253.6 eV, width 0.70 eV). 

In our system, monochromatic AlKα X-rays operated at 135 W (emission current of 10 

mA with a corresponding voltage of 13.5 kV) have been used. 
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Figure 3.8: Schematic diagram of the Kratos Hsi Axis spectrometer. 

The scanning and adjustment of electron kinetic energy is achieved with a series of 

lenses. Each lens has an electrode and by varying the voltage of this electrode, electrons 

with different kinetic energies are allowed to reach the energy analyser. Two operating 

modes exist: fixed retarding ratio (FRR) and fixed analyser transmission (FAT). The last 

mode was used in this work. In this mode, the electrons are slowed down in order to enter 

the energy analyser with an energy equal to the pass energy which is fixed in this case. 

The hemispherical energy analyser consists of two concentric hemispheres with a 

potential difference between them. It allows only electrons with the desired kinetic 

energy (pass energy) to go through and reach the multi-channel electron multiplier at the 
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other end. The widths of the entrance and exit slits determine the energy resolution of 

this analyser. 

The electron detection is realised by the channeltron type electron multiplier placed 

just after the exit slit of the analyser. Each pulse will be amplified before to be 

transmitted to an external conventional pulse counting electronics and then into the 

computer. The photoelectron spectrum is built from the electron pulse counted against 

analyser-lenses voltage. The analyser and lenses voltage are also controlled by the 

computer. 

The reproducibility of XPS is usually within ± 5% and in addition, for each sample, 

the measurements were taken at three different places and the mean values were used for 

the quantification results. This allows an extremely accurate and reliable comparison of 

data and trends. 

3.3.5 Design and manufacture of XPS stubs for granular and powered 

samples 

XPS is a highly surface sensitive technique and for that reason samples which have not 

been subjected to contamination after processing, mounting, preparation or sample 

handling (which is the principal source of contamination) are necessary to obtain the 

maximum information. 

Regarding the mounting of the carbon material samples, different mounting 

techniques and stubs can be used depending of the size and characteristic of the sample. 

The most common stub for the Axis Hsi instrument is the flat 15mm diameter stainless 

steel stub. This stub is generally the preferred choice for sample mounting (most thin flat 

samples) and has been used to analyse graphite sample and the first activated carbon 

granules and carbon black powder. The graphite sample can be attached to the stub with 

double sided adhesive tape (high vacuum adhesive tape manufactured by 3M, UK). 

Analysis in the 10-9~10-8 mbar range was possible and the outgassing has not been found 
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to be problem. But the preferred method is to use standard stub with metal retaining clip 

(as shown in Figure 3.9) to avoid any contamination or charging issue.  

 

Figure 3.9: Standard stub with additional metal retaining clip. 

Regarding the analysis of carbon material in granule or powder form such as 

activated carbon (hard granules), carbon black (powder or easy to break granules), the 

initial analysis has been done by pressing the sample onto double sided tape and shaking 

to remove loose material. This method to analyse these kinds of powered samples was 

found to be inadequate due to the contamination or background of the tape during 

analysis, pressure rising due to the deterioration/degassing of the tape by the X-rays and 

loose attachment of the granules on the stub (lots of empty spaces between the granules). 

So for all these reasons, a new stub was designed and manufactured in-house by the RGU 

workshop technicians from standard Kratos stubs. These stubs include a conic hole in the 

middle to accommodate the powder or granules as shown in Figure 3.10. The results 

obtained were of better quality with no background spectra from the tape (i.e. Si peaks). 
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Figure 3.10: New designed stub for granular and powered samples. 

However, for both method described above, the outgassing stage of this kind of 

sample represents a major risk for the machine if it is not carried out properly. This 

depressurisation during the degassing has to be carried out very slowly in order to avoid 

damage to the turbo molecular pump which is at this stage, particularly vulnerable 

(turbine blades and bearings) to fine powders [11]. 

Concerning the carbon fibres, they can be mounted as a thick bundle above a 

standard stub with a screw top ring or as a group of fibres above a hole drilled in the 

centre of the stub to minimize background signal from the stub surface. An alternative 

mounting of fibres exists but is rarely used. 

3.4 Thermogravimetry analysis (TGA) 

Thermogravimetry Analysis (TGA) is part of the family of thermal analysis techniques. 

TGA provides quantitative measurement of weight change in the carbon material as a 

function of temperature (or time if temperature increase rate is constant). The technique 

can characterise materials that lose or gain mass due to decomposition, oxidation or loss 

of volatiles such as water molecules. 
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Our TGA analyses were determined using the IGA gravimetric system described 

before. A 50 mg sample was introduced into a metallic nacelle suspended to a 

microbalance. Then, the sample was heated up 450°C at a rate of 1°C/min under a 

residual vacuum of 10-8~10-7 mbar. This high vacuum needs to be sustained throughout 

the course of the experiment in order to avoid oxidation of the sample. This can also be 

done by heating the sample with a continuous flow of inert gas such as nitrogen or 

argon). The weight of the sample is recorded until it reaches a constant weight, then the 

weight loss can be determined for each temperature range. 

3.5 Microscopy Techniques 

On most of the studies looking at characterisation of solid surface such as surface 

structure and porosity, different kinds of microscopy are usually being used. In the case 

of carbon materials (especially for activated carbon fibres (or clothes) (ACF)), from the 

literature, SEM is the most common technique due to its lower cost compared to other 

instruments. For example, Oya et al. [12] have observed the mesoporosity of certain 

ACFs. Brasquet et al. [13] have correlated observations obtained on ACFs by SEM and 

AFM with adsorption data. SEM was also used by Alcaniz-Monge et al. [14] to compare 

porosity of activated carbon fibres prepared by CO2 and steam activation. 

TEM is another microscopy technique relatively used to characterise carbon fibres 

and nanotubes offering a better resolution than SEM. In the 90s, Huttepain and Oberlin 

[15] managed to observe the slit shape of micropores of activated carbon samples using 

HRTEM. Few years later, Oshida et al. [16] made significant progress in pore structure 

determination of ACF materials using HRTEM combined with computer image 

processing. Marsh and Rodriguez-Reinoso [17] published a good review focused on the 

use of SEM and TEM to observe the structure of activated carbon materials. 

However, the atomic force microscopy (AFM) and scanning tunnelling microscopy 

(STM) which are more recent techniques have been very little used for carbon material 
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characterisation with the huge exceptions of nanotubes which have been extensively 

described using this technique [18]. It is possible to do 3D nanotopography and 

morphology profiles of the nanostructure and to obtain as well dispersability and 

homogeneity information of the CNTs. 

Regarding activated carbon and carbon black materials, very few studies include 

data and images from AFM characterisation. This can be explained in first instance by 

technical difficulties due to the morphology of the sample. It is relatively easier to 

observe flat surface such as graphite or even carbon fibre. In 1998, Stoeckli et al. [19] 

compared structural data derived from adsorption and immersion techniques to direct 

observation of the surface by AFM and STM. They also considered the relation with the 

fractal character D of the surface [20]. This very small number of studies is also true in 

the case of SEM studies for carbon black materials [21] as confirmed by the very low hits 

(“SEM OR Scanning Electron Microscopy” AND “Carbon Black”) when searching on 

Science-Direct/Elsevier and other online databases. 

In this work, AFM images of graphite, both untreated and oxidised are shown but 

observations of activated carbon and carbon black materials were unsuccessful due to the 

non flatness and roughness of the samples. On the other hand, SEM micrographs of 

activated carbon, carbon black and carbon nanotubes which have been used in this study 

will also be presented. Finally, HRTEM images of mainly carbon nanotubes, which were 

realised externally, will also be shown in this work. 

3.5.1 Scanning Electron Microscopy (SEM) 

Scanning Electron Microscopy (SEM) is a widely used technique in materials science. It 

gives information about the morphology and topography of solid surfaces that is 

necessary for a better understanding of the surface behaviour or for deductions of 

structural significance [22][23]. The wave nature of the electron is exploited to get a much 
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better resolution than in optical microscopy. The microscope used in this work was the 

LEO S430 digital SEM located in the School of Life Sciences. 

A beam of electrons, emitted from the filament in the electron gun, is accelerated 

towards the specimen and finely focused by the condenser lenses into a fine probe that is 

rastered over the specimen surface. A high vacuum is maintained inside the SEM column 

and analysis chamber to allow a smooth (unaccidented) travel for the electrons 

composing the beam. As the focused beam strikes each point of the sample, numerous 

interactions occur between the electrons from the beam and the sample atoms. As a 

result, electrons are emitted from the first few nm of the surface and are then collected by 

the detectors. Two types of electrons are emitted: secondary electrons which are low 

energy electrons (< 50 eV) and ejected at random angles, primary electrons (or 

backscattered electrons) which escape the surface without losing much of their original 

energy. 

In our case, the secondary electron detector has been used to create the image. At 

each point of the sample, the detector counts the number of electrons emitted from the 

spot and the result is displayed as a point on the screen. These results are collected 

sequentially and displayed to give a magnified image of the sample. Under ideal 

conditions, the resolution of SEM lies in the range of 2 to 10 nm and it can operate at 

magnification that may exceed 300,000x. 

The resulting image is similar to ordinary photograph due shadows and perspective. 

One other advantage is the great depth of focus allowing rough surfaces to be imaged in 

sharp focus. 

SEM is one of the most important techniques used to study and elucidate the surface 

features and structure of carbon materials [17] and is usually used in conjunction with 

other imaging techniques such as atomic force microscopy (AFM), scanning tunnelling 

microscopy (STM) or transmission electron microscopy (TEM) as described in the next 

sub-chapters. Applications of scanning electron microscopy includes measures of carbon 

fibre diameters and studies of the fracture surface of carbon fibre composites, influence 
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of oxidation or heat treatment on surface morphology of carbon materials, growth of 

carbon nanotubes [24]. 

3.5.2 High Resolution Transmission Electron Microscopy (HRTEM) 

High resolution transmission electron microscopy (HRTEM) is a unique technique for 

directly imaging crystallographic structures at an atomic scale and can be defined as a 

special imaging mode of the TEM. This technique has always been extensively used in 

materials science [25]. Regarding the field of carbon materials, it can be used for example 

to observe the shape of carbon nanotube or fullerene, their structures, number of wall 

layers forming a MWCNT, and defects on the graphitic surfaces. 

As a brief description, a TEM operates on the same basic principles of a light 

microscope but using electron instead of light. Therefore it has a significantly higher 

resolution due to the small wavelength of the electron. Typically, a TEM is composed of 

three main components: a vacuum system, an electron source which emits the electron 

stream and a series of electromagnetic lenses to allow the operator to focus the electrons 

into a very thin beam. The electron beam travels through the ultra thin specimen. 

Interaction with the specimen occurs as the electrons pass through. Depending on the 

material, some of the electrons are scattered and lost in the chamber. The other ones, the 

unscattered electrons, are transmitted through the sample and will reach and hit the 

imaging device such as a fluorescent screen or a sensor type CCD camera. After 

magnification and focus adjustments, this will give rise to an image which will also 

depend on the imaging mode. The most common TEM imaging method [26] is the bright 

field imaging mode but in our case, all our images were obtained in “phase contrast 

mode” as HRTEM equipment was used. 

The HRTEM images of our samples of carbon black and carbon nanotubes 

presented in this work have been produced by Prof W. Zhou from the Electron 

Microscopy Group at University of St Andrews (collaboration with Advanced Materials 
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Group at The Robert Gordon University (RGU)) using the Jeol JEM 2011 HRTEM. This 

group has substantial experiences of research in the field of nanoscale carbon materials 

and in the last 10 years, Prof. W. Zhou has published many papers in this topic, including 

detailed structures of CNT-like carbon fibres and their field emission properties [27][28], 

CNT-supported catalysts [29] and recently study of the preferential growth of 

buckminsterfullerene (C60) nanowires [30]. The microscope used to observe our samples 

was the high resolution transmission electron microscope JEOL JEM-2011 which has a 

resolution of 0.18 nm with a magnification of up to 1,200,000x. 

3.5.3 Atomic Force Microscopy (AFM) 

Atomic force microscopy is a high resolution form of scanning probe microscopy where 

sub-nanometre resolution can be attained. The first AFM was developed by Binnig, 

Quate and Gerber in 1986 [31]. In the same year, Binnig and Rohrer earned the Nobel 

Prize for Physics for their earlier work and development of the scanning tunnelling 

microscope (STM) [32], which is considered as the ancestor of the AFM. Nowadays, 

AFM is not only used to observe nano-objects but also for measuring, modelling and 

manipulating matter and molecules at the nanoscale and fabricate nanomaterials (system) 

with unique properties [33][34]. 

The microscope consists in a cantilever with a sharp built-in pyramidal tip at its end, 

defined as the probe. This cantilever beam is connected to the controller electronics and 

will scan the sample surface across a selected area. As the tip approaches the sample 

surface, multiple forces between the probe and the surface arise and will make the 

cantilever to deflect as the surface topography changes. Other properties changes across 

the surface such as magnetic, electrostatic, chemical, etc... can be monitored using AFM. 

As the probe is scanning the surface, a laser spot reflected from the top surface of the 

cantilever end into photodiode sensors measures the respective deflexion of the 

cantilever. To avoid collision between the tip and the surface which could cause serious 
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damage to the tip and the sample surface, the scan is usually not carried out at constant 

height. So in most cases, the distance between the tip and the sample is kept constant and 

a feedback mechanism is used to restore the original cantilever deflexion (~ constant 

force) during the scanning process. These information are sent back to the detector and 

feedback electronics which will generate a map of the topography of the sample or the 

property studied. 

Different imaging modes can be used depending on the applications. They are 

divided into two main groups: contact mode known also as static mode and non-contact 

modes also called dynamic mode as the cantilever is vibrating over the surface. The AFM 

used in this work was the Digital Instruments (DI) Nanoscope SPM IIIa under ambient 

conditions. The AFM images on graphite have been obtained using the tapping mode 

which is an intermittent contact mode (i.e. “improved” contact mode which avoids 

damaging the surface). 

As an example, the Figure 3.11 shows the AFM images of CD sample (data film) 

which were used to check the tip quality and response prior to observe the graphite 

samples. On the Figure 3.11 a), it is interesting to note that the data bits (which will be 

recognised as 0 or 1 by computer) are clearly visible and take the shape of crenels with a 

height of 150 nm. Each line is spaced of ~1 μm with the following and has a thickness of 

~1 μm as well as shown on the section profile. 
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a)       b) 

Figure 3.11: AFM image and depth profile of a) CD sample used for preliminary check-up 

and b) comparison with DVD data film sample. 

Figure 3.11 b) shows AFM images of a DVD film sample. Given an identical 

surface, the data lines appear to be more concentrated. From the section profile, the 

height between top and hole is approximately 125 nm whereas the space between the 

lines is 380 nm which is smaller than for the CD sample. This is to be expected because 

the DVD capacity is larger than for a normal CD. 

3.6 Oxidation and reduction of carbon materials 

For the study of adsorption isotherms and enthalpies of immersion of polar and non-polar 

liquids, it is interesting to use carbon materials with different oxygen surface 

concentration. For this reason, the base material is usually oxidised (or reduced) to 

increase (or decrease) gradually the oxygen group amount. It is well known that surface 

oxygen functional groups are formed on activated carbon or carbon black when the 

materials are exposed to oxidizing agents. A multitude of oxidation methods have been 
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reported in the literature, either in a gas phase process or in acidic solution. To create a 

suite of adsorbents with increasing oxygen level, several solutions can be adopted: 

 Treat in acidic solution during different time [35] 

 Oxidise the material until saturation then heat treat in inert atmosphere to 

eliminate gradually the oxygen groups [36] 

 Oxidise with ozone during different treatment time [37] [42]. 

 

The first method is the most commonly used due to its simplicity. But it presents 

some disadvantages. Usually liquid-phase oxidation with nitric acid or hydrogen 

peroxide is really strong and will damage the carbon structure. This will create carbon 

samples within a whole range of porous structure depending on the treatment time. This 

one major problem when investigation of the effects of surface chemistry on vapour 

adsorption is only desired. This kind of treatment can also introduced impurities such as 

nitrogen groups. 

The second method, like the first one, uses also an acidic treatment to create a new 

base material saturated with oxygen groups. Then the suite of adsorbents with varying 

oxygen content is produced by heat treated this material in the range of 373~1000°K. 

This method gives “very similar porous structure characteristics, thereby minimizing 

effects due to changes in porous structure” [36]. 

The third solution is the method used in this work. This method presents some 

advantages: it is really efficient for short-time treatment and does not alter the structure 

of the carbon material. It is not a widespread technique because of the high cost of the 

ozone generator. 

Other suitable techniques such as thermal treatment in air or oxygen, O2 plasma 

treatment [38][39] or electrochemical oxidation [40] can be used to modify the nature and 

concentration of surface oxygen complexes. 
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3.6.1 Ozone treatment 

Carbon materials were treated with ozone in a laboratory-scale fluidized bed-type 

reactor, as schematically represented in Figure 3.12. The material to be treated, usually 

powder or granule was inserted inside the glass reactor and oxidised with ozone by 

passing the controlled ozone/oxygen mixture through the carbon material bed. 

 

Figure 3.12: Fluidised bed-type reactor used for ozone treatment. 

The ozone was produced from oxygen gas (BOC, UK) by the TOGC2 ozone 

generator (Ozonia Triogen, Scotland). This ozone generator incorporates a high 

voltage/high frequency power supply unit and a ceramic dielectric ozone production 

module. This module consists of a ceramic dielectric tube around a stainless steel anode 
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(and is cooled with ambient air (fan assisted) during production). Basically, the ozone is 

produced when air or oxygen is passed over the ceramic dielectric. The ozone production 

rate is controlled via a control knob (voltage/frequency) and also by adjusting the feed 

gas flow rate. 

The importance of the choice of the feed gas, voltage/frequency and feed gas flow 

rate are shown in the following plots (Figure 3.13) [41]. 

 

a)       b) 

Figure 3.13: a) Influence of the feed gas flow rate on the ozone concentration for the three 

different feed gas: oxygen, dry air and ambient air. b) Influence of the voltage/frequency 

and also flow rate on the ozone concentration in the case of oxygen chosen as feed gas. 

Sutherland et al. [42] investigated the effects of ozone treatment parameters i.e. 

ozonation voltage/frequency, oxygen flow rate and treatment time. They used a carbon 

black as base material. Each parameter was studied by keeping others constant. They 

reported that an increase of the ozonation voltage leads to an increase of ozone 

concentration, the surface oxygen concentration of carbon black also increased. They 

also found that increasing the oxygen flow rate increase the carbon black oxygen 

concentration but the ozone concentration in the O3/O2 mixture decreased. Finally, they 
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noticed that the carbon black surface oxygen concentration was significantly affected by 

the treatment time. The concentration was increasing steadily with longer treatment time 

when the voltage/frequency and flow rate were kept constant. 

Similar results were found while investigating these ozone-treatment parameters on 

activated carbon BPL and carbon black N330. For this work, we decided to adjust the 

surface oxygen concentration by only varying the treatment time (more easy and accurate 

to control). Oxygen was chosen as a feed gas with a flow rate of 5 L/min and the control 

knob setting of 5. 

3.6.2 Liquid-phase oxidation 

Carbon materials have also been submitted to chemical treatment in liquid phase as a 

comparison to ozone oxidation. The experimental procedures are detailed as follow. 

3.6.2.1 Hydrogen peroxide oxidation 

About 5 g of carbon black N330 or activated carbon BPL was placed in a 100 mL 

solution of H2O2 (Sigma-Aldrich, ACS reagent, 30 wt.% in H2O). The mixture was let 

under mechanical stirring in an incubator for 24 h. Then, in order to remove residual 

H2O2 and any water soluble materials, it was filtered and washed with water (portions of 

1 L) until a constant pH is reached (the pH meter used was a Piccolo plus (Hanna 

Instruments, UK)). The resulting solid was dried in air in an oven (Genlab Ltd, England) 

at 80°C (353°K) for 48h and designated N330 H2O2 or BPL N330 H2O2. 

3.6.2.2 Nitric acid oxidation 

Carbon black N330 and activated carbon BPL have been oxidised with nitric acid in a 

similar way. About 5 g of carbon material was placed in 100 mL of pure HNO3 (Sigma-

Aldrich, Puriss, p.a. ≥ 65%). The mixture was let in the oven at 80°C during 24 h. Then, 

the mixture is filtered and washed with water to constant pH, until the washing waters are 
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exempts of residual HNO3 and any water soluble materials. The resulting solid was dried 

in air at 80°C for 48 h and designated as either N330 HNO3 or BPL HNO3. 

3.6.2.3 Ammonium persulfate oxidation 

The ammonium persulfate oxidation was only carried out for carbon black materials. 5 g 

of ammonium persulfate powder was dissolved in 100 mL of deionised water. About 5 g 

of carbon black N330 was placed in the mixture H2O/H2SO4 (Sigma-Aldrich, Puriss, p.a. 

≥ 97%). The mixture was let in an incubator under mechanical stirring for 24 h. Then, 

one filters and washes with water (portions of 1 L) to constant pH in order to remove 

residual sulphate and any water soluble materials. The resulting carbon material is finally 

dried in air at 80°C for 48 h and designated as N330 Amm Per . 

3.6.3 Reduction 

On the other hand, heat treatment of the carbon material under inert atmosphere (Helium, 

argon, nitrogen flow and even hydrogen) can be carried out in order to selectively 

remove some of these oxygen functional groups. Each type of groups has different 

pyrolytic decomposition temperature ranges. This method can also be used to remove 

some other groups like chlorinated, fluorinated or nitrogen groups. In our case, the 

reduction process was carried out using a tubular furnace (Carbolite, UK) where the 

carbon sample was heated at the selected temperature (typically between 400 and 

1100°C) for 4 h under a flow (≈ 200 mL/min) of oxygen-free nitrogen (BOC, UK). 
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Chapter 4   Initial investigations and 

characterisation of graphite, carbon black and 

activated carbon 

4.1 Introduction 

In order to understand the relationships between carbon structure, surface chemistry and 

physical adsorption (i.e. specific interactions), it was important to carry out some initial 

and basic characterization on the different carbon materials: graphite, activated carbon, 

carbon black and multi-walled carbon nanotubes which were studied in this work. 

Untreated carbon materials and those submitted to various oxidation treatments 

(ozone and liquid-phase oxidation) were studied by means of the two following 

microscopy techniques: Scanning Electron Microscopy (SEM) and Atomic Force 

Microscopy (AFM). These initial observations give us a visual aspect of the effects of the 

different oxidation treatments on the carbon structure of each material. 

Thermogravimetric analysis was also carried out on both activated carbon and carbon 

black as a first qualitative tool to investigate the oxygen-containing functional groups 

present on these surfaces and to obtain information about their thermal decomposition 

temperatures. Finally, heat treatment in an inert atmosphere and at different temperatures 

was shown to have a significant influence on the surface oxygen concentration of the 

base activated carbon BPL but left the porous structure almost unchanged. 
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4.2 AFM observations on base and oxidised graphite materials 

A series of oxidised graphite samples have been observed using AFM in order to study 

the influence of this treatment on the physical structure of a most ordered carbon surface. 

The structure of graphite has been discussed on paragraph 2.6.3 including the ABA 

stacking of graphene sheets in Figure 2.8. The Figure 4.1 shows the AFM photograph of 

the base material. The scale is 100 μm x 100 μm which is considered a low magnification 

for AFM. The higher magnification photo will be discussed afterwards. On the image, a 

multitude of particles (impurities, carbon dust and debris) can still be observed on the 

surface even after passing a gentle flow of N2 on the sample before observation. 

 

Figure 4.1: AFM image of the untreated graphite surface at low magnification. 

Regarding the graphite sample oxidised with ozone, some particles are still present 

on the surface (Figure 4.2 a)) but in lower quantity than for the base material. It seems 

that the ozone treatment has not strongly affected (in terms of damage) the physical 
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structure of the graphite surface. It has just cleared and removed most of the impurity 

particles from the surface. At this magnification, the graphene sheets are almost visible 

and can be guessed by the diagonal lines across the photo. It should be pointed out that 

few other groups have managed to observe mono and multilayer graphene sheet using 

microscopy techniques [1][2][3][4][5]. Identical observations can be taken from the surface 

of the H2O2 treated graphite represented in Figure 4.2 b). As one may expect, the 

impurities are almost completely removed because the H2O2 is carried out in aqueous 

phase so the very small particles are flushed away more easily. The graphene sheets are 

also clearly visible on this photo. The section analysis (profile) indicates the presence of 

multi-sheet of graphene as the elevation between two consecutive terraces is of the order 

of 10~25 nm. The graphene sheets are very straight and give an impression of stairs 

shape. 

Graphite surfaces treated with nitric acid HNO3 and ammonium persulfate have also 

been observed and are similar to H2O2 treated graphite sample. So for that reason, their 

photographs were not included. 
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a) 

 

b) 

Figure 4.2: AFM images of the surface of: a) the ozone oxidised graphite and b) H2O2 

treated graphite at low magnification. 
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The Figure 4.3 shows a really interested feature at high magnification (1 μm x 1 μm) 

of the ozonated graphite surface. Three straight steps can be seen on the 3D topography 

and are believed to be monosheet of graphene because their step height is below 0.5 nm 

(the theoretical interlayer spacing in the graphite structure is c/2 = 0.335 nm). It is also 

interesting to note that the area is incredibly flat (RMS roughness of 0.080 nm) which 

makes it ideal for AFM observation. 

 

a) 

 

b) 

Figure 4.3: a) AFM 3D topography of the surface of the ozone oxidised graphite and b) 

depth profile perpendicularly to the graphene sheet at high magnification. 
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This AFM study indicates to us that ozone treatment in gas phase and liquid-phase 

oxidation do not appear to damage the integrity and physical structure of the graphite 

surface in the observable central region but they seems to play a role in term of cleaning 

of the graphite surface as they removed very small particles (impurities and/or debris). 

This can be explained because of the hardness of the graphite material (in particular the 

middle part of every graphene sheet) but the edges of the sheet and also the defect sites 

may be eroded away or oxidised by these treatment. Unfortunately, this is very difficult 

to observe with the normal AFM as it does not give any chemical aspect of the surface. 

This also how bring another technical problem of how to mount the sample in order to 

observe the edges while keeping a relatively flat surface. Beyond scope of this adsorption 

study, treatment in-situ over long time period or combination with other characterisation 

technique could be a solution to these issues. 

4.3 TEM observations of the untreated carbon black N330 

The internal structure of the untreated carbon black N330 was investigated using high 

resolution transmission electron microscopy (HRTEM). As mentioned before, Prof W. 

Zhou from the Electron Microscopy Group at University of St Andrews carried out the 

HRTEM observations on our samples. These HRTEM images obtained (see Figure 4.4) 

represent the inside of a primary particle at different magnifications. They were created 

by imaging of 002 lattice fringes of graphite-like structures. The average size of the 

primary N330 carbon black particles is around 50 nm from visual approximation and is 

in agreement with the observation made by Kohls and Beaucage [6]. 
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a)             b) 

 

c)             d) 

Figure 4.4: TEM high resolution phase contrast images of the base material N330 carbon 

black at different magnifications. 

On the Figure 4.4 b) and d), the onion-like or capsular structure reported by Jager et 

al. [7] and Heckman [8] is quite visible. The light and dark lines represent the graphitic 

layers (or “graphitic segments”) and the distance between two consecutive dark (or 

light) lines represents the d-spacing. The d-spacing has been measured from the 
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diffractograms (not represented here) at different positions (see the red square area in 

Figure 4.4 d)) and is comprised between 0.3450 and 0.3902 nm. This value is in 

agreement with the interlayer spacing value (0.34 nm) obtained by Li et al. [9] for another 

N330 carbon black and also in the same range than the one measured by Hess and Herd 

[10] for carbon black N220 which was heated at 2700°C. The graphitic layer tends to be 

continuous and can be compared to the paracrystalline model from Heidenreich et al. [11] 

and Heckman and Harling [12]. 

The ozone oxidised carbon blacks have not been observed with TEM as the internal 

structure should in theory remain the same with only the edges or defects being affected 

by the ozonation treatment. 

For comparison with the N330 material, the graphitized carbon black N234G, even 

though not directly observed by ourselves, has clear, more ordered graphitic structure as 

it has been observed in the literature. As the temperature (and duration) of the thermal 

treatment increases, the growth and order of the graphitic structure become more and 

more apparent as it was observed by Vander Wal et al. [13]. This is characterised by an 

increase of the stacked graphitic segments together with a better alignment and extended 

length. These induced faceted polygons created from the carbon black particles tend to 

also have hollow interiors similar to MWCNTs. 

4.4 SEM observations of the effects of the oxidation treatments 

on various carbon surfaces 

4.4.1 Carbon black materials 

Figure 4.5 shows the SEM micrographs at low magnification of N330 carbon black 

samples: a) base material, b) after ammonium persulfate modification, c) after nitric acid 

modification and d) after ozone treatment. On this whole view, one can notice that 

carbon black granules oxidised in the liquid phase (Amm Per and HNO3) have been 
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severely damaged resulting in particles of smaller size (20 to 100 μm) compared to the 

base and ozonated N330. These particles have irregular sharp shapes completely different 

from the original almost spherical granules. The ozone treatment does not change the 

morphology of the carbon black granules. The very fine dust (particles) present on the 

granules of the original material and around them has been removed by the ozone 

treatment, leading to very clean and neat carbon particles. 

 

a)       b) 

 

c)      d) 

Figure 4.5: SEM micrographs (at x50) of base and selected modified N330 carbon black 

samples: a) base material, b) after ammonium persulfate modification, c) after nitric acid 

modification and d) after ozone treatment. 
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Figure 4.6 shows the SEM micrographs of the same samples but at higher 

magnification (x1000). It demonstrates that SEM images of untreated N330, N330 O3 

and N330 Amm Per are similar in appearance at this magnification. Very fine particles 

attached over the carbon black surface can be observed. On the other hand the oxidation 

of N330 with nitric acid has a visual impact on the surface morphology. The surface has 

lost its smooth aspect and looks seriously damaged by the treatment. A lot of cavities 

have appeared and even some cracks have been created. 

 

 

a)      b) 

 

c)      d) 

Figure 4.6: SEM micrographs at higher magnification (x1000) of base and selected modified 

N330 carbon black samples: a) base material, b) after ammonium persulfate modification, 

c) after nitric acid modification and d) after ozone treatment. 
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One can say that ozone treatment does not significantly change the morphology of 

the carbon black surface. SEM micrographs of these samples and even ammonium 

persulfate sample show typical non porous surface as expecting for carbon black sample. 

On the contrary, nitric acid oxidation does significantly change the surface morphology 

of the carbon. 

SEM was also used to observe the surface morphology of the untreated N234 carbon 

black. At low magnification (Figure 4.7 a) and b)), the N234 granules appear to be 

significantly different from the N330 carbon black granules. They have various sizes and 

also display very sharp edges possibly due to the more ordered graphitic structure. 

 

a)      b)  

 

c)      d)  

Figure 4.7: SEM micrographs of base N234 carbon black samples: a) x100, b) x1k, c) x5k 

and d) x10k. 
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The high magnification SEM micrographs from Figure 4.7 c) and d) reveal that this 

carbon black has some similarity with the N330. The surface looks quite smooth and it is 

interesting to note the presence of primary carbon black particles on the edge of the 

surface (bottom right corner of Figure 4.7 d)). These very small particles are forming 

carbon black agglomerates. 

4.4.2 Activated carbon materials 

Figure 4.8 shows the SEM micrographs at low magnification of BPL activated carbon 

samples: a) base material, b) after ammonium persulfate modification, c) after nitric acid 

modification, d) after ozone treatment and e) after hydrogen peroxide treatment. On this 

whole view, one can notice that activated carbon granules appear extremely similar. They 

all look like the untreated material and do not show oxidation damages unlike the 

previous carbon black samples. This can be explained by the fact that the hardness of 

activated carbon granules is greater than for carbon black granules which are easily 

breakable. The typical size of an AC granule is between 500 μm and 1 mm. These 

particles have irregular shapes and are quite eroded. They also have a rough external 

surface completely different from the smooth surface of carbon black granules. It is 

interesting to note that the innumerable entrances of the macropore channels can even be 

observed at this magnification.  
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a)      b) 

 

c)      d) 

  

e) 

Figure 4.8: SEM micrographs (at x50) of base and selected modified BPL activated carbon 

samples: a) base material, b) after ammonium persulfate modification, c) after nitric acid 

modification, d) after ozone treatment and e) after hydrogen peroxide treatment. 
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Figure 4.9 shows the SEM micrographs of the same AC samples but at higher 

magnification (x1000). It demonstrates that SEM images of untreated BPL and BPL O3 

are similar in appearance at this magnification. Very fine carbon particles can be 

observed on the surface. On the other hand, the oxidation in liquid-phase whether it be 

with nitric acid, hydrogen peroxide or ammonium persulfate, has a major effect on the 

surface morphology. The surface became rough with many sharp edges and it looks like 

all the very fine carbon particles (or dust) have been washed away by the treatment. 

On a global view, liquid-phase oxidation of activated carbon does not seem to 

disrupt considerably the material but at high magnification one can notice a major impact 

on the surface morphology of the particles. On the contrary, the ozone oxidation does not 

change the external structure of the activated carbon. 
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a)      b) 

 

c)      d) 

 

e) 

Figure 4.9: SEM micrographs at higher magnification (at x1000) of base and selected 

modified BPL activated carbon samples: a) base material, b) after ammonium persulfate 

modification, c) after nitric acid modification, d) after ozone treatment and e) after 

hydrogen peroxide treatment. 
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For both carbon material types, the SEM observations show that nitric acid and 

hydrogen peroxide oxidation appear to be the most severe treatments in term of structural 

disruption. On the other hand, ozone oxidation seems to be an adequate treatment route 

in order to change only the surface chemistry of a solid and not its external or internal 

structure as it was later confirmed by our N2 and toluene adsorption data. Hence, for this 

reason, this technique was used to create the series of oxidized carbon black N330 

materials used in the next two chapters. Moreover, AC and CB materials oxidized with 

these acids were also studied using XPS and water adsorption in Chapter 6 as a 

comparison to ozone treatment. 

4.5 Thermogravimetric analysis (TGA) and differential 

thermal gravimetry (DTG) on oxidised carbon materials 

4.5.1 Carbon black materials 

The thermogravimetric analysis of the carbon black materials was conducted inside the 

IGA chamber under vacuum to allow the species removed from the surface to be 

completely evacuated. This device provides a very good resolution in terms of weight 

reading as the same micro balance than for the adsorption measurement is being used. 

The only disadvantage is that the maximum temperature is limited. However, qualitative 

information can be drawn back from these TGA and DTG profiles. 

For our experiments, the temperature range studied was between 20 and 460°C with 

a very slow heating rate of 0.5°C/min. This sort of value is typical from 

thermogravimetric analysis in order to let enough time for the elimination/removal of the 

species being desorbed. 

The TGA and DTG curves for the base and oxidised carbon black are represented in 

Figure 4.10 and Figure 4.11 respectively. 
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a)       b) 

Figure 4.10: Weight loss and temperature profile during the TGA experiment for a) the 

base N330 carbon black and b) the N330 oxidised with ozone. 

On the first look, one can notice that the DTG plot for the N330 HNO3 is 

significantly higher than all the other plots which indicates that a larger quantity of 

surface groups has been eliminated. It is quite difficult to conclude on this behaviour but 

it is believed this is due to the elimination of the residual nitrate groups left from the 

nitric acid treatment and possibly weaker bonding of the oxygen groups on the carbon 

surface (damage resulting from the treatment). On the other plots, the main peak, 

corresponding to the maximum weight loss (and highest slope on the TGA plots) is 

centred on t = 175 min (~ 90–100°C). This is usually associated with the release of the 

physisorbed water molecules from the carbon surface. Szymanski et al. [14] observed the 

same kind of behaviour on oxidised porous carbon. The DTG plots of the N330 treated 

with nitric acid and ammonium persulfate have a different shape as their main peak is 

broader and is composed of additional peak centred at around 350 min (T = 215°C) 

which may result from nitrate groups. 
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Figure 4.11: DTG and temperature profiles on the base and modified carbon black 

materials. 

On all the DTG profiles, a sharp drop can be observed at around 850min which 

corresponds to the time when the temperature reaches its maximum value and stays 

constant. 

4.5.2 Activated carbon materials 

The TGA and DTG plots for the untreated and oxidised activated carbon BPL are 

represented in Figure 4.12 and Figure 4.13 respectively. The curve for the BPL material 

oxidised with ozone is significantly higher than the other plots and in particular the base 
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activated carbon. The figure indicates that the main peaks corresponding to the maximum 

weight loss (removal of physisorbed water molecules) are all centred on t = 300~400 

min (which correspond to a temperature of approximately 175°C). This temperature is 

slightly higher than for carbon black materials as more energy is necessary to remove the 

water from the porous structure. As for carbon black, the analysis of the activated carbon 

treated with nitric acid is more complex than for the other treatments. A first peak 

appears after 190 min (90°C) then a second peak at t = 250 min (125°C), a third peak at t 

= 400 min (225°C) and two other peaks between 650 and 850 min (325-400°C). 

 

a)       b) 

Figure 4.12: Weight loss and temperature profile during the TGA experiment for a) the 

base BPL activated carbon and b) the BPL treated with nitric acid. 

The sharp decrease on the DTG profiles at t = 1000 min indicates that the 

temperature reached its limiting value. 

For both carbon black and activated carbon, most of the weight loss after 500min (> 

180~200°C) corresponds to the removal of oxygen atoms from carboxylic groups and 

maybe lactone groups as discussed in the Theory chapter (see Table 2.2: Oxygen surface 
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groups and their pyrolytic elimination temperatures.). As said before, the limitation in 

temperature did not allow us to investigate the presence of oxygen-containing groups 

with higher elimination temperature such as ketone or peroxide groups for example. 

 

Figure 4.13: DTG and temperature profiles on the base and modified activated carbon 

materials. 

4.6 Thermal reduction on activated carbon BPL 

It has previously been shown that the effect of heat treatment on activated carbon is to 

thermally desorb surface oxygen functionalities [15][16], resulting in a more hydrophobic 

carbon surface. In terms of water adsorption, this will result in a displacement of the 
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isotherms to higher relative pressure and lower uptakes [16][17]. These effects are usually 

reversible with time and re-oxidation of the carbon surface is observed unless the material is 

kept using controlled (dry) storage conditions or if a hydrophobic protection method is 

applied [18]. The effects of heat treatment on the external surface compositions of the carbon 

granules are represented by the XPS data given in Figure 4.14. This graph clearly illustrates 

the decrease of oxygen levels for the BPL carbon series within the heat treatment 

temperature (HTT) range from 400 to 1100°C. 

 

Figure 4.14: Effects of heat-treatment on XPS measured surface oxygen levels for BPL 

carbon. Linear fitting within the temperature range of 400 to 1100°C is also included. 

The Eq.  4.1 was obtained by regression analysis of the XPS data from the heat 

treated activated carbons shown in Figure 4.14. The fitting was carried out for data above 
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400°C to 1100°C so the y-intercept value of 7.00 at.% (theoretical oxygen level for 

untreated BPL) is slightly higher than the one measured experimentally and the 

correlation coefficient, R2, obtained is equal to 0.986. 

 [𝑂]𝑇(𝑎𝑡. %) = 7.00 − 5.39 ∙ 10−3 ∙ 𝑇(℃) Eq.  4.1 

This equation, which describes the behaviour of our samples, may provide a basis for 

predicting the surface oxygen concentration left after heat treatment (within the range of 300 

to 1200°C) for any activated carbon having similar characteristics than BPL. 

 

The Figure 4.15 contains the survey XPS spectra recorded for the base material and for 

the material treated at the highest temperature. The spectrum from the base material (Figure 

4.15 a)) shows two peaks corresponding to the Carbon1s peak at a binding energy 284.6 eV 

and Oxygen1s peak at binding energy 532 eV whereas only the C1s peak is visible on the 

spectra of the heat treated BPL (Figure 4.15 b)). The quantification of the surface 

composition has been done using the O1s and C1s narrow scan spectra. 

The Carbon1s peak envelope for this series, which have not been represented here, 

have been fitted with five components: a main C–C/C–H peak at 284.6 eV, three lower 

intensity peaks at shifts of +0.9, +2.3 and +4.1 eV which have been assigned respectively to 

[phenolic, alcohol, ether], [carbonyl or quinine] and [carboxyl or ester] groups and a fifth 

peak at +6.5 eV which is usually associated with the shake-up of π electrons in the aromatic 

structure of the graphene rings. The proportion of each component seems to remain almost 

the same as the temperature of the heat treatment increases. But a slight decrease for the 

Peak II to IV (peaks from oxygen-containing functional groups) associated to a small 

increase of the peak V (shake-up satellite peak) (from 10 to 14% of the C-C/C-H intensity) 

is observed. This is most likely due to thermal desorption of (sp3 hybridised) low molecular 

weight carbon surface contamination which reveals more aromatic carbon as significant 

structural rearrangement of the carbon aromaticity is not expected at these temperatures. 
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a) 

 

b) 

Figure 4.15: Survey scans obtained for activated carbon BPL. a) Base material and b) 

carbon heat treated at 1100°C under N2. 
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From the O1s narrow scan spectra represented on Figure 4.16, one observes that the 

O1s peak area is diminishing as the heat treatment temperature increases (up to 1373°K) 

which illustrates clearly the effects of heat treatment in terms of thermal desorption of 

surface oxygen groups. It must be remembered that the photoelectrons excited in the XPS 

experiment have a maximum escape depth (attenuation length) of 5~10 nm and so only 

reflect the surface and very near surface oxygen levels of the carbon granules however, 

based on other thermal desorption studies which used mass spectrometer detection of 

desorbing oxide species [19], it is reasonable to assume that similar oxygen loss occurs 

pretty much uniformly throughout the pore structure; the only differences being the 

differing diffusion constants for species originating from external surface and within pores 

of doddering widths. Correction of the peak areas, using the relevant relative sensitivity 

factors, shows that the surface oxygen level falls from 5.98 at.% for the base BPL to 

respectively 4.40, 2.06 and 1.16 at.% on the BPL 500°C BPL, 900°C and BPL 1100°C 

materials. 

As for carbon black material, the O1s peak can be fitted using two individual 

component peaks: Peak I {~531.5 eV} for carbonyl groups and Peak II {~533.3 eV} for 

hydroxyl or ether groups. Another interesting point is the fact that the heat treatment seems 

to have a clear effect on the proportion of these two peaks. The contribution of the carbonyl 

groups decreases from 51% for the base BPL to 36 and 43% for the heat treated BPL at 500 

and 900°C. For the BPL 1100°C, as the intensity of the oxygen peak is very low, the 

analysis (computation) needs to be taken with precaution as the two individual are not 

really distinguishable from each other. It still results in two components but the position 

of peak I (present at 532.3 eV) is shifted compared to its usual position. 
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a)       b) 

 

c)       d) 

Figure 4.16: O1s narrow scan spectra for the heat treated activated carbon series. a) BPL 

base, b) BPL 500°C N2, c) BPL 900°C N2 and d) BPL 1100°C N2. 

The effect of heat treatment on porosity was checked using toluene adsorption at 

303°K. Except for the BPL 1100°C which seems to have lower total pore volume, it appears 

that the structural integrity of the materials has not been affected strongly by the heat 

treatment as all the adsorption isotherms have a similar Type I shape as shown on Figure 

4.17 a). 
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a)       b) 

Figure 4.17: a) Toluene adsorption isotherms on the heat treated BPL carbons at 303°K 

and b) corresponding DR plots. 

The DR plots are represented in Figure 4.17 b) and show that two linear regions are 

present in the low pressure domain. Heat treatments at temperature above 800°C are 

reducing marginally the porosity but care should be taken into account as the DR plots were 

not evident to fit due to the two linear zones which may indicate the presence of two 

different sized micropore groups.  
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5 
Chapter 5   Specific and non-specific interactions 

(during the adsorption of alcohols) on non-porous 

carbon black surfaces 

Abstract 

The interactions which take place between the methanol, ethanol or isopropanol molecules and the surfaces 
of non-porous carbon blacks with increasing concentrations of oxygen atoms have been studied using 
immersion calorimetry and adsorption isotherm analysis. The surface oxygen level has been controlled by 
ozone treatment and characterised using X-ray photoelectron spectroscopy (XPS), which gives a quick, 
direct and quantitative measurement of the surface composition. This technique can be considered novel in 
the case of detailed carbon adsorption studies as it has not yet been extensively employed in this field. The 
physical structure of the carbon black material has not been modified by the ozone treatment as shown by 
the results of nitrogen adsorption at 77°K and enthalpy (heat) of immersion -ΔHi (mJ/g or mJ/m2) data for 
toluene. As the total oxygen concentration [O]T (at.%) on the carbon black surface increases, a systematic 
shift to higher adsorption values is observed on each alcohol isotherms. This can be explained because of 
the increasing specific hydrogen bonding interactions between the alcohol –OH groups and surface oxygen 
atoms. This effect is most significant in the case of methanol confirming that the mechanism of adsorption 
is dominated by hydrogen bonding and in consequence strongly dependant on the content of oxygen sites 
present on the surface. The same effect is also observed but less marked for ethanol and isopropanol 
because of the increasing non-specific (dispersion) interactions of the alkyl chain with the non-polar 
function of the carbon surface. This description is consistent with the specific enthalpies of immersion -ΔHi 
(mJ/m2) data obtained for alcohols, water and toluene. These measurements allow a semi-quantitative 
assessment of the relative polar and dispersion contributions to the overall interactions as function of both 
carbon surface oxygen composition and the molecular structure of the alcohols. An overall correlation 
exists between oxygen level [O]T (at.%) from XPS, heat of immersion -ΔHi (mJ/m2) values and the 
adsorption behaviour with the characteristic energy E (kJ/mol) of the DRK equation. It is also observed 
that the values of the affinity coefficient βDRK increase directly as a function of [O]T indicating that this 
latter parameter may provide a initial basis for the prediction of the adsorption isotherms of certain polar 
vapours on non-porous carbon surfaces and possibly on porous carbon material. The variation of the 
adsorption mechanism brought to the fore by the change of isotherm shape from Type III for the base N330 
(and also for the graphitised carbon black N234G) to type II for the oxidised N330 materials due to the 
effects of carbon surface chemistry is discussed in this chapter and the resulting effects on the surface area 
parameters SDRK and SBET (m2/g) are also considered.  
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5.1 Introduction and theoretical 

The interaction between carbon surfaces with most organic molecules is dominated by 

dispersion forces which are considered as “non-specific interactions”. In contrast, when 

active sites are present on the carbon surface, relatively strong interactions may occur 

through hydrogen bonding between these sites and polar molecules adsorbing on the 

surface. These specific sites which are usually oxygen-containing surface groups located 

mainly on the edges or defects of the graphene layer-planes of the carbon structure, gave 

their name to these interactions: “specific interactions”. As discussed by a number of 

researchers, this phenomenon is observed in the case of water [1][2][3][4][5][6] and to 

some extent for the alcohols [7][8][9]. In the case of non-porous carbons, direct evidence 

of this is provided by the linear increase of the specific enthalpy of immersion -

ΔHi(water) with the surface oxygen content from the lower limit of approximately 35 

mJ/m2 which defines the non-specific (dispersion) interaction of an oxygen free carbon 

surface. In the instance of interactions of polar molecules with porous carbons, the same 

type of behaviour does of course occur but the precise relationship is much more 

complex to quantify since new difficulties arise due to: the positions of the polar sites, 

which may be located within the complex pore structure of the carbon, making them less 

readily available to direct interrogation, for example, by spectroscopic means such as 

XPS which was used in this study; and kinetic effects, which may appear due to the slow 

diffusion of water in hydrophobic regions of microporosity. 

 Define a correlation or find a relationship between the surface chemistry of carbon, 

the well defined structure of the adsorbent and the character of the resulting adsorption 

isotherm represents an important challenge in the field of gas and vapours adsorption on 

carbon materials. The idea is to allow predictions of adsorption behaviour on the basis of 

simple structural and chemical parameters for most carbon (or porous) materials and 

different gas or vapours. Stoeckli [4][7] has shown  that this can be achieved for activated 
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carbons using the framework of the adsorption theory of Dubinin and its extension to 

immersion calorimetry which provides complementary information on the specific 

interactions. In his work, coherent descriptions have been offered for the water isotherm 

and the isotherms of methanol and ethanol using the classical Dubinin-Radushkevich 

approach as described previously in the literature review and theory chapter. The affinity 

coefficient βi for the adsorbate i, (calculated using the molar volume ratio 𝛽𝑖 =

𝑀𝑉,𝑖
𝑀𝑉,𝑅𝐸𝐹
�  was found to vary directly with the degree of the specific interactions and 

therefore the surface chemistry of the activated carbon. 

Regarding non-porous surfaces and more specially graphitized and non-graphitized 

carbon blacks, the adsorption process can be described by an alternative to the classical 

Dubinin-Radushkevich equation [10][11], called the Dubinin-Radushkevich-Kaganer 

(DRK) equation [12] in which the equilibrium adsorption volume W (cm3/g) and the 

micropore volume W0 (cm3/g) of the former expression are replaced respectively with the 

amount adsorbed Na (mmol/g) and the monolayer capacity Nam (mmol/g). Moreover the 

term EDRK corresponds to the characteristic energy of the first monolayer rather than 

micropore filling. If one considers its modern formulation and for the submonolayer 

region, the equation can be written: 

 𝑁𝑎 = 𝑁𝑎𝑚(𝐷𝑅𝐾) ∙ 𝑒𝑥𝑝 �−�
𝐴

𝐸𝐷𝑅𝐾
�
2

� Eq.  5.1 

where Na is the amount adsorbed at temperature T and pressure P and Nam is the 

monolayer capacity. The quantity 𝐴 = 𝑅 ∙ 𝑇 ∙ 𝑙𝑛�𝑝0 𝑝� � is the adsorption potential -∆G, 

also used in the classical DR equation for the theory of volume filling of micropores 

(TVFM) [10][11], p is the equilibrium pressure, p0 the saturated vapour pressure at T. EDRK 

is the characteristic energy. 
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 In comparison with the BET approach [13], Nam(DRK) and the corresponding 

surface area SDRK (m2/g) for many non-porous materials obtained from Eq.  5.1 are 

frequently different from Nam(BET) and SBET obtained from the same isotherm, but at 

higher relative pressures (0.05 < 𝑝
𝑝0� < 0.30~0.35). As discussed by Hugi-Cleary, 

Wermeille and Stoeckli [14], this can be explained by the fact that the exponent, fixed to 

the value 2, corresponds to a distribution of the adsorption energy (surface heterogeneity) 

which does not reflect reality for a given solid. Therefore it was suggested that the 

classical DRK equation (Eq.  5.1) could be replaced by a flexible expression with a 

variable exponent n and by substituting Nam(DRK) by Nam(BET). The latter named could 

be considered as the real surface area of a non-porous solid but it should be noted that, as 

discussed by Stoeckli and Centeno [15], this is not necessarily the case for porous solids. 

One then obtains a reasonable general working equation: 

 𝑁𝑎 = 𝑁𝑎𝑚(𝐵𝐸𝑇) ∙ 𝑒𝑥𝑝 �−�
𝐴

𝐸𝐷𝑅𝐾
�
𝑛

� Eq.  5.2 

In the case of carbon black materials, a value of n ≈ 2, which is similar from the 

classical DR value has been found to be appropriate as suggested in different studies 

[16][8]. Under these conditions and as a first approximation, one may use the following 

working expression: 

 𝑁𝑎 = 𝑁𝑎𝑚(𝐵𝐸𝑇) ∙ 𝑒𝑥𝑝 �−�
𝐴

𝐸𝐷𝑅𝐾
�
2

� Eq.  5.3 

As indicated in the work of Stoeckli et al. [17], the adsorption of non-specific 

vapours such as C6H6, N2, CCl4, CH2Cl2 and CO2 onto microporous carbon blacks XC-72 

and XC-72-16 gives relatively good linear logarithmic plots for the low-pressure data 

with the corresponding characteristic values of EDRK. It also appears, from data obtained 

at different temperatures, that the principle of temperature-invariance of EDRK, required 
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by Dubinin’s theory, is fulfilled. However the affinity coefficient β of a vapour i derived 

for a non-porous carbon surface using the DRK method i.e. βDRK(i) does not seem to be 

necessarily equal to the value for the volume filling of micropores suggested by Wood 

[18]. As a reminder, the coefficient βDRK(i) is given by the following expression: 

 𝛽𝐷𝑅𝐾(𝑖) = 𝐸𝐷𝑅𝐾(𝑖)
𝐸𝐷𝑅𝐾(𝑅𝑒𝑓)�  Eq.  5.4 

where EDRK(i) is the characteristic energy derived from the slope of the DRK plot for 

the vapour i and EDRK(Ref) is the energy for the reference vapour which is usually 

benzene. 

So the actual determination of the isotherm for benzene is required, as well as the 

isotherms of other vapours (nitrogen, alcohols, etc...) if one wants to keep benzene as a 

reference. Hence, taking nitrogen adsorbed at 77°K as the reference instead of benzene 

may be a wise choice since it is frequently used for adsorption characterisation studies 

but also for health and safety issues regarding benzene. Therefore reference isotherms are 

often readily available but 𝐸0,𝐷𝑅𝐾 = 𝐸𝐷𝑅𝐾(𝐶6𝐻6) is not necessarily given by the simple 

expression 0.33 ∙ 𝐸0,𝐷𝑅𝐾(𝑁2) i.e. by assuming that  𝛽(𝑁2) = 0.33. 

From the above, it is tempting to correlate βDRK for alcohols, or other polar 

adsorptives, adsorbed on non-porous carbons with the amount of surface oxygen [O]T 

measured by X-ray photoelectron spectroscopy (XPS) or by other techniques such as 

TPD or titration. Following this reasoning could make possible to predict the adsorption 

isotherm for a specific and well characterised material on the basis of Eq.  5.1 to Eq.  5.3 

and with the help of the parameters Nam(BET), E0,DRK and the function 

𝛽𝐷𝑅𝐾(𝑎𝑙𝑐𝑜ℎ𝑜𝑙𝑠) = 𝑓([𝑂]𝑇). 

 

This chapter describes the adsorption of the following alcohols: methanol, ethanol 

and isopropanol on a series of non-porous carbon black surfaces which have the same 
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physical characteristics but increasing levels of oxygen controlled by ozone oxidation 

and quantified by XPS. It is shown that this approach allows a systematic study of the 

effects of surface oxygen chemistry on the dominant mechanisms of adsorption and on 

the resulting vapour adsorption isotherms. The adsorption data are analysed using the 

classical BET and Dubinin-Radushkevich-Kaganer equations designed for adsorption on 

non-porous carbon surface. A particular interest in this work is the fact that the affinity 

coefficient (βDRK) values for polar molecules such as alcohols and water on the different 

surfaces have, as mentioned above, previously been observed to change with the degree 

of surface polarity but for which no quantitative relationship using direct measure of 

surface oxygen content currently exists. In addition, calorimetric data obtained from the 

immersion of the modified carbon materials in the corresponding liquid phases of the 

adsorptive was used. It gives a complementary indication of the relative specific and non-

specific interactions for each system to help us to comment the observed behaviour. In 

this work, water has also been used as a probe for immersion calorimetry, but the more 

complex relationships between adsorption of water vapour and the varying oxygen levels 

of the carbon black surface have been investigated separately and the details of this study 

are reported in the next chapter of this thesis. 

5.2 Experimental 

Although the characterisation techniques and chemical treatments have already been 

described in the experimental Chapter, more experimental details related to this particular 

study are given in the paragraphs below. 

The non-porous carbon black N330 (Cabot Co., USA) has been used as the base 

material for treatment in order to produce a small range of materials with increasing and 

controlled surface oxygen levels. N330 has a quoted surface area of 77 m2/g and has been 

used in several previous adsorption studies where areas of 80.0 m2/g (± 8 m2/g) have 
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been reported from nitrogen adsorption isotherm analysis using both BET and αs methods 

[19][20]. The material used in this study has an intrinsic surface oxygen level of 1.7 at.% 

measured by X-ray photoelectron spectroscopy (XPS). Ozonation of this material has 

been carried out in a fluidised bed system of the type described in previous publications 

[20] for duration times of 5, 10, 30, 60 and 120 min. Adsorption of the alcohols onto a 

graphitized (2973°K) carbon black N234G (Cabot Co., USA) has also been investigated. 

This material has a BET surface area of 92 m2/g (± 4 m2/g), a surface oxygen level of 0.5 

at.% and an enthalpy of immersion in water of -ΔHi(H2O) = 28.0 mJ/m2. This material 

was used as the reference for the construction of the αs plots. Vapour adsorption and 

immersion calorimetry work was carried out using Analar grade liquids: methanol (Acros 

Organics, UK), ethanol, isopropanol and toluene (Fisher Scientific, UK). Toluene was 

chosen as a non-polar probe with which to carry out immersion in preference to benzene 

which is a known carcinogen. 

XPS measurements have been made using the Kratos HSi 5-channel 

monochromated instrument, at a residual vacuum of 10-8 mBar with Alkα radiation of 

energy 1486.6 eV and with the analyser in FAT mode. The carbon samples were 

presented in shallow sample dishes in the specially made stud. Surface compositions 

have been calculated from the areas of elemental peaks, after subtraction of a linear 

background, using Kratos relative sensitivity factors i.e. 0.25 for C1s and 0.66 for O1s 

photoelectron peak areas (absolute error of ± <10%). 

Immersion calorimetry has been carried out in a Setaram/Calvet C80 Instrument on 

samples that had been sealed in glass ampoules after being out gassed to 10-3~10-2 mbar 

at room temperature. Enthalpy values, -ΔHi (mJ/m2) have been calculated using SBET(N2) 

values.  

Adsorption isotherms for methanol, ethanol and isopropanol at 303°K have been 

measured using a Hiden/IGA gravimetric system after out gassing to constant weight at 

353°K (which was chosen in order to minimise thermal rearrangement and 
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decomposition of surface oxygen groups i.e. significantly below the first thermal 

desorption peak usually observed in TPD data at 450°K [21]). Equilibrium adsorption for 

each point of 𝑝 𝑝0�  was defined from kinetic data such that no effective weight changes 

occurred. Isotherms for nitrogen at 77°K were measured using a Micromeritics 

ASAP2010 Volumetric apparatus, after out gassing as above, assuming a molecular area 

of 0.162 nm2 and a P0 value of 987 mbar. For the alcohols, molecular areas of (0.180 

nm2) methanol (0.229 nm2) ethanol and (0.274 nm2) isopropanol have been calculated 

using the method described by Gregg and Sing [22] and respective saturated vapour 

pressure (P0) values of 218, 105 and 78 mbar derived using the Antoine equation [23]. 

Isotherm data were fitted to the classical BET equation or to the DRK equation, the later 

using a value of n=2.  

5.3 Results and discussion 

5.3.1 XPS results 

In this study, the ozone fluidized bed system has been used in order to produce carbon 

black surface of increasing oxygen concentration. The carbon black N330 was oxidised 

for various period of time (up to 120 min). The surface chemistry of the oxidised 

materials was then analysed using XPS. As the treatment time becomes longer, one 

observes on the survey spectra a gradual increase of the size of oxygen peak O1s. As an 

example, the survey spectra for the untreated carbon black and the oxidised with ozone 

for 60min are represented in the Figure 5.1. On the spectrum of the oxidised material, the 

apparition of a large oxygen 1s peak at a binding energy of 532eV is visible. 
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a) 

 

b) 

Figure 5.1: Survey scans obtained for both a) untreated and b) ozone oxidized (60min) 

carbon black. 
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a) 

 

b) 

Figure 5.2: C1s narrow scan spectra for a) untreated and b) ozone oxidized (60min) carbon 

black. 



CHAPTER 5   Specific and non-specific interactions (during the adsorption of alcohols) 
on non-porous carbon black surfaces

 

 

134 

 

For a better accuracy, the narrow scans O1s and C1s (area) were used to determine 

the relative atomic concentration of oxygen and carbon for each materials. Additionally, 

they were also used to determine the type and proportion of the diverse oxygen groups 

present on the surface. 

The C1s narrow scan spectra for the base and ozone oxidised (60min) carbon black 

are represented in Figure 5.2. The deconvolution of the C1s gives us five individual 

peaks representing: Peak I graphitic carbon {~284.4eV}, Peak II carbon atoms present in 

phenolic, alcohol, ether {~285.0–286.0eV}, Peak III carbonyl or quinone groups 

{~286.3–287.1eV}, Peak IV carboxyl or ester groups {~288.1–289.1eV} and Peak V 

shake-up satellite peaks due to a π-π* transitions in aromatic rings {~290.8–291.6eV} 

[24]. The main characteristics of these peaks for these two samples are summarised in 

Table 5.1. 

Table 5.1: C1s decomposition results for base and 60-min ozonated carbon black. 

Base N330 N330 O3 60min 

Peak Position 
(eV) 

FWHM 
(eV) 

Concentration 
(%) Peak Position 

(eV) 
FWHM 

(eV) 
Concentration 

(%) 

I 284.4 0.97 69% I 284.4 0.99 66% 

II 285.5 1.02 9% II 285.5 0.95 9% 

III 286.7 1.84 8% III 286.7 1.79 10% 

IV 288.8 1.83 5% IV 288.7 1.81 8% 

V 290.9 2.81 9% V 290.8 2.55 7% 

 

The carbonyl/quinone groups and carboxyl/ester group surface concentrations 

increase significantly due to the effect of the ozone treatment. This comportment has 

already been observed by Yue et al. [25] during the electrochemical oxidation of carbon 

fibres. On the contrary, carbon in graphitic surface structures is reduced from 69 to 66% 

as a result of the increase in the oxidation level. The concentration of phenolic, alcohol 

and ether groups remains unchanged after the treatment. 
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a)       b) 

 

c)       d) 

 

e)       f) 

Figure 5.3: O1s narrow scan spectra for the oxidized carbon black series. a) untreated, b) 

N330 O3 5min, c) N330 O3 10min, d) N330 O3 30min, e) N330 O3 60min and f) N330 O3 2h. 

On the other hand, as illustrated in Figure 5.3, the high resolution oxygen spectra 

can be resolved into only two individual component peaks: Peak I {~530.7eV }oxygen 

atoms from carbonyl groups (C=O) and Peak II {~533.1eV} oxygen atoms from 
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hydroxyl or ether groups (C–OH or C–O–C). It is common to find in the literature 

[25][26][24] a third peak {534.6–535.6eV} of low intensity corresponding to chemisorbed 

O2 and/or water but for our oxidised carbon blacks, this peak was not detected (or was of 

very low intensity). Additionally, the oxygen peak for the base material is significantly 

smaller than for the oxidised materials and displays a high noise level. 

The main characteristics of the O1s peak decomposition for the base and oxidised 

carbon blacks are summarised in Table 5.2. 

Table 5.2: O1s decomposition results for base and oxidised carbon blacks. 

Materials 
  

Position (eV)   
  

FWHM (eV)   
  

Concentration (%) 

Peak I Peak II Peak I Peak II Peak I Peak II 

Base N330 533.0 531.7 
 

1.05 1.90 
 

46% 54% 

N330 O3 5min 533.1 531.7 
 

1.86 1.94 
 

49% 51% 

N330 O3 10min 533.0 531.5 
 

1.99 1.32 
 

64% 36% 

N330 O3 30min 533.1 531.7 
 

1.76 1.53 
 

60% 40% 

N330 O3 60min 533.2 531.7 
 

1.86 1.70 
 

63% 37% 

N330 O3 2h 533.0 531.6 
 

1.87 1.46 
 

69% 31% 

 

Regarding the respective concentration of these two peaks, a rise (from 46 to 69%) 

of the contribution of the peak I (carbonyl groups) is observed as the treatment time 

increases while the contribution of the peak II (hydroxyl or ether groups) decreases in the 

opposite way. 
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Figure 5.4: Oxygen level [O]T (at.%) measured by XPS for ozone-treated carbon black 

N330 as a function of oxidation time. 

The increase of the surface oxygen concentration (chemisorbed oxygen atoms) as a 

function of the treatment time is represented in Figure 5.4. The plot shows a sharp 

increase in the first 10min from 1.7 at.% which is the level of the base material to 8.1 

at.% then the increase slows down until the oxygen concentration reaches a plateau 

(~11.2 at.%) after 1h of oxidation. The oxygen concentrations of the oxidised N330 

carbon blacks and other base carbon blacks (N234 and N234G) are summarised in the 

Table 5.3. 
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5.3.2 Characterisation with nitrogen adsorption and immersion 

calorimetry 

Figure 5.5 a) shows isotherms for the adsorption of nitrogen a 77°K by the five carbon 

blacks and b) shows the low pressure regions (𝑝 𝑝0�  < 0.1) of the isotherm. Extended 

ozone treatment duration leads to higher adsorption level characterised by the relative 

position of the plots (lower for base material and upper position for 30 and 60 min O3 

treated materials). 

 

a)       b) 
  

 

 

Figure 5.5: a) Nitrogen adsorption isotherms at 77°K for carbon blacks and b) expanded 

low pressure domains (p/p0 < 0.1). 

Figure 5.6 contains corresponding analyses obtained using: a) the αs method [27][28] 

and b) the DRK method. Table 5.3 contains the relevant physicochemical data for the 

carbon blacks and one can infer that there is minimal change in the physical structure of 

the CBs as reflected by SBET or Sαs whilst the oxygen levels range from 1.7 to 11.2 at.%. 
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a)      b) 

Figure 5.6: Nitrogen adsorption data analysis with a) αs method and b) DRK method. 

On the other hand, from Figure 5.7 a), the observed values of -ΔHi(Tol) do not 

change significantly across the series of carbon blacks, hence it is concluded that neither 

nitrogen nor toluene is sensitive to the oxygen chemistry changes induced in the carbon 

black surfaces by the ozone treatment. The absolute values of -ΔHi(Tol) observed are 

similar to those found in the literature for benzene [15] and for n-heptane [19]. Previous 

calculations of surface free energy values from nitrogen spreading pressures [19][29] for 

non-porous carbons with varying surface oxygen levels have also demonstrated that 

surface chemistry modification does not influence nitrogen adsorption. In those instances 

the absolute free energy values were found to be in the range 100~110 mJ/m2 and 

therefore similar to the -ΔHi(Tol) values shown here. Hence it was decided that nitrogen 

may conveniently be used as the reference vapour in place of benzene for the 

determination of βDRK(alcohol) using Eq.  5.4. 
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Table 5.3: Physicochemical characteristics of carbon blacks. 

Materials   SBET (N2) 
(m2/g) 

Sαs (N2) 
(m2/g) 

SDRK (N2) 
(m2/g) 

EDRK(N2) 
(kJ/mol) 

[O]T 
(at.%) 

−ΔHi(Tol) 
(mJ/m2)         

−ΔHi(H2O) 
(mJ/m2) 

         Base N330 
 

81.3 82.0 93.6 4.0 1.7 109.0 52.4 

N330 O3 5min 
 

83.9 82.6 86.8 4.6 7.3 / 127.6 

N330 O3 10min 
 

86.2 89.1 88.1 4.6 8.1 116.9 142.5 

N330 O3 30min 
 

89.0 90.0 88.7 4.6 10.3 121.6 149.2 

N330 O3 60min 
 

88.0 90.2 86.8 4.7 11.2 122.2 164.4 

         N234 
 

107.6 98.6 121.8 4.0 1.5 i 68.6 

N234G   90.9 92.0 94.6 5.1 0.5 i 28.0 

Nitrogen surface areas from BET (SBET), αs (Sαs) and DRK (SDRK) methods, total surface oxygen level from 
XPS [O]T (at.%) and enthalpy of immersion for toluene -ΔHi(Tol) and water -ΔHi(H2O). 
i Enthalpy of immersion in toluene not measured for this sample. 

 

From Figure 5.7 a), one can see that the enthalpy of immersion in water -ΔHi(H2O) 

increases in direct proportion to the surface oxygen levels of the CBs. This behaviour is 

in complete contrast with what is observed in the case of toluene -ΔHi(Tol). The water 

values are in the same order than those previously reported for a wide range of carbon 

blacks of various types and levels of oxidation measured directly by XPS [20] and are also 

in agreement with studies by other groups based on the pH at the point of zero charge 

pHpzc and temperature programmed desorption of oxygen complexes [4][30][31]. 
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a)       b) 

Figure 5.7:  a) –ΔHi  (displayed as -hi on the graphs) values as a function of surface oxygen 

levels for water and toluene and b) for methanol, ethanol and isopropanol. 

The regression analysis of water and toluene data leads to the following equations 

which are consistent with previously reported relationships [9][20][32][33]: 

 −∆𝐻𝑖(𝐻2𝑂)𝑒𝑥𝑝(𝑚𝐽/𝑚2) = 37.6 + 11.61 ∙ [𝑂]𝑇 Eq.  5.5 

 −∆𝐻𝑖(𝐶7𝐻8)𝑒𝑥𝑝(𝑚𝐽/𝑚2) = 106.4 + 1.41 ∙ [𝑂]𝑇 Eq.  5.6 

5.3.3 Adsorption of alcohols on oxidized carbon black surfaces 

Adsorption isotherms for methanol, ethanol and isopropanol, represented in Figure 5.8, 

are all Type III for the untreated N330 and become Type II for the oxidised materials. 

Figure 5.8 a), b) and c) show clearly that the Type II isotherms are displaced gradually to 

higher adsorption values as the CB surface oxygen levels increase. For clarity, the low 

pressure (𝑝 𝑝0� < 0.6) data are expanded on Figure 5.8 d), e) and f) and show that the 
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displacement occurring for all three alcohols as a function of surface oxidation is most 

marked for methanol whose the relative contribution of the polar –OH group is most 

prominent than the dispersion interaction of the alkyl chain. For methanol and ethanol, 

the displaced isotherms converge at a respective relative pressure 𝑝 𝑝0�  of 0.5 and 0.3 

with the isotherm of the base material whereas for isopropanol the convergence location 

is slightly broader since it takes place over the range of 𝑝 𝑝0� values: 0.17 to 0.24. At these 

relative pressure values correspond respective areas of 77 m2/g for methanol, 69 m2/g 

ethanol and 66~70 m2/g for isopropanol which indicates that overall these shifts are 

confined within the monolayer capacity for each adsorptive and therefore relates directly 

to specific interactions with carbon surface groups. 
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Figure 5.8: a), b) and c) Adsorption isotherms for methanol, ethanol and isopropanol 

including in d), e) and f) the expanded low pressure domains (p/p0 < 0.6) showing 

displacement due to increasing specific interactions in sub-monolayer region and isotherm 

convergence near monolayer capacity. 

Table 5.4 shows the increases in -ΔHi(alcohol) resulting from the increases in carbon 

black surface oxygen. The greater effect is observed for methanol which is the most polar 

of the three and whose smaller molecular size allows a higher proportion of –OH 

interactions per unit area of surface. As shown in Figure 5.7 (b), the slopes of the plots 

decrease as expected as the alcohol chain length is increasing. From regression analysis 

of the experimental data one obtains the following expressions: 

 −∆𝐻𝑖(𝐶𝐻3𝑂𝐻)𝑒𝑥𝑝(𝑚𝐽/𝑚2) = 81.2 + 7.85 ∙ [𝑂]𝑇 Eq.  5.7 

 −∆𝐻𝑖(𝐶2𝐻5𝑂𝐻)𝑒𝑥𝑝(𝑚𝐽/𝑚2) = 89.9 + 4.53 ∙ [𝑂]𝑇 Eq.  5.8 

 −∆𝐻𝑖(𝐶3𝐻7𝑂𝐻)𝑒𝑥𝑝(𝑚𝐽/𝑚2) = 91.2 + 2.07 ∙ [𝑂]𝑇 Eq.  5.9 

The limiting values between 81 mJ/m2 and 91 mJ/m2 correspond to the non-specific, 

dispersion, interaction between the alcohols and an ideal non-oxidised carbon surface. 

The difference can easily be attributed to the higher proportion of oxygen per unit surface 

area in the case of methanol (CH3OH) and by the fact that carbon shows less affinity 

toward oxygen than for organic groups. As the alkyl chain length increases the 

contribution from specific interactions with oxygen groups decreases and the limiting 

value comes closer to 100~110 mJ/m2 obtained for pure hydrocarbons such as benzene, 

hexane and in our case toluene. The significant differences in the terms of each 

expression given in Eq.  5.5 to Eq.  5.9 clearly reflect the systematic change from 

hydrogen bonded dominated interactions for water through to non-specific, dispersion 

dominated, for toluene. Moreover, the BET analysis is in agreement with the immersion 
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data and the displacement of the adsorption isotherm and give CBET values increasing 

with surface polarity of each alcohols (within the ranges 9 to 16 for methanol and 31 to 

56 for ethanol and 41 to 99 for isopropanol as indicated in Table 5.4). 

Table 5.4: Surface area (SBET and SDRK), characteristic energy EDRK, CBET constant values 

and enthalpy parameters from alcohol data. 

Materials  Methanol 

  SBET (m2/g) SDRK  (m2/g) EDRK 
(kJ/mol) CBET −ΔHi (mJ/m2) 

N330 Base - - 8.4 - 91.9 

N330 O3 5min 52.9 24.9 11.0 9 142.1 

N330 O3 10min 54.0 26.1 11.1 10 148.7 

N330 O3 30min 52.0 30.6 11.6 14 159.9 

N330 O3 60min 57.4 36.0 11.7 16 166.1 

Materials  Ethanol 

  SBET (m2/g) SDRK  (m2/g) EDRK 
(kJ/mol) CBET −ΔHi (mJ/m2) 

N330 Base - - 7.4 - 96.1 

N330 O3 5min 49.9 69.7 8.6 31 124.2 

N330 O3 10min 51.0 67.8 8.8 30 130.2 

N330 O3 30min 49.8 69.0 9.4 50 133.8 

N330 O3 60min 50.6 69.9 9.7 56 139.8 

Materials  Isopropanol 

  SBET (m2/g) SDRK  (m2/g) EDRK 
(kJ/mol) CBET −ΔHi (mJ/m2) 

N330 Base - - 7.4 - 96.9 

N330 O3 5min 47.9 67.7 8.8 41 104.3 

N330 O3 10min 51.4 66.4 10.5 62 104.6 

N330 O3 30min 51.9 67.9 11.3 94 109.9 

N330 O3 60min 53.1 69.2 11.5 99 120.3 

 

The plots representing the isotherm data for nitrogen and the alcohols in the form of 

Eq.  5.1 are given in Figure 5.9 where a) confirms that the nitrogen data coincide across 

all of the pressure range studied except for a very small deviation observed for the three 

lowest pressure points measured on the base material (see later). As a result of this, the 

calculated SDRK(nitrogen) and EDRK(nitrogen) values remains almost the same across the 

carbon black series as shown in Table 5.3. Regarding the alcohol plots represented in 
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Figure 5.8 b, c and d), a different behaviour than from nitrogen was observed. All the 

graphs superimpose nicely in the high pressure regions (low adsorption potential regions) 

but in the low pressure “submonolayer” domain (high adsorption potential region), the 

effects of the surface chemistry i.e. the differing levels of specific interactions are clearly 

observed and lead to SDRK values given in Table 5.4. As a consequence of surface 

oxidation, the increase of adsorbed amount within the initial regions of the type II 

isotherms seen in Figure 5.8 and corresponding to a decrease of slope in the low pressure 

regions of the DRK plots, results in EDRK(alcohols) values which are increasing with 

oxygen concentration on the carbon surface as shown in Table 5.4. An important point to 

note is the fact that the overall linearity of the plots is slightly variable and that the 

energy values are only given for comparative purpose as they do not relate directly to 

those derived from the classical form of the DR equation describing micropore filling. In 

the case of the adsorption of methanol on the base N330 material, the linearity of the data 

is quite poor and reflects the relatively weak non-specific interaction of the alkyl group 

coupled with the low level of surface oxygen and hence specific interactions with the 

polar –OH group of the methanol as described by Carrott [8]. It results that the isotherm 

has effectively a type II character but with a slight positive inflexion in the middle 

pressure region (0.4 < 𝑝 𝑝0� < 0.5) as the adsorbate-adsorbate hydrogen bonding becomes 

significant. Generally, the low pressure linearity of the DRK plots improves significantly 

as the carbon surface oxygen content increases and the initial region of the isotherm 

(Figure 5.8 a) and d)) becomes concave to the pressure axis typical of type II isotherm. 

As the vapour changes from methanol to ethanol and then isopropanol, one gradually 

observes a better low pressure fit as well as a better degree of linearity as a consequence 

of the increasing contribution of the non-specific interaction of the alkyl chains which 

produces the tightening of the knee on the corresponding isotherms. 

If one now looks at both surface areas, SBET and SDRK (shown in Table 5.4) the values 

from alcohols data obtained using both method are lower than those derived using the 
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nitrogen data as it was previously observed by Carrott [8]. Firstly for methanol, SBET 

seems to be always higher than SDRK but as soon as the surface oxygen content (i.e. the 

number of specific adsorption sites) increases, SDRK increases considerably. Secondly for 

ethanol and isopropanol, SBET values are much lower than those for SDRK, are similar, 

within error, for both adsorptives and are not influenced by the surface chemistry 

changes of the carbon showing the influence of non-specific interactions of the alkyl 

chains on the adsorption process. The work of Carrott et al. [8] indicates that the 

adsorption of methanol onto carbon blacks at low pressures (sub-monolayer region) is 

strongly influenced by hydrogen bonds which form with polar groups on the carbon 

surface and also that the methanol adsorption is limited when the levels of surface 

oxygen are low. As a confirmation of previous observations, our study shows that 

methanol adsorption onto the base N330 containing 1.7 at.%  oxygen gives rise to a type 

III isotherm whilst the adsorption of the same alcohol on the N234G graphitized carbon 

which has of course a distinct structure and less oxygen (only 0.5 at.%) than the N330, 

adsorbs even less methanol at low pressures and hence behaves in a similar way to the 

Sterling FT graphitized black reported in [8]. On the other hand, our results show clearly 

that an increase of oxygen concentrations on the carbon black surface leads to a shift of 

the methanol adsorption isotherm to higher adsorption values. In that way, the low 

pressure (sub-monolayer) regions become more and more concave toward to the pressure 

axis, characteristic of a type II isotherm. It is interesting to note that SBET values obtained 

for methanol (see Table 5.4) are significantly lower than the “true” surface area of the 

N330 carbon black (quoted area of 80 m2/g) regardless of the oxygen levels studied 

whereas the SDRK values are also lower but increase with the surface oxygen level. 

Neither equation seems to provide a coherent description of the methanol data but 

surprisingly enough the DRK method, which places emphasis on the very low pressure 

data point, produces surface areas which reflect the increase of the adsorbed amount as a 

function of carbon surface polarity. 
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a)       b) 

 

c)       d) 

Figure 5.9: DRK plots for the adsorption of: a) nitrogen at 77°K, b) methanol, c) ethanol 

and d) isopropanol at 303°K.i

                                                 

i Note: marked differences in the low pressure region (�𝑙𝑛 �𝑃0 𝑃� ��
2

> 5) of the adsorption of the alcohols 

due to specific interactions with active surface groups. 
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Carrott has argued [8] that the mechanism of methanol adsorption on carbon blacks 

is similar to the one of water. This has already been discussed by a number of workers 

[34][35][36][37] and it was suggested that at low pressures and surface coverage, hydrogen 

bonding occurs between methanol and polar surface groups which can be considered as 

primary adsorption sites. The methanol adsorbed on the primary sites will then act as 

secondary sites as the surface coverage increase, especially at higher pressures, thus 

starting the second and following layer of adsorbed molecules on the surface. The overall 

process, represented in the next chapter (see Figure 6.3: Schematic representation of the 

growth mode occurring during the adsorption of water at different coverage regimes.), 

could be synthesised by two steps: the initial formation of adsorbed cluster on polar sites 

such as chemisorbed oxygen molecules followed by the construction of an extended 

network structure. In this network, the adsorbed polar molecules are constrained although 

the absolute structure and density of both clusters and network in relation to liquid 

adsorptive are not currently known. As typified by our data, the methanol (and other 

alcohols) isotherm could described by the following expression 𝑁𝑎 = 𝑓�(𝑃, [𝑂]𝑇)|𝑇 

where the additional term [O]T describes the surface concentration of oxygen groups, in 

our case measured by XPS. Since specific interactions occur at fixed polar sites and the 

non-specific dispersion forces are present all over the surface creating a mobile adsorbed 

layer, the entropic contribution to the adsorption process is likely to be significantly more 

important in the case of methanol where the adsorbed layer has a greater “structure”. For 

the ethanol and isopropanol, the hydrogen bonding effect can still be clearly observed in 

the isotherm data although it becomes less and less dominant as the emphasis changes 

from specific to dispersion interaction with increasing alkyl chain length. These non-

polar molecules (such as toluene, benzene, long-chain alcohols, etc...) follow the 

mechanism of adsorption known as layer-by-layer or Frank-van der Merve (FM) growth. 

In this adsorption process represented in Figure 5.10 for various surface coverage, each 

new layer starts to grow only after the underlying layer is complete. This type of growth 
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is usually observed when the interaction between the adsorbate and the surface is 

stronger that between the adsorbate molecules. As seen on the schematic illustration, the 

non-polar molecules are not really influenced by the active sites present on the carbon 

surface. For these last two adsorptives, the SBET values are still lower than the nitrogen 

values but the SDRK values show an important increase to between 66.4~69.9 m2/g. 

 

Figure 5.10: Schematic representation of the growth mode occurring during the adsorption 

of non-polar molecules at different coverage regimes.  This mode is also known as Layer-

by-layer growth or Frank - van der Merve mode. The surface active sites are represented as 

red spheres whereas the non-polar molecules (such as toluene or in long-chain alcohols) are 

represented by the green spheres. 

A mixed mode of adsorption called Stranski-Krastanov (SK) growth also exists. 

This mode where both islands and complete monolayers are observed occurs when the 

nature of the adsorbate layer becomes dependant to the chemical and physical properties, 
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such as surface energies and lattice parameters of the substrate [38]. An example of the 

phenomenon is the adsorption of rare gases on graphite sheet. 

Figure 5.8 and Figure 5.9 have shown the effects of the “adsorbent” on the alcohol 

isotherms i.e. that increasing the surface oxygen levels of the carbons leads to systematic 

increases in the hydrogen bonding interactions and marked differences in sub-monolayer 

regions of the isotherms for the individual alcohols. 

In terms of the “adsorbate” effects, the isotherm data for the three alcohols on each 

carbon black were plotted and are shown in Figure 5.11. The most marked differences 

appear for the base N330 material (1.7 at.% oxygen) where the initial, sub-monolayer 

region of the methanol curve is convex to the pressure axis showing similarity with water 

and indicative of relatively weak overall interaction whilst the isopropanol isotherm tends 

to have a Type I character indicating stronger interaction. In this instance, the ethanol 

isotherm appears to follow an intermediate behaviour and displays an isotherm almost 

linear at low pressure. 
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Figure 5.11: Alcohol isotherms plotted on: a) the base N330, b) N330 O3 10min (8.1 at.% 

oxygen) and c) N330 O3 60min (11.2 at.% oxygen) showing effects of adsorbate chemistry. 

Zooms on the low pressure region are also included in d), e) and f) respectively. 

In addition, the Figure 5.12 represents the limiting behaviour for an oxygen free 

surface obtained by adsorbing the three alcohols onto the graphitized carbon black 

N234G. The low pressure data for each alcohol follow closely the pressure axis 

(methanol being the most pronounced). This clearly indicates that specific interactions 

play a significant role in the initial stages of adsorption for these adsorbates. 

 

a)       b) 

Figure 5.12: Alcohols adsorbed on graphitized carbon black N234G showing type III/V 

character of initial regions of isotherms. a) Full adsorption isotherm and b) zoom in the 

very low pressure region. 

On each of the other carbons containing higher oxygen levels (Figure 5.11 b) and c) 

for oxygen level of 8.1 and 11.2 at.% oxygen respectively) the isotherms for the three 

alcohols coincide very well in the initial region and display a strong positive curvature to 

the pressure axis. This behaviour shows that at high oxygen levels, within the low 
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pressure region, the “adsorbate” chemistry does not play a significant role to influence 

the isotherm character. But as soon as the multilayer region is reached, the isotherms start 

to diverge due to the different adsorbate-adsorbate interactions which are strongest for 

methanol and weakest for isopropanol. 

Regarding the βDRK values, it appears from Figure 5.8 and Figure 5.9 that the surface 

chemistry of the carbon material will affect this parameter, which will therefore differ 

from those derived assuming a single liquid density for the adsorbed phase. This was 

confirmed by our experimental data in Figure 5.13 which shows the relationship between 

βDRK values for each alcohols obtained using nitrogen as the non-polar reference 

adsorptive and the surface oxygen level [O]T directly measured by XPS. EDRK(N2) was 

substituted into Eq.  5.4 in place of EDRK(C6H6). One notes in this respect a very slight 

decrease in slope of the nitrogen DRK plots for the oxidised carbons relative to the base 

material which leads to a β value of 0.38 for the oxidised materials rather than 0.33, 

reference for nitrogen, observed for the base N330. This βDRK average value (for the 

oxidised solids) was obtained by multiplying the βDRK(N2) for these materials (as 

displayed on the Figure 5.13) by the βDRK reference value for nitrogen. 
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Figure 5.13: Values of βDRK(alcohols) (with N2 as reference) as a function of total surface 

oxygen [O]T (at.%). 

Since ßDRK appears to be available from a quick and direct XPS measurement of 

carbon surface compositions, one believes that this approach may become, in the future, 

beneficial for both isotherm prediction (especially for non-porous material and polar 

vapours) and refining computer modelling methods. 

5.4 Conclusions 

The carbon black N330 has been oxidized in a fluidized bed using the ozonation 

technique to create a series of carbon blacks with increasing surface oxygen level [O]T 

(at.%) which was measured by XPS. The interactions of methanol, ethanol and 
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isopropanol with these surfaces have been studied using vapour adsorption and 

immersion calorimetry.  

Strong correlations between [O]T and the structure of the adsorbate molecules were 

observed, which allow interpretation of the mechanisms of interaction with the carbon. In 

particular, the low pressure adsorption of the alcohols is highly sensitive to [O]T and the 

isotherms for these vapours are significantly displaced to higher adsorption values as the 

oxygen level increases.  

The data show a transitional behaviour limited by water at one end with interactions 

mainly dominated by hydrogen bonding at polar surface sites (oxygen groups) and 

toluene at the other end with much weaker dispersion interaction with the non-polar 

carbon surface. This shift from specific dominated interactions to more significant 

dispersion interactions is observed with a series of alcohols of increasing chain length. 

Two types of isotherms were observed depending on the surface chemistry of the 

carbon black. Type III isotherms for the un-oxidised N330 with only 1.7 at.% oxygen 

were obtained but the character of the isotherm changes to Type II for the oxidised 

materials confirming that the low pressure, low coverage, domains of the isotherms are 

still dominated by specific interactions which increase as a function of [O]T.  

A semi-quantitative analysis of the relative influence of the specific to non-specific 

interactions is possible from the heat of immersion data. These values show that both the 

relative sensitivity of each alcohol to [O]T and also the shift from specific to non-specific 

interaction as the alkyl chain length of the alcohols increases. 

These specific (sub-monolayer) interactions are also reflected in the CBET constant 

values derived by application of the BET equation to the alcohol adsorption data 

although some difficulty was encountered in fitting the data especially that for the un-

oxidised N330 carbon black which gives Type III isotherms. Non-linearity was also 

observed in the low pressure, high A (kJ/mol) domains of the DRK plots for the base 

material samples but better fits were obtained for the alcohols on the oxidised surfaces 
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which gave Type II isotherms. EDRK (kJ/mol) and βDRK(alcohols) are shown to be 

sensitive to the level of specific interaction and consequently a dependence on [O]T is 

observed.  
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6 
Chapter 6   Correlation of water adsorption 

isotherms with oxygen groups on carbon surfaces 

 

 

Abstract 

The adsorption of polar molecules, such as water and short chain alcohols on carbon material is strongly 
influenced by the state of the surface which usually contains polar sites, oxygen functional groups in 
particular. Specific, hydrogen bonding, interactions take place at these sites, in addition to the normal non-
specific, dispersion, interactions happening globally. In this chapter, the same series of ozonated non-
porous carbon blacks with increasing surface oxygen levels was used to correlate the surface oxygen 
concentration quantified by XPS with the precise shape of the water adsorption isotherm observed and also 
with the enthalpies of immersion -ΔHi (mJ/m2) for this adsorptive. Additionally, both activated carbon and 
carbon black materials submitted to liquid-phase oxidation (nitric acid, hydrogen peroxide and ammonium 
persulfate) were studied as a comparison to ozone treatment and non-porous surface. The water adsorption 
data were analysed using in particular the Dubinin-Serpinsky equation and also some of its recent 
variations such as Barton and D’Arcy & Watt equations for the materials subjected to liquid-phase 
oxidation. In a general way, the water isotherms are shifted to higher adsorption uptakes as the surface 
oxygen level [O]T increases. It was shown that the resulting parameter, a0 (for the DS2 equation), 
describing the surface concentration of primary polar adsorption sites, was linked to the surface oxygen 
level [O]T measured by XPS, which also influences both the degree of fit to the equation and the limiting 
experimental water adsorption value as. Correlations between measurable physicochemical variables of 
various carbon materials, for example [O]T here, and parameters of water adsorption equations (a0 and as in 
particular) can greatly contribute in the field of both isotherm prediction and refinement of adsorption 
models. For organic vapours as seen before, a better understanding of the adsorption process is given by 
the DRK approach and its terms E and β describing the carbon polarity.  
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6.1 Introduction and Theoretical 

In contrast to the non-specific or dispersion interactions which occur for most organic 

species, the interaction of polar molecules with carbon surfaces takes place by relatively 

strong hydrogen bonding at the specific sites. These sites usually contain oxygen 

molecules and are mainly located on the edges of the graphene layer-planes of the carbon 

structure or near the defects of the surface structure (such as dislocations, etc...). Their 

surface concentration governs the overall interaction which occurs between carbon 

surfaces and molecules such alcohols [1][2] and most markedly water [3]. As a 

consequence, it affects the qualitative and quantitative characteristics of resulting 

adsorption isotherms as described in several other studies [4][5][6][7][8].  

In terms of surface chemistry and polarity, while non-specific adsorption can be 

described by the Dubinin-Radushkevich-Kaganer (DRK) equation [9] as seen before, 

Dubinin et al. [10] presented in 1955 the first formal description of water adsorption on 

carbon surfaces based on the following mechanistic approach. Surface polar groups act as 

primary adsorption centres to which water molecules attach through hydrogen bonding 

and nucleate to form clusters at higher relative pressure. These clusters are considered as 

secondary adsorption centres. The initial equation has been slightly modified [11][12][13] 

and takes the form: 

 𝑎 = 𝑐(𝑎0 + 𝑎)(1 − 𝑘𝑎)𝑝 𝑝0�  Eq.  6.1 

where a (mmol/g) is the equilibrium water adsorption value, a0 (mmol/g) is the 

surface concentration of primary hydrophilic sites, c is the ratio of the rate constants for 

the adsorption and desorption processes (i.e. 𝑘𝑎𝑑𝑠 𝑘𝑑𝑒𝑠⁄  ) and p and p0 are respectively 

the equilibrium and saturation water pressures at the adsorption temperature. k represents 

the loss of secondary sites due to the cluster formation and its value therefore affects the 

limiting adsorption capacity, as, which is the value of a at 𝑝 𝑝0�  = 1.  
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Over the years, the Eq.  6.1 has accumulated several derivations and extensions in order 

to improve the adsorption isotherm modelling as you can see for example in the review 

of Furmaniak et al. [14]. Using this equation and the two parameters a0 and as, it is 

common practice to characterise the surface polarity of carbons from water adsorption 

data. It is implicit that with these approaches, the carbon surface of the studied material is 

defined in terms of hydrophobic or hydrophilic character but still an absolute definition 

of the carbon surface polarity is difficult to achieve. Hence, precise correlation between 

the physical structure of carbon surfaces, surface chemistry (concentration of oxygen 

containing functional groups) and the resulting water adsorption/desorption isotherms is 

still not firmly established in spite of the progress made.  

 

This chapter describes the adsorption of water vapour on a series of non-porous 

carbon black surfaces which have the same physical characteristics but increasing levels 

of surface oxygen. The surface chemistry of the carbons has been modified in a fluidised 

bed using ozone oxidation. Most importantly, since the carbons are non-porous, these 

chemical modifications only affect the material surface and so can be directly quantified 

using X-ray photoelectron spectroscopy (XPS), moreover any physical modification 

consequently to these treatments can be identified using SEM. The effects of directly 

measured surface oxygen levels on the dominant mechanisms of adsorption and on the 

resulting vapour adsorption isotherms are discussed. Data for the adsorption of methanol 

is also included for comparison. The observed behaviour is also reflected in calorimetric 

data for immersion of the carbons in the corresponding liquid phases of the adsorptives 

which gives an indication of the relative specific and non-specific interactions for each 

system. The water adsorption data are analysed mainly within the framework of the 

Dubinin equations but an attempt to use other equations such as Barton and D’Arcy & 
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Watt equations has been made. Correlations between the resulting equation parameters 

and the real surface oxygen level [O]T (in at.%) measured by XPS were investigated. 

This approach brings together the direct quantitative measurement of carbon surface 

chemistry and the resulting thermodynamic character of the surfaces which underlies the 

Dubinin approach to adsorption.  

6.2 Experimental 

Non-porous carbon black N330 (Cabot Co., USA) has been used as the base material for 

treatment using ozone  in order to produce a small range of materials with increasing and 

controlled surface oxygen levels. Additionally, carbon black N330 and activated carbon 

BPL, treated with the following acids: nitric acid, hydrogen peroxide and ammonium 

persulfate, were also studied. The details regarding the oxidations in liquid phase are 

presented in paragraph 3.6.2. 

The base CB N330 has an intrinsic surface oxygen level of 1.7 at.% measured by X-

ray photoelectron spectroscopy (XPS). Ozonation of this material in a fluidised bed 

system of the type described in previous publications [17] for duration times of 5, 10, 30 

and 60 min leads to surface oxygen levels of 7.3, 8.1, 10.3 and 11.2 at.%. Adsorption 

onto a graphitized (2973°K) carbon black, Cabot N234G and another carbon black, N234 

has also been investigated. This graphitised CB N234G which represents a near-limiting, 

hydrophobic, surface in terms of water adsorption, has a BET surface area (SBET) of 92 

m2/g (± 4 m2/g), a surface oxygen level of 0.5 at.% and an enthalpy of immersion in 

water, -ΔHi(H2O), of 28.0 mJ/m2. This material was also used as the reference for the 

construction of nitrogen αs plots. On the other hand, N234 has a SBET of 108 m2/g a 

surface oxygen level of 1.5 at.% and a -ΔHi(H2O) = 68.6 mJ/m2. 

XPS measurements of carbon surface oxygen levels have been made using a Kratos 

HSi 5-channel monochromated instrument at a residual vacuum of 10-8 mbar with Alkα 
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radiation of energy 1486.6 eV and with the analyser in FAT mode and carbon samples 

presented in shallow sample dishes. Surface compositions have been calculated from the 

areas of elemental peaks, after subtraction of a linear background, using Kratos relative 

sensitivity factors i.e. 0.25 for C1s and 0.66 for O1s photoelectron peak areas. 

Vapour adsorption and immersion calorimetry work was carried out using analar 

grade methanol (Acros Organics, UK), toluene (Fisher Scientific, UK) and triple distilled 

water from the pharmacy department (RGU). Immersion calorimetry has been carried out 

in a Setaram/Calvet C80 Instrument on samples that had been sealed in glass ampoules 

after being out gassed to 10-2 mbar at room temperature. Enthalpy of immersion values, -

ΔHi (mJ/m2), have been calculated using SBET(N2) values. 

Adsorption isotherms for water have been measured using a Hiden/IGA gravimetric 

system after outgassing to constant weight at 353°K (which was chosen in order to avoid 

any elimination of surface oxygen groups [15]). Equilibrium adsorption for each point of 

𝑝
𝑝0�  was defined from kinetic data such that the weight remains constant. Saturated 

vapour pressure of 42 mbar for water vapour was derived using the Antoine equation [16]. 

Isotherms for nitrogen at 77°K were measured using a Micromeritics ASAP2010 

Volumetric apparatus, after out gassing as above, assuming a molecular area of 0.162 

nm2 and a P0 value of 987 mbar. Nitrogen surface areas have been calculated using the 

BET and DRK equations and the non-polar interactivity of the surfaces has been probed 

using immersion in toluene. 

6.3 Results and discussion 

Adsorption isotherm of nitrogen a 77°K on the five carbon blacks with different degrees 

of oxidation ([O]T ranging from 1.7 to 11.2 at.%) were all type II and exhibited very little 

variation among the different materials, indicating strong similarity with the base N330 

in terms of surface homogeneity and structure. The surface areas shown in Table 5.3 
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from Chapter 5, were determined using the BET, DRK and Sing’s αs methods taking a 

value of 0.162 nm2 for the nitrogen cross sectional area. Similarly, the isotherms of 

toluene on the oxidised carbon blacks (as shown in the previous chapter) are all type I 

and do not seem affected by the oxygen content on the carbon surface. This statement is 

supported by the enthalpy of immersion data for toluene, -ΔHi(Tol), which can be 

considered insensitive to surface chemical changes due to its non-polar character. But 

these enthalpy values should have been able to reveal any significant change in the 

physical structure of the CBs surface including development of surface porosity. 

Figure 6.1 gives the enthalpy of immersion of water, methanol and toluene versus 

the carbon surface oxygen level. From these plots, it is clear that water and methanol 

interactions are strongly dependent of the carbon polarity as -ΔHi(H2O) and -

ΔHi(methanol) (polar dominated interaction) values increase in direct proportion to the 

surface oxygen levels of the CB surfaces. On the contrary, toluene is insensitive to the 

surface chemistry as the -ΔHi(Toluene) (dispersion dominated interaction) figures do not 

change significantly over the range of oxidized CBs. 

The water values are similar to those previously reported for a wide range of carbon 

blacks of various types and levels of oxidation measured by XPS [17] and are also 

consistent with studies by other authors based on pHpzc and temperature programmed 

desorption of oxygen complexes [18][19][20]. 
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Figure 6.1: -ΔHi values as a function of surface oxygen levels for water, toluene and 

methanol. 

The slope observed for the water data is greater than the one for methanol because 

water molecule is the most polar probe of both. The combined effect of the hydrogen 

bonding with the dispersion interaction of the methyl group leads to higher enthalpy 

values for methanol. At higher surface oxygen levels the plots for each liquid converge 

indicating that specific interactions become dominant. Another possible explanation 

could be that the dispersion interactivity of the carbon surface decreases as the number of 

oxygen-containing functional groups increases. This was observed for n-heptane by 

Bradley et al. [21] and may have two causes: a reduction in the total surface area available 

for dispersion interactivity and/or a loss of electrons, due to the formation of covalent 

bonds with oxygen atoms, which would otherwise be free to participate in dispersion 
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interactions. By regression analysis of the immersion data, one obtained the Eq.  6.2 to 

Eq.  6.4 written below (these equations have already been introduced in the previous 

chapter as Eq.  5.5, Eq.  5.7 and Eq.  5.6 respectively). The slope and y-intercept values 

show clearly the shift from the polar dominated interaction for water to the dispersion 

dominated interaction for toluene. 

 −𝛥𝐻𝑖(𝐻2𝑂)𝑒𝑥𝑝(𝑚𝐽/𝑚2) = 37.6 + 11.61 ∙ [𝑂]𝑇 Eq.  6.2 

 −𝛥𝐻𝑖(𝐶𝐻3𝑂𝐻)𝑒𝑥𝑝(𝑚𝐽/𝑚2) = 81.2 + 7.85 ∙ [𝑂]𝑇 Eq.  6.3 

 −𝛥𝐻𝑖(𝐶7𝐻8)𝑒𝑥𝑝(𝑚𝐽/𝑚2) = 106.4 + 1.41 ∙ [𝑂]𝑇  Eq.  6.4 

Looking now at the adsorption data, one can see that water isotherms on N330 and 

the N330 oxidised carbon blacks are all Type III and are associated to significant 

displacement to higher adsorption uptakes over the whole pressure range as the surface 

oxygen level (in at.%) increases as shown in  Figure 6.2 a). Water adsorption isotherms 

for the graphitized carbon black N234G and for the carbon black N234 are given in 

Figure 6.2 b). The carbon black N234G has a similar surface area (90 m2/g) than the 

N330 unoxidised but with its low surface oxygen level ([O]T ≈ 0.5 at.%), is a good 

example of a limiting hydrophobic surface in terms of water uptake. In the other way, the 

carbon black N234 has only a slightly higher surface area (SBET = 108 m2/g) and a similar 

[O]T value (~1.5 at.% oxygen) than N330 but an as value of 1.71 is obtained compared 

to 0.90 for N330. This structural aspect could directly influence the distribution of 

primary sites on the carbon surface, their coordination with adsorbing water molecules, 

and also the entropic contribution to the adsorption process. 

As seen in the previous chapter, isotherms for methanol on the unoxidised N330 are 

Type III but Type II isotherms are observed for the oxidised. This change being 

explained by the additional polar interactions as discussed for Figure 6.1. 
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a)  

b)  

Figure 6.2: Water adsorption isotherms at 303°K for a) N330 and N330 oxidised carbon 

blacks and b) N330, N234 and N234G (graphitized) and carbon blacks. 
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Figure 6.3: Schematic representation of the growth mode occurring during the adsorption 

of water at different coverage regimes. This mode is also known as island growth or 

Vollmer-Weber (VW) mode. The surface active sites are represented as red spheres 

whereas the water (or polar adsorptive) molecules are represented by the blue spheres. 

Overall, the data confirm the strong specific hydrogen bonding dependence of both 

adsorptives and concentration of primary polar sites as reflected by the measured surface 

oxygen levels. At the difference of water, the additional interaction changes the isotherm 

type in the case of methanol. The mechanism of adsorption for these small polar 

molecules, represented in Figure 6.3, has been previously been discussed by a number of 

workers [22][11][12][23][24] and contrasts significantly with the adsorption mechanism 

described in Figure 5.10 for non-polar molecules. At low pressures, and surface 

coverage, θ, hydrogen bonding occurs between polar adsorptive and active sites present 

on the surface of the material. These sites are designated as primary adsorption sites. At 

higher pressures and as surface coverage increases, the molecules adsorbed on the 

primary sites act as secondary sites. The interaction between adsorbate molecules is 
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stronger than the interactions between the adsorbate molecule and the oxygen-free 

substrate. The overall process is therefore characterised by the formation of adsorbed 

“clusters” at chemisorbed oxygen, or other polar sites, followed by the formation of an 

extended network structure in which the adsorbed polar molecules are constrained. The 

absolute structure and density of the clusters and the network thus established are not 

currently fully understood but should be close to liquid water. Hence an attempt was 

made to describe the water isotherms by the expression 𝑁𝑎 = 𝑓�(𝑃, [𝑂]𝑡𝑜𝑡)|𝑇 where the 

additional term to the normal isotherm expression [O]T describes the concentration of 

polar oxygen groups, obtained here by a quick and direct measure from XPS. 

 

Figure 6.4: Fits of experimental data points to DS2 equation represented by solid lines for 

N330 base material (1.7 at.% oxygen) and N330 60 min. (11.2 at.% oxygen). 
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Water isotherm data from the CBs have been fitted to the modified DS equation 

(DS2) (examples are given in Figure 6.4 for the least and most oxidised surfaces). This 

equation gives a satisfactory description of the water adsorption on these materials across 

most of the pressure range. A slight over estimation of uptake at values of 𝑝 𝑝0�  > 0.9 is 

visible for the untreated material. As discussed for example by Dubinin and Serpinsky 

[11][12] and Barton et al. [13] this is most probably due to the lack of availability of, or 

access to, the secondary sites at high surface coverage. For the 11.2 atom % oxygen 

surface a slight underestimation of uptake is observed in the low pressure region of the fit 

(𝑝 𝑝0�  < 0.2). The reason could be that the primary nucleation process is influenced in a 

positive way by the high concentration of surface sites. 

As shown in Figure 6.5 a), the resulting a0 values (calculated using the DS2 

equation) are clearly increasing as the oxygen-containing groups become more numerous 

on the carbon surface. For this series of ozonated N330 CBs (without taking into account 

the two untreated CBs N234 and N234G), one obtained the Eq.  6.5 below by regression 

analysis of these data. 

 𝑎0,𝐷𝑆2(𝑚𝑚𝑜𝑙/𝑔) = 0.053 + 0.033 ∙ [𝑂]𝑇 Eq.  6.5 

The y-intercept value of 0.053 corresponds to an a0 value for a “pure” carbon 

surface without any oxygen groups. It is interesting to note that this theoretical value is 

almost double than the value obtained (a0 = 0.029) for the graphitized carbon black 

N234G. Another thing to point out was the difficulty to obtain adequate fits of the 

N234G water data using the DS or Barton equations so the DW equation was used 

instead for this particular case. 
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a)       b) 

Figure 6.5: a) Relationship between [O]T, the carbon black surface oxygen level in at.%, and 

the primary adsorption site parameter, a0, of the DS2 equation (correlation coefficient = 

0.87) and b) the effect of a0 on the measured limiting water adsorption parameter as. 

From the Figure 6.5 b), one observes that the limiting water uptake, as, is also a 

function of a0. It demonstrates that the overall packing density of the adsorbed water is 

also dependent of the surface concentration of oxygen atoms (i.e. primary sites). 

Carbon surface compositions can be measured from a one-off direct XPS 

measurement and the resulting values could be used for a quick estimation of ßDRK for 

organic vapours or a0 and as for water. It seems reasonable to assume that this approach 

may, in the future, prove helpful in the fields of both isotherm prediction and in refining 

computer modelling methods. 
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6.3.1 Comparison with materials subjected to liquid-phase oxidation 

6.3.1.1 XPS analysis of CBs subjected to liquid-phase oxidation 

In this second part of the study, liquid-phase oxidations have been used in order to 

produce carbon black surface with different oxygen levels. The carbon black N330 was 

oxidised in liquid phase with the following chemicals: nitric acid (HNO3), hydrogen 

peroxide (H2O2) and ammonium persulfate ((NH4)2S2O8) and details of the oxidation 

procedure can be found in the experimental section. The surface chemistry of the acid-

oxidised materials was then analysed using XPS. 

On the survey spectrum of each oxidised material, the presence of the oxygen 1s 

peak at a binding energy of 532 eV is clearly visible with the one for N330 HNO3 being 

the largest. As an example, the survey spectra for the carbon black treated with 

ammonium persulfate is represented in the Figure 6.6 below. 

 

Figure 6.6: Survey scan obtained for N330 carbon black oxidized with ammonium 

persulfate. 
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For a better accuracy, the narrow scans O1s and C1s (and subsequent areas obtained 

from the data processing with the XPSpeak 4.1 software) were used to determine the 

relative atomic concentration of oxygen and carbon for each material. Additionally, they 

were also used to determine the type and proportion of the diverse oxygen groups present 

on the surface. 

Table 6.1: Surface composition of N330 carbon blacks subjected to liquid-phase oxidation. 

Materials 
  

Surface composition 

[C] at.% [O] at.% 

Base N330 98.6% 1.4% 

N330 HNO3 88.8% 11.2% 

N330 Amm Per 93.4% 6.6% 

N330 H2O2 96.7% 3.3% 

N330 O3 60min 88.8% 11.2% 

 

The Table 6.1 summarises the surface composition obtained for these carbon blacks. 

The highest oxidation level was obtained for the carbon black treated with nitric acid 

with [𝑂]𝑁330 𝐻𝑁𝑂3 = 11.2 𝑎𝑡. %, almost a tenfold increase compared to the oxygen level 

of the base N330 ([𝑂]𝐵𝑎𝑠𝑒 𝑁330 = 1.4 𝑎𝑡. %). 
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a)       b) 

 

c)       d) 

Figure 6.7: C1s narrow scan spectra for the carbon blacks subjected to liquid-phase 

oxidation. a) Base N330, b) N330 HNO3, c) N330 Amm Per and d) N330 H2O2. 

The C1s narrow scan spectra for the base and carbon black subjected to liquid-phase 

oxidation are represented in Figure 6.7. As in the case of the ozonated samples, the C1s 

peak was deconvoluted with five individual peaks representing: Peak I graphitic carbon, 

Peak II phenolic, alcohol, ether groups, Peak III carbonyl or quinone groups, Peak IV 

carboxyl or ester groups and Peak V shake-up satellite peaks due to a π-π* transitions in 

aromatic rings [25]. The main characteristics of these peaks for these four samples are 

summarised in Table 6.2. 
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Table 6.2: C1s decomposition results for carbon blacks subjected to liquid-phase oxidation. 

Base N330 

 

N330 HNO3 

Peak 
Position 

(eV) 
FWHM 

(eV) 
Concentration 

(%) 

 

Peak 
Position 

(eV) 
FWHM 

(eV) 
Concentration 

(%) 

I 284.4 0.97 69% 

 

I 284.5 0.97 62% 

II 285.5 1.02 9% 

 

II 285.5 1.03 11% 

III 286.7 1.84 8% 

 

III 286.7 1.75 9% 

IV 288.8 1.83 5% 

 

IV 288.7 1.67 9% 

V 290.9 2.81 9% 

 

V 290.9 2.97 9% 

         N330 Amm Per 

 

N330 H2O2 

Peak 
Position 

(eV) 
FWHM 

(eV) 
Concentration 

(%) 

 

Peak 
Position 

(eV) 
FWHM 

(eV) 
Concentration 

(%) 

I 284.6 0.99 67% 

 

I 284.5 0.96 68% 

II 285.7 0.94 8% 

 

II 285.7 1.14 10% 

III 286.7 1.68 9% 

 

III 287.1 1.94 8% 

IV 288.7 1.77 7% 

 

IV 289.0 1.71 5% 

V 290.9 2.89 10% 

 

V 291.0 2.66 9% 

 

As one can see from the values, the biggest change from the carbon in graphitic 

surface structures arises from the carbon treated with nitric acid where it is reduced from 

69 to 62% while the level of Peak IV (carboxyl or ester groups) almost doubles for this 

material (from 5 to 9%). This aspect is much less pronounced for the two other oxidised 

carbons as the oxygen concentration is significantly lower than for the N330 HNO3. As 

for the ozonated carbon blacks, the concentration of [phenolic, alcohol and ether groups] 

and [carbonyl or quinone groups] remains almost unchanged after the treatment. 

On the other hand, as illustrated in Figure 6.8, the high resolution oxygen spectra 

were resolved using two individual component peaks: Peak I for carbonyl groups and 

Peak II for hydroxyl or ether groups. The same fitting parameters than for the ozone 

oxidised carbon black were used. The peak corresponding to chemisorbed O2 and/or 

water was again not detected. For comparison purposes, the oxygen peak for the base 

material is redisplayed in Figure 6.8 a). 
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a)       b) 

 

c)       d) 

Figure 6.8: O1s narrow scan spectra for the carbon blacks subjected to liquid-phase 

oxidation. a) Base N330, b) N330 HNO3, c) N330 Amm Per and d) N330 H2O2. 

The main characteristics of the O1s peak decomposition for the base and carbon 

blacks subjected to liquid-phase oxidation are summarised in Table 6.3. 

Table 6.3: O1s decomposition results for carbon blacks subjected to liquid-phase oxidation. 

Materials Position (eV) 

 

FWHM (eV) 

 

Concentration (%) 

  Peak I Peak II 

 

Peak I Peak II 

 

Peak I Peak II 

Base N330 533.0 531.7 

 

1.05 1.90 

 

46% 54% 

N330 HNO3 533.1 531.4 

 

2.42 1.73 

 

67% 33% 

N330 Amm Per 533.2 531.5 

 

2.18 1.64 

 

78% 22% 

N330 H2O2 533.1 531.5 

 

2.09 1.49 

 

78% 22% 
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Looking at the respective concentration of these two peaks, one can observe a rise of 

the contribution of the peak I (carbonyl groups) from 46% for the base carbon black to 

67% for N330 HNO3 and to 78% for both N330 Amm Per and N330 H2O2. In opposite 

way, the contribution of the peak II (hydroxyl or ether groups) decreases. While the 

positions of these two peaks hardly change, one observes from the FWHM values, a 

significant widening of the Peak I and a slight narrowing of the Peak II for the carbon 

blacks subjected to liquid-phase oxidation. 

Regarding now the adsorption data, adsorption isotherm of nitrogen at 77°K (not 

represented here) on the carbon blacks subjected to the different liquid-phase oxidation 

were type II and were very similar to the one of the untreated material. The only 

difference was observed in the initial region where the isotherm of the N330 HNO3 and 

N330 Amm Per were slightly displaced to higher adsorption values. Surface areas were 

also determined using the DRK method and taking a value of 0.162nm2 for the nitrogen 

cross sectional area. The values obtained were quite close to each other with 87.4 m2/g 

for N330 HNO3, 90.7 m2/g for N330 H2O2 and 89.1 m2/g for N330 Amm Per. 

As illustrated in Figure 6.9 a), one notices that water isotherms on N330 Amm Per 

and N330 H2O2 carbon blacks are Type III and are similar, especially for N330 H2O2, to 

the isotherm of the base N330 while the water isotherm obtained for N330 HNO3 is 

significantly different and can be considered as  a type II. In the latter, this complete 

change to the isotherm shape indicates that the nitric acid treatment has not only 

modified the surface chemistry but also affected the carbon black structure. This is also 

confirmed by looking at the water isotherm of N330 O3 60min (see Figure 6.2) which has 

exactly the same oxygen level ([𝑂]𝑇 = 11.2 𝑎𝑡. %) but has a typical type III isotherm 

shape. 
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a)       b) 

Figure 6.9: Water adsorption isotherms at 303°K for N330 carbon blacks subjected to 

liquid-phase oxidation. a) Whole isotherms with adsorption and desorption branches and b) 

expanded low pressure domains (p/p0 < 0.16). 

All isotherms of materials subjected to liquid-phase oxidation are associated to 

displacement to higher adsorption uptakes over the whole pressure range as the surface 

oxygen level (in at.%) increases ranging in terms of as values from a very little increase 

for N330 H2O2 (𝑎𝑠 = 0.94 𝑚𝑚𝑜𝑙/𝑔) to almost a fourfold increase in the case of N330 

HNO3 (𝑎𝑠 = 3.02 𝑚𝑚𝑜𝑙/𝑔). A zoom on the low pressure region is also represented on 

Figure 6.9 b). 

Water isotherm data from the CBs subjected to liquid-phase oxidation have been 

fitted with the following equations: Dubinin-Serpinsky (DS1 (Eq.  2.30) and DS2 (Eq.  

2.32)), Barton (B1 (Eq.  2.34), B2 (Eq.  2.35) and generalised equation GB (Eq.  2.36)) 

and D’Arcy & Watt (DW (Eq.  2.37) and generalised equation GDW (Eq.  2.38)). For the 

four materials, the best fits, calculated using the Excel solver, are represented in Figure 

6.10. 
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a)       b) 

 

c)       d) 

Figure 6.10: Water adsorption isotherm fits using the equations of Dubinin-Serpinsky, 

Barton and D’Arcy & Watt for the following materials: a) N330 Base, b) N330 Amm Per, c) 

N330 HNO3 and d) N330 H2O2. 

The DS1 equation, which represents the most simplified model, was not used to fit 

the water data up on the whole pressure range but only up to a relative pressure of 0.5. 
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This equation gives a reasonably description of the water adsorption on these materials 

(except for the CB treated with nitric acid) across the low pressure region but displays 

important deviation at higher pressure as expected. All the equations used give an 

excellent description of the water adsorption with an exception of the D’Arcy & Watt 

equation. This DW equation seems to slightly over-estimate the uptake at values of 

𝑝
𝑝0� < 0.4 while giving an under estimation at high pressure region (𝑝 𝑝0� > 0.5). This 

might be explained by the limitation of the Excel solver to calculate the best fit. A 

solution to overcome this issue would be to switch to a proper mathematical/modelling 

software with more computational capabilities. 

 

Figure 6.11: Relationship between [O]T, the carbon black surface oxygen level (in at.%), 

and the primary adsorption site parameter, a0, obtained using the various water equations 

(except D’Arcy & Watt equations). 
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As shown in Figure 6.11, the resulting a0 values obtained from the various water 

equations follow all the same trend and are, as for the ozonated CBs, strongly dependant 

from the amount of oxygen-containing groups present on the carbon black surface 

subjected to liquid-phase oxidation. From the regression analysis of these oxidised N330 

CBs (DS2 data), one obtained the Eq.  6.6 below: 

 𝑎0,𝐷𝑆2(𝑚𝑚𝑜𝑙/𝑔) = −0.481 + 0.189 ∙ [𝑂]𝑇  Eq.  6.6 

For these oxidised carbon blacks, one obtained a slope value of 0.189 which is 

significantly higher than the value of 0.033 obtained in the case of the ozonated N330 

series. This is most probably due to the different oxidation mechanisms occurring during 

ozone treatment and oxidation in liquid-phase with acid. This may also reflect the 

damage caused by these acids (especially nitric acid) on the physical structure while the 

ozone treatment has been shown to affect only the surface chemistry. 
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Figure 6.12: Relationship between the primary adsorption site parameter, a0, and the 

measured limiting water adsorption parameter, as. 

From the Figure 6.12, the limiting water uptake, as, appears to be a function of a0. It 

demonstrates that the overall packing density of the adsorbed water is also dependent of 

the surface concentration of oxygen atoms (i.e. primary sites). For comparison with the 

ozonated N330, the as value obtained for N330 O3 60min is similar to the as of N330 

Amm Per but only half of the as of N330 HNO3. From these two plots, one can also 

observe that these different equations provide a wide range of a0 values whereas the as 

values are quite close to each other. The B2 equation usually gives the lowest a0 values 

and B1 and GB1 the highest while DS2 values are in the middle of the range. But this 

might also be influenced by the surface oxygen concentration of the material. 



CHAPTER 6   Correlation of water adsorption isotherms with oxygen groups on carbon 
surfaces

 

 

186 

 

6.3.1.2 XPS analysis of ACs subjected to liquid-phase oxidation. 

The effects of liquid-phase oxidation on the surface chemistry of activated carbon BPL 

were also investigated. Nitric acid (HNO3) and hydrogen peroxide (H2O2) were used in 

order to produce activated carbon with different oxygen levels (both external surface and 

porosity). The details of the oxidation procedure can be found in the experimental 

section. The surface chemistry of the acid-oxidised materials was then analysed using 

XPS. 

Observations of the survey spectra show the presence of the Oxygen1s peak for the 

two oxidised BPL but this peak is also clearly noticeable for the base BPL. As an 

example, the survey spectra for the carbon black treated with nitric acid is represented in 

the Figure 6.13. 

 

Figure 6.13: Survey scan obtained for BPL activated carbon oxidized with nitric acid. 

Similarly to carbon black samples, the narrow scan O1s and C1s areas obtained from 

the data processing with the XPSpeak 4.1 software were used to determine the relative 
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atomic concentration of oxygen and carbon for each material. Additionally, the nitrogen 

element was also taken into account in the case of the activated carbon treated with nitric 

acid. These scans were also used to determine the type and proportion of the diverse 

oxygen groups present on the surface. The Table 6.4 summarizes the surface composition 

obtained for these activated carbons. The oxidation level measured for BPL HNO3 

([𝑂]𝐵𝑃𝐿 𝐻𝑁𝑂3 = 15.6 𝑎𝑡. %) and BPL H2O2 ([𝑂]𝐵𝑃𝐿 𝐻2𝑂2 = 17.9 𝑎𝑡. %) were on the same 

order. This is more than twice the oxygen level of the base BPL ([𝑂]𝐵𝑎𝑠𝑒 𝐵𝑃𝐿 =

7.6 𝑎𝑡. %). It is interesting to note that the oxygen amount on the base activated carbon 

BPL is significantly higher than on the base carbon black N330 as activated carbon is 

more prone to oxidation due to more available sites (defects and edges) and less ordered 

graphitic structure than carbon black. Moreover the BPL material batch used in this study 

have been opened and stored for more than 5 years so its oxygen level is slightly higher 

than a “fresh” as-received BPL which should be around 5.5~6.0 at.% (see values 

obtained later in this work for heat-treated BPL series or published by Bradley et al. [26]). 

As said before, a nitrogen level of 1.9 at.% was measured for the material treated with 

nitric acid. 

Table 6.4: Surface composition of BPL activated carbons subjected to liquid-phase 

oxidation. 

Materials Surface composition 

  [C] at.% [O] at.% [N] at.% 

Base BPL 92.4% 7.6% n.d. 

BPL HNO3 83.8% 15.6% 1.9% 

BPL H2O2 82.1% 17.9% n.d. 

 

The C1s narrow scan spectra for the base and activated carbons subjected to liquid-

phase oxidation are displayed in Figure 6.14. The deconvolution of the C1s peak has 

been carried out using the same five individual components than previously (see 

paragraph 6.3.1.1 for more details). The main characteristics of the carbon peaks for the 



CHAPTER 6   Correlation of water adsorption isotherms with oxygen groups on carbon 
surfaces

 

 

188 

 

base and activated carbons subjected to liquid-phase oxidation are summarised in Table 

6.5. 

 

a)       b) 

 

c) 

Figure 6.14: C1s narrow scan spectra for the activated carbons subjected to liquid-phase 

oxidation. a) Base BPL, b) BPL HNO3 and c) BPL H2O2. 

As seen from the XPS values, one observes a similar trend than for the carbon 

blacks subjected to liquid-phase oxidation. The carbon in graphitic surface structures 

reduced significantly from 65 to 58% after both treatments while the level of Peak IV 

(carboxyl or ester groups) doubles (from 6 to 10% for BPL HNO3 and 12% for BPL 

H2O2). In addition, an increase in the level of Peak III (carbonyl or quinone groups) was 

observed for the oxidised materials. As for the ozonated and carbon blacks subjected to 

liquid-phase oxidation, it was observed that the concentration of [phenolic, alcohol and 

ether groups] remains almost unchanged after the treatment. The Peak V levels are also 
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reduced for oxidised materials as this peak is linked to the carbon present in the graphitic 

structure. 

Table 6.5: C1s decomposition results for activated carbons subjected to liquid-phase 

oxidation. 

Base BPL 

 

BPL HNO3 

Peak 
Position 

(eV) 
FWHM 

(eV) 
Concentration 

(%) 

 

Peak 
Position 

(eV) 
FWHM 

(eV) 
Concentration 

(%) 

I 284.6 0.98 65% 

 

I 284.6 0.90 58% 

II 285.7 0.96 8% 

 

II 285.5 0.89 9% 

III 286.8 1.58 9% 

 

III 286.5 1.50 13% 

IV 288.5 1.69 6% 

 

IV 288.3 1.82 10% 

V 290.8 3.00 12% 

 

V 290.8 2.97 10% 

         BPL H2O2 

  
Peak 

Position 
(eV) 

FWHM 
(eV) 

Concentration 
(%) 

 

   

I 284.6 0.91 58% 

 II 285.3 1.07 10% 

     III 286.3 1.32 12% 

     IV 288.1 2.10 12% 

     V 290.8 2.89 8% 

     

On the other hand, as illustrated in Figure 6.15, the high resolution oxygen spectra 

were resolved using the two individual component peaks (as detailed above) and with 

similar fitting parameters than used for other materials. The main characteristics of the 

O1s peak decomposition for the base and activated carbons subjected to liquid-phase 

oxidation are summarised in Table 6.6. 
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a)       b) 

 

c) 

Figure 6.15: O1s narrow scan spectra for the activated carbons subjected to liquid-phase 

oxidation. a) Base BPL, b) BPL HNO3 and c) BPL H2O2. 

Looking at the respective concentration of these two peaks, one notices that 

although the peak profiles look different, the values are almost identical for the base and 

BPL H2O2. This can be explained by the much higher oxygen level on the BPL H2O2 

bringing less influence to the Shirley background level. On the contrary, a rise of the 

contribution of the peak I (carbonyl groups) from 41% for the base carbon black to 68% 

for N330 HNO3 was observed. The positions and FWHM values are hardly influenced by 

the liquid-phase oxidation (and also due to the intrinsically higher oxygen level for base 

BPL than for base N330). 
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Table 6.6: O1s decomposition results for activated carbons subjected to liquid-phase 

oxidation. 

Materials Position (eV) 

 

FWHM (eV) 

 

Concentration (%) 

  Peak I Peak II 

 

Peak I Peak II 

 

Peak I Peak II 

Base BPL 533.3 531.1 

 

2.28 2.15 

 

41% 59% 

BPL HNO3 533.0 531.4 

 

2.23 2.02 

 

68% 32% 

BPL H2O2 533.0 531.4 

 

2.11 2.13 

 

43% 57% 

 

 

Figure 6.16: N1s narrow scan spectra for the activated carbons treated with nitric acid 

(HNO3). 

The deconvolution of the N1s peak from BPL HNO3 is also included in Figure 6.16. 

For this carbon sample, both typical forms of nitrogen elements are observed at 399.6 eV 

for “pyrrolic nitrogen, pyridones or a mixture of both” and at 401.6 eV for “forms of 

quaternary nitrogen, protonated pyridinic ammonium ions, nitrogen atoms replacing 

carbon in graphene” [27]. In addition, one additional form of nitrogen elements was 
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found at 405.8 eV. This form is characteristic of oxidised nitrogen functionalities or NO2 

groups and has already been observed by Terzyk [28]. 

Regarding the water adsorption data represented in Figure 6.17 a), one observes that 

water isotherms on BPL HNO3 and BPL H2O2 activated carbon have a similar type III 

shape than the isotherm of the base BPL but a significant displacement to higher 

adsorption uptakes (almost twofold increase) is observed over the whole pressure range. 

 

a)       b) 

Figure 6.17: Water adsorption isotherms at 303°K for BPL activated carbons subjected to 

liquid-phase oxidation. a) Whole isotherms with adsorption and desorption branches and b) 

expanded low pressure domains (p/p0 < 0.16). 

This displacement results in the following as values: 𝑎𝑠 = 10.63 𝑚𝑚𝑜𝑙/𝑔 for the 

base BPL,  𝑎𝑠 = 16.79 𝑚𝑚𝑜𝑙/𝑔 for BPL H2O2 and 𝑎𝑠 = 18.19 𝑚𝑚𝑜𝑙/𝑔 for BPL 

HNO3. A zoom on the low pressure region is also represented on Figure 6.17 b) and it is 

interesting to see the difference between the water adsorption behaviour (adsorption 

capacity, isotherm shape, etc...) of activated carbon or carbon black materials subjected 

to liquid-phase oxidation. 
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a)       b) 

 

c) 

Figure 6.18: Water adsorption isotherm fits using the equations of Dubinin-Serpinsky, 

Barton and D’Arcy & Watt for the following materials: a) BPL Base, b) BPL HNO3 and c) 

BPL H2O2. 

Water isotherm data from the ACs subjected to liquid-phase oxidation have been 

fitted with the same equations than the oxidised CBs and the best fits are represented in 
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Figure 6.18. As for CB materials, the DS1 equation, was only used over a relative 

pressure range of 0 < 𝑝 𝑝0�  < 0.5. This equation gives a very good description of the 

water adsorption on these materials up to 𝑝 𝑝0�  = 0.7~0.8 which is higher than for CB 

materials. For the base AC material, all the equations used give an excellent description 

of the water adsorption. Now regarding the activated carbons subjected to liquid-phase 

oxidation, the Dubinin-Serpinsky and Barton equations give excellent fit to the data 

whereas deviations are observed with the D’Arcy & Watt equations both normal and 

generalised. The DW equation seems to under-estimate the uptake at values at high 

pressure region. As said below, the limitation of the Excel solver could be one reason for 

that. 

 

The Figure 6.19 shows that the resulting a0 values obtained for the ACs subjected to 

liquid-phase oxidation follow the same trend as for the CBs, i.e. increase with the amount 

of oxygen-containing groups present on the activated surface. From the regression 

analysis of these oxidised BPL ACs (DS2 data), one obtained the following equation: 

 𝑎0,𝐷𝑆2(𝑚𝑚𝑜𝑙.𝑔−1) = 0.300 + 0.063 ∙ [𝑂]𝑇  Eq.  6.7 

The first term of this equation gives an a0 value of 0.300 mmol/g for a theoretical 

oxygen-free activated carbon material. 

In addition, one obtained a slope value of 0.063 which is comparable to the value of 

0.033 obtained in the case of the ozonated N330 series. The a0 value calculated for BPL 

HNO3 is slightly higher than for BPL H2O2 although having a lower surface oxygen 

concentration. A possible explanation could be that the nitric acid treatment has resulted 

in more damage to the physical structure of the AC than the hydrogen peroxide 

treatment. 
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Figure 6.19: Relationship between [O]T, the activated carbon surface oxygen level (in at.%), 

and the primary adsorption site parameter, a0, obtained using the various water equations 

(except D’Arcy & Watt equations). Solid line: regression analysis of the DS2 data points. 

6.4 Conclusions 

N330 carbon black has been oxidized in ozone (O3) fluidised-bed system in order to 

produce a series of material with increasing oxygen concentrations on the surface. 

Alternatively, N330 carbon black and BPL activated carbon were treated in liquid-phase 

using nitric acid (HNO3), hydrogen peroxide (H2O2) and ammonium persulfate. Direct 

measurement of surface oxygen levels [O]T (at.%) on the resulting materials has been 

carried out using XPS. For the ozonated series, the enthalpies of immersion data clearly 

indicate a shift from the dispersion dominated interaction for toluene to the polar 
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dominated interaction for water. For an oxygen free carbon black surface, water 

dispersion interactions (about 35 mJ/m2) dominate adsorption process and the heat of 

adsorption is proportionate to the heat of condensation. In the case of the ozonated CB 

samples, Type III adsorption isotherms are observed and exhibit a displacement to higher 

adsorption values as the carbon total surface oxygen level [O]T (at.%), measured by XPS, 

increases. Regarding the carbon blacks subjected to liquid-phase oxidation, a similar 

behaviour is observed for the N330 treated with H2O2 and Amm Per with identical 

isotherm shapes but significant differences are visible for the sample treated with nitric 

acid where the isotherm shape shifts to a Type II associated with really high adsorption 

values. Type III isotherms are observed for activated carbon materials with almost 

twofold increase of water adsorption uptake over the whole pressure range for the ACs 

subjected to liquid-phase oxidation but differed significantly in terms of adsorption 

capacity and kinetics of adsorption in the low pressure region. While the ozone treatment 

is only modifying the surface chemistry of the material, the liquid-phase oxidations, in 

particular with HNO3, seem to affect both surface chemistry and physical structure of the 

carbon material as indicated in the literature [29]. The Dubinin-Serpinsky equation and 

other water equations (Barton and D’Arcy & Watt) give a reasonable description of the 

water isotherm data across much of the pressure range. Similarly to the alcohol study, a 

correlation is observed between the surface oxygen concentration [O]T and the following 

parameters: the primary polar adsorption sites a0 and the limiting water uptake value as. 
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7 
Chapter 7   Surface studies of functionalised 

multi-wall carbon nanotubes 

 

 

Abstract 

In this work, controlled and specific functionalisation of the MWCNTs surfaces have been carried out in 
order to optimize both physical and chemical interactions with matrix materials used in composite 
manufacture process. The aim was to introduce and control the level of active functional groups on the 
outer graphene sheet of the MWCNTs while keeping their structure intact and therefore their mechanical 
properties. The resulting material surfaces have been characterised using SEM and high resolution TEM. 
XPS has been used to identify the chemistry of these surfaces and types of functional group present on 
theses MWCNTs. Additionally, the reactivity of the active groups was probed by water vapour adsorption. 
The main objective is to get a better understanding of the relationship between surface chemistry, bonding 
(and stress transfer (future work)). This approach has lead to a greater understanding of the specific 
interfacial interactions which contribute to, for example, adsorption and adhesion. This would also be 
beneficial for the development of a predictive model and/or improvement of the modelling approach to 
identify optimal bonding conditions (or tailor special bonding conditions).  
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7.1 Introduction 

Since the discovery of the spherical fullerene structures C60 and C70 by Kroto et al. [1] 

in the 80s, work and research in the field of nanocarbons (SWCNT and MWCNT) has 

not stop to gain importance. However, it is now accepted that microfibrous carbons were 

found well before that [2][3] whereas concerted research projects on carbon nanotubes 

(CNTs) began in the seventies. The intrinsic properties relatives to the structure of 

fullerene or CNT were on the centre of the initial studies. But it quickly becomes 

apparent that producing these materials with good structure uniformity, in a controllable 

way and with the required mechanical properties was an important challenge ahead. 

Another drawback regarding the commercial exploitation was the limitation in term of 

quantities required for most practical applications. Nowadays, CNTs are just beginning to 

be used in a limited range of commercial products but their main application remain in 

scientific research and also in replacement of electric grade carbon black. The major 

challenge in terms of mechanical properties is to try to exploit their low weight, high 

modulus and tensile strength in the next generation of composite structures for aerospace 

and related, high performance engineering applications. 

Regarding their fabrication, CVD method [4] is one of the current methods which 

allows to produce substantial quantity of high quality and uniformity multiwall carbon 

nanotubes (MWCNTs). Typical dimensions of these materials are: length between 1 and 

10 mm and diameters in the range of 5 to 100 nm associated with strength 100 times 

higher than conventional stainless steel with only 15~20% of the weight. MWCNTs are 

significantly larger than true nanotubes (the smallest of which have near molecular 

dimensions) but they are sufficiently small enough to become intimately mixed with 

polymer chain and matrix resin entanglements such that the types of structures and 

phases likely to be encountered in these new composites may be significantly different to 

those found in more conventional macro-fibre composites. Also, MWCNTs display 

significantly better measured modulus and tensile properties than carbon fibres currently 
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used in aerospace components [5]. This alone promises to yield exciting and new science 

but, ultimately, one of the major challenges would be to translate directly these fantastic 

properties into new generation composites or maybe use MWCNTs as filling agent. 

However, MWCNTs are hydrophobic in character due to the presence of graphene 

surface and have a relatively low surface free energy. These can explain the poor 

dispersibility in polar solvents such as water and methanol and the low wettability and 

reactivity with matrix compounds. It will therefore be necessary to manipulate the 

specific properties of the MWCNT surfaces at the atomic and molecular level, in order to 

integrate their specific properties into the macrostructure. So a direct functionalisation (or 

oxidation) of the nanotube surfaces is possible to overcome these inherent problems. But 

it has also been shown that debris present on the surface could lead to a weak boundary 

layer at the interface between nanotubes and the matrix. Hence, in order to ensure a good 

transfer of the superior mechanical properties of the MWCNTs to the matrix compounds, 

a sufficient bonding should be achieved during the surface modification process. 

Interfacial control at this level, particularly the concept of making the modifier surface-

specific to the matrix chemistry is unique and yet is essential if a holistic and predictive 

approach to high performance composite design is to be achieved. 

7.2 Experimental: materials and methods    

7.2.1 Materials used in this study 

The MWCNTs used in the experiments were supplied by CAER UKY (Center for 

Applied Energy Research at the University of Kentucky) [6] and had the following 

dimensions: mean length 20 μm (max. length 70 μm) and 30 nm diameter with a 

corresponding mean aspect ratio 𝐿𝑚𝑒𝑎𝑛 ∅� = 667 approx. These nanotubes, available 

commercially, are a realistic material to study surface properties and behaviour in 

composite system and their future development.  
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Table 7.1: Mechanical properties of SWCNT and MWCNT compared to carbon fibres and 

stainless steel [7][8][9][10][11]. 

 Materials 

Young’s 
Modulus 
(GPa) 

Tensile strength 
(GPa) 

Strain to failure 
(%) 

SWCNT 920 – 1000 13 – 53 15 – 23 

MWCNT 270 – 800 11 – 150 5 – 12 

High strength 
carbon fibre 220 – 580 4.3 – 6.4 1 – 2 

High modulus 
carbon fibre 520 – 827 1.9 – 3.3 0.3 – 0.6 

Stainless steel 186 – 214 0.4 – 1.6 15 – 50 

 

Table 7.1 shows the mechanical properties of the MWCNTs used in this study and 

also the characteristics of two types of PAN (Polyacrylonitrile) base carbon fibres: high 

strength and high modulus which are currently used in conventional fibre composites. 

The TEM photograph displayed in Figure 7.1 a) shows the uniform structure of the 

MWCNT obtained via CVD growth whereas the micrograph in Figure 7.1 b) shows 

clearly the multi-wall structure of a single tube. This HRTEM characterisation is an 

important step before carrying out the surface functionalisation as it allows us to 

determine the levels of perfection of the multi-wall graphene layers. 
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a)  

b)  

Figure 7.1: a) CVD deposited MWCNTs and b) example of HRTEM image showing multi-

wall structure of one of the MWCNT studied in this work. 
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7.2.2 Surface Functionalisation 

Different physical and chemical routes could be used to create specific functionalities 

required on the MWCNT surface to optimise the interaction with particular resin or 

polymer. Ether and ester groups can be formed by derivatising the oxygen functional 

groups introduced by the ozone treatment. Some of the initial XPS results show 

considerably high surface oxygen levels proving the potential of these routes. It should 

be taken into account that some of the oxygen could arise from the oxidation of the 

debris as mentioned in the introduction [12]. Therefore, the surface cleaning of the 

MWCNTs and its effect on the functionalisation of the graphene structure should be 

taken into consideration. 

The Fenton oxidation (FeSO4/H2O2) and the Birch reduction have been used in this 

work. Experimental details about these oxidation treatments carried out in the CAER 

UKY labs are given below. The first method allows the introduction of chemisorbed 

hydroxyl groups at the edges or defect sites  encountered for example in discontinuities, 

dislocations and steps in nanotube shells whereas the second one can generate specific 

functional groups such as acids, esters or amines on the MWCNT surface from the 

alkylation of the nanotube anions. Both of these chemospecific methods are represented 

on Figure 7.2. The Fenton treatment procedure is as-follow: 6 g of as-produced 

MWCNTs were mixed with 680 cm3 of toluene for 45 min using an ultrasonic horn 

resulting in a 1 wt% suspension.  The resulting suspension was filtered and washed with 

toluene then pentane, and dried under vacuum at 80°C.  3 g of these “Horn sonicated” 

MWCNTs were placed in 900 cm3 of deionised water and dispersed in an ultrasonic bath 

for 30 min.  1.5 g ferrous sulphate-7 hydrate and 300 cm3 of 30% H2O2 were then added 

to the solution.  After stirring for 24 h, the suspension was washed with deionised water 

then ethanol, and dried under vacuum at 80°C. 

The shatter milled Fenton nanotubes consist of as-produced nanotubes which have 

been mechanically grinded for 10min prior the Fenton reaction, breaking them from 
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~70um down to ~3um. This process produces a material with significantly more “edges” 

which can be considered as active sites for the hydroxylation reaction. 

A brief description of the Birch reduction/alkylation procedure is included as-

follow: as-produced nanotubes are introduced into a liquid solution of NH3/Lithium 

metal in order to transfer many electrons inside the nanotubes then an excess of alkyl 

halide is added to the mixture in order to create the ester groups on the carbon surface. 

XPS has been used to characterised and quantify these functionalities added on the 

surface to facilitate the bonding between the MWCNTs and the matrix compounds. This 

surface study is necessary to obtain a better control over the interfacial characteristics of 

the composite test materials such as bonding, stress transfer and mechanical properties. 

 

Figure 7.2: Examples of chemo-specific pathways to hydroxylated and esterified MWCNT 

surfaces. 

Other methods such as ozone oxidation and plasma etching/oxidation have not been 

used in this specific work but could be used in the future. Ozone oxidation using an 

ozone generator or by UV/Ozone exposure, as described earlier for the oxidation of 

carbon black materials, is considered as a highly controllable method to oxidise carbon 

and other material surfaces. This method, developed by Mathieson and Bradley [13][14] 
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has been used in the past to generate hydroxylic and carboxylic groups on a number of 

surfaces [15][16][17]. This treatment has the advantage to produce uncontaminated surfaces 

when it is applied to standard carbon materials while achieving a generic control of the 

chemistry of surface. Thus, using this method, the resulting MWCNTs are expected to 

contain only carbon and oxygen elements leading to high wettability and reactivity 

toward the matrix compounds. On the other hand, plasma etching and plasma oxidation 

of the MWCNT could be used to create new sites on the graphene basal planes (which 

are not usually chemically reactive toward molecular species) which will serve to vary 

the physical distribution of reactive sites (away from existing edge sites). 

In order to produce specially tailored surfaces for optimal interaction with a 

particular matrix formulation, any combination of the previously described methods 

could be investigated to check the influence of chemical functionalisation of the pre-

oxidised or plasma-treated carbon surfaces.  

7.2.3 Surface and structural characterisation 

MWCNTs have been studied using a Kratos Axis HSi 5-channel monochromated X-ray 

photoelectron spectrometer (XPS). Surface elemental compositional data (in at.%), C/O 

ratios and chemical shift information have been obtained from the carbon 1s and oxygen 

1s peaks of the survey spectra. Moreover high resolution scans have been used to identify 

surface functional groups. Detailed studies of MWCNTs containing XPS spectra and 

chemical shift data are quite rare in the literature so these data could be used to establish 

a database of XPS spectra for interpretation of surface chemical modification and 

functionalisation. 

HRTEM has been used to study the effects of the different surface functionalisation 

reactions proposed here on the resulting structures of the MWCNTs. These observations 

were carried out by Prof W. Zhou from the Electron Microscopy Group at University of 

St Andrews using the Jeol JEM 2011 HRTEM. The samples are prepared in suspension 
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with acetone and are then treated in an ultrasonic bath for few minutes. Surface defects 

are considered as interesting artefacts to observe. The shape of pit defect can either be 

round or linear and can be determined by rotation around the CNT axis in both direction 

and also using the tilting angle to estimate its length. 

Immersion calorimetry has been carried out in a Setaram/Calvet C80 instrument to 

check the influence of MWCNTs surface functionalisation on the thermodynamic 

properties. Different liquids could be used to allow interpretation of the fundamental 

polar and dispersion interactions with the surfaces and an extension to specific liquids 

simulating key composite matrix materials and/or new candidate materials is 

conceivable. 

This approach was previously used and developed for carbon black reinforced 

elastomer [16] and also for the study of fundamental adsorption interactions at carbon 

surfaces [18][19]. This should allow in future studies to investigate the specific interactions 

of the modified MWCNT surfaces involving different types of resin cross-linking groups 

as you can see in Figure 7.3. A better control of the interfacial linking process and also 

identification of optimal surfaces for specific matrix formulations should be achievable. 

 

Figure 7.3: Possible cross-linking reaction of resin epoxide ring with carbon fibre surface 

carboxylic acid according to Fitzer et al. [20]. 
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Water adsorption isotherms were determined at 303°K using a Hiden Analytical 

IGA instrument. BET and Dubinin methods (and suitable water isotherm equation such 

as Barton and D’Arcy & Watt) were used to analyse the adsorption data. Moreover the 

energy parameters (for example: CBET constant or DR E0 (kJ/mol)) from these equations 

will help us to characterise the chemical reactivity of the surfaces. 

7.3 Results and discussion 

7.3.1 Structural Effects 

Figure 7.4 shows the SEM micrographs of untreated MWCNT samples. On the whole 

view, agglomerates of carbon nanotubes can be observed. Their size is quite 

homogeneous (from 50 to 400 μm) and they look like flat flakes with sharp edges. 

Another important characteristic can be seen on Figure 7.4 b) with the presence of two 

completely different morphologies. The left part represents a roughly flat surface 

composed of nanotubes whereas on the right, the surface looks like a hive and is 

composed of big holes (2~3 μm of diameter) created by the entanglement of the 

nanotubes. 

At very high magnification (x50k, Figure 7.4 d)), the individual nanotubes are 

clearly visible but it not possible to tell about the structure of the nanotubes (single 

walled, multi walled, etc...). The nanotubes are entangled the ones with the others and 

their diameter measure approximately 50 nm. 
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a)      b) 

 
c)      d) 

Figure 7.4: SEM micrographs of base MWCNT samples: a) x59, b) x10k, c) x20k and d) 

x50k. 

The TEM images of the base MWCNTs are given in Figure 7.1 b) and Figure 7.5 a), 

b) and c). A typical heap of MWCNTs containing in the specimen is represented at very 

low magnification in the Figure 7.5 a). Whereas the Figure 7.1 b) and Figure 7.5 c) show 

clearly the multiple graphene layer structures of the tubes, typical of this kind of 

materials. In this study, the base material used is characterised by a multiwall structure of 

approximately 20 to 30 concentric graphene tubes. The internal tube diameter varies 

along the length of the CNT between 5 and 20 nm. The average inter-graphene layer 

spacing d for these nanotubes is in the range of 0.35~0.38 nm. The outer surfaces appear 

to be relatively clean without adsorbed physical contamination, as confirmed by XPS 

data. 
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a)  

 

b)      c) 

Figure 7.5: HRTEM images of the base MWCNT. a) Global view, b) and c) higher 

magnification images. 



CHAPTER 7   Surface studies of functionalised multi-wall carbon nanotubes
 

 

212 

 

Figure 7.6 a) and b) represent the TEM micrographs of the Fenton oxidised 

materials. The treatment does not seem to disrupt significantly the internal multiwall 

structure of the tubes as the graphene layers are still clearly evident in the image at high 

magnification. In this material, the number of concentric graphene tube has been counted 

to be around 30 which is in the same order than for the untreated CNTs. But regarding 

the possible damage near the external surface, it is more difficult to comment. For 

example, inspection of Figure 7.6 b) suggests the presence of some smaller “crystallites” 

which may result from the disruption of the surface layers by oxidative cleavage of C–C 

bonds during the hydroxylation process but confirmation of this is difficult. Another 

aspect is that the inside wall of this particular tube seems less linear than the untreated 

tubes as seen before. It is again difficult to conclude if this is the result of the oxidation 

treatment which could have penetrated inside the tube via an open end or fracture. As 

discussed before, the CNTs usually possess debris and contamination particles on their 

surfaces. These were observed by other workers [21] on several materials resulting as a 

surface “halo” in the HRTEM images. But we could not find any clear evidence of this 

contamination in this study. The debris should be removed before any functionalisation 

treatment as they affect significantly the properties at the resulting interface with for 

example poor adhesion and stress transfer due to their weak bonding with the graphene 

layers. 

In order to get a better understanding on the structure of MWCNT and the influence 

of chemical treatment, HRTEM images of graphitized MWCNTs, both untreated material 

(see Figure 7.7) and materials submitted to Fenton oxidation (Figure 7.8) and HNO3 

treatment (Figure 7.9) are also included. 



CHAPTER 7   Surface studies of functionalised multi-wall carbon nanotubes
 

 

213 

 

a)  

b)  

Figure 7.6: HRTEM images of the Fenton sonicated MWCNT: a) global view and b) higher 

magnification image. 
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a)      b) 

c)  

Figure 7.7: HRTEM images of the highly graphitized base MWCNT. a) Global view, b) 

higher magnification image showing the highly graphitic multilayer structure and c) 

interesting view of the termination of one MWCNT. 
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The Figure 7.7 a) shows a global view of the highly graphitized base MWCNT. One 

can observe on the diagonal one large tube having a very good linearity and an external 

diameter of 60~70 nm. The Figure 7.7 b) represents the multiwall structure of a 

graphitized tube which is composed from at least 70 (from a visual observation) 

concentric graphene tube with a perfect linearity. This can be explained by the 

rearrangement undergone by the carbon atoms during the graphitization process carried 

out at very high temperature (> 3000°K) to form a more regular and graphitic structure. 

This is very similar to the graphitization process for carbon black material as seen with 

the carbon black N234G. Another interesting feature represented in Figure 7.7 c) is the 

photograph of the termination of one tube. This end seems to be closed by some sort of 

fullerene cap (C60 type). This is expected from the literature and already been observed 

by other researchers [22]. 

 

a)      b) 

Figure 7.8: HRTEM images of the graphitized Fenton MWCNT (a) and (b) corresponding 

to lower and higher magnification images respectively. 

Regarding the Fenton treatment on the graphitized nanotubes, it appears, from the 

HRTEM photographs, that the effect on the external structure seems minimal. The 

multiwall structure is clearly visible on Figure 7.8 b) and has a very nice linearity. This 
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might be expected as it was shown before that ozone treatment or liquid-phase oxidation 

on highly ordered pyrolytic graphite (HOPG) have minimal impact on the surface aspect. 

The Figure 7.9 shows the HRTEM images of the graphitized HNO3 treated MWCNTs. 

Similarly, the liquid-phase oxidation does not appear to have damaged the external 

surface of the nanotubes (Figure 7.9 b)) but sharp changes in directions of the graphene 

layer can be observed inside the multiwall structure. The origin of this defect is unclear 

as it can be attributed to the HNO3 treatment or it might originate from the intrinsic 

structure of the nanotube. 

 

The nitrogen adsorption isotherms were measured at 77°K and lead to BET surface 

areas of 59.2 m2/g for the unsonicated base material, 60.4 m2/g for the sonicated sample 

and 71.8 m2/g for the Fenton treated and sonicated materials. The most plausible reason 

for this increase in surface area could be that during the functionalisation step, the 

MWCNTs start to separate from each other. Structural disruptions which open up the 

space inside the tube are less likely to occur. A decrease in the total porosity from 0.24 

cm3/g to 0.18 cm3/g was also observed after treatment. This occurs mostly in the 

macroporous region and can be explained by a greater separation of the tubes after the 

functionalisation leading to a reduced capillarity between the tubes and new graphene 

surface available. 
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a)  

b)  

Figure 7.9: HRTEM images of the graphitized HNO3 treated MWCNT. a) Global view of 

one tube and b) higher magnification image showing the change of direction of the 

graphene layers. 
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7.3.2 Surface Compositions and Chemistry 

Typical carbon 1s and oxygen 1s peaks from the untreated MWCNTs are given in Figure 

7.10 a) and b) respectively. The intrinsic oxygen level for the as-produced nanotubes was 

evaluated at 4.3 at.%. The global carbon 1s peak can be decomposed using 5 individual 

envelopes [23]. The main peak is assignated to C–C bonds within the graphene layers 

composing the multiwall structure of the nanotubes. This main peak is characterised by a 

binding energy of 284.6 eV and a FWHM value of 0.595 eV which is quite close to 

graphite, graphitized carbon black and even carbon fibres (≈ 0.8~0.9 eV). This 

significantly low FWHM value indicates a high degree of structural homogeneity. 

Moreover, the CHn species present on the surface of the tubes may also have a small 

contribution on this peak. The second component corresponds to hydroxyl or phenol 

groups (–OH) or (C–O–C) whereas the third component is associated to carbonyl (C=O) 

groups on the external surface of the tubes. These two peaks are shifted of 0.7 and 2.2 eV 

respectively from the main peak. The fourth component corresponds to carboxyl and 

ester groups (COOH) and (COO–R) and its peak arises at 288.6 eV (shift of 4.0 eV). The 

last component present in the carbon 1s envelope is attributed to π–π* shake up structure 

created by the interaction between the π electron of the graphene structure and the 

photoelectrons emitted during the acquisition. This peak arises at a binding energy of 

291.2 eV (a shift of 6.6 eV from the main carbon peak) and is characterised by a FWHM 

value of 2.851 eV. 

Table 7.2: Surface composition data (in at.%) from XPS. 

MWCNT materials Carbon (at.%) Oxygen (at.%) Iron (at.%) 

MWCNT as produced 95.70 4.30 (≈ 0.22) 

MWCNT sonicated Fenton 74.91 22.33 2.77 

MWCNT shatter milled Fenton 73.87 23.46 2.67 

MWCNT Birch reduced 95.18 4.82 (≈ 0.00) 
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a) 

 

b) 

Figure 7.10: a) C1s and b) O1s peak envelopes from untreated MWCNTs. 
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Regarding the oxygen 1s spectrum, it can be decomposed with three envelopes. The 

presence of hydroxyl/ether and carbonyl groups is observed on the oxygen 1s spectrum 

with respective peaks at 532.63 eV and peak at 530.34 eV (Figure 7.10 b)). The third 

component represents the oxygen in anhydride, lactone, carboxylic acids and possibly 

chemisorbed oxygen and water at slightly higher binding energy. This peak arises at 

533.4 eV and has the biggest area for the base material. In the case of the Birch reduced 

MWCNT, this peak decreases in terms of area (Figure 7.12 b)) whereas for the sonicated 

treated MWCNTs, it is almost inexistent. 

As can be seen from Table 7.2, the Fenton reaction increases significantly the 

measured oxygen levels from 4 to 22~24 at.%. In addition, 2.6~2.8 at.% iron was 

detected from the Fe2p peak in the survey spectra and can be attributed to residual 

growth catalyst or more likely to residual iron(III) or iron(II) from the Fenton reaction 

used during the oxidation treatment. C1s and O1s narrow scan spectra from the sonicated 

Fenton MWCNTs are represented in Figure 7.11 a) and b) respectively. The main peak of 

the C1s envelope arises at a binding energy of 284.67 eV (same value than for the 

untreated material). The functionalisation treatment does not have any significant effect 

on the FWHM value (0.605 eV for sonicated Fenton and Birch reduced, 0.620eV for the 

shatter milled Fenton compared to 0.595 eV obtained for the base material). The three 

additional peaks, attributed to hydroxyl/phenol, carbonyl and carboxyl/esters groups, are 

still present at similar positions than those of the untreated MWCNTs with respective 

shifting values of 0.6 eV, 2.1 eV and 4.2 eV. Figure 7.11 b) shows the corresponding O1s 

envelope composed with the hydroxyl peak at 531.9 eV and the carbonyl 530.3 eV. The 

area ratio indicates that 79% of the surface oxygen are hydroxyl groups. Another 

interesting point is that after the Fenton treatment, the FWHM value of the hydroxyl peak 

decreased slightly from 1.690 to 1.520 eV and as said before the peak area corresponding 

to chemisorbed oxygen/water has been greatly reduced. 
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a) 

 

b) 

Figure 7.11: a) C1s and b) O1s peak envelopes from MWCNTs treated using the Fenton 

reaction. 
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a) 

 

b) 

Figure 7.12: a) C1s and b) O1s peak envelopes from Birch reduced MWCNTs. 
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The Figure 7.12 represents the C1s and O1s narrow scan spectra from the Birch 

reduced MWCNTs. The oxygen level is almost identical than for the untreated material. 

The most significant difference with the base nanotubes is visible in the oxygen spectrum 

with the respective shapes of the three components. The other interesting point is the fact 

that the iron has been completely removed by this treatment. From these XPS data, the 

Birch treatment does not appear to change significantly the surface chemistry of the 

MWCNTs apart the 0.5 at.% increase of the oxygen concentration which will have a 

clearly visible influence on the water adsorption isotherm. 

High resolution Fe2p spectra were also determined by XPS and were fitted 

following the approaches of De los Arcos et al. [24] and Wu et al. [25]. The Figure 7.13 a) 

was obtained for the untreated material and the spectra from the sonicated Fenton 

MWCNTs is shown in Figure 7.13 b). A closer look to the last one shows us that the 

Fe2p line is a typical mixture of Fe2+ (711.0 eV) and Fe3+ (712.5 eV) oxidation states. 

This is confirmed by the presence of both shake-up satellites associated with the two 

broad peaks at 714.6 eV and 719.4 eV respectively. The other three peaks at higher 

binding energies are associated to the Fe2p1/2. 
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a) 

 

b) 

Figure 7.13: Fe2p peak envelopes a) for the untreated MWCNTs and b) for the sonicated 

Fenton MWCNTs. 
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7.3.3 Toluene adsorption on modified MWCNTs 

The toluene adsorption on the base and modified MWCNTs represented on Figure 7.14 

shows that the behaviour of the Birch reduced material is quite different from the base 

and Fenton treated materials. The isotherm on the Birch reduced nanotubes is displaced 

to higher adsorption values with almost a three-fold increase. This is clearly reflecting a 

change in the porous structure of the nanotubes as toluene adsorption is not influenced by 

the oxygen groups present on the surface (or inside) of the material. The isotherm curves 

for the untreated and Fenton treated MWCNTs are classified as Type II but the isotherm 

on the Birch reduced nanotubes could be considered as a type IV as a medium hysteresis 

loop typical of mesoporous material is observed. 

 

a)       b) 

Figure 7.14: Toluene adsorption isotherms measured at 303°K for as produced and 

modified MWCNTs. a) View of the full isotherms and b) expansion of the very low pressure 

regions. 
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7.3.4 Water adsorption on modified MWCNTs 

The water adsorption on the base and modified MWCNTs reflected clearly the change in 

surface polarity with increase in surface oxygen groups. The Figure 7.15 a) shows that 

the overall isotherms of the modified materials are displaced to higher adsorption values 

in relation to the surface oxygen levels measured by XPS and shown in Table 7.2. But 

the degree of displacement is not strictly proportional to the oxygen content. This is most 

noticeable on the Birch oxidised and shatter milled Fenton materials at high relative 

pressure. Figure 7.15 b) represents a zoom of the adsorption data at the low pressure 

(𝑝 𝑝0�  < 0.25). With almost identical oxygen level than the base nanotubes, the Birch 

material adsorbs similar, although slightly higher, water molecules than the untreated. On 

the contrary, as expected from its high oxygen levels, the Fenton materials show a very 

strong increase in water uptake presumably due to the multiplication of secondary 

adsorption sites with increasing 𝑝 𝑝0�  as described by Dubinin and Serpinsky [26]. 

The isotherm curves for the untreated and Birch treated MWCNTs are classified as 

Type III (BDDT classification) as both of them follow closely the x-axis over most of the 

pressure range and are characteristic of relatively weak vapour-solid interactions. This 

type of shape is comparable to water isotherms obtained on carbon blacks with medium 

oxygen level as seen in the previous Chapter. On the other hand, as discussed above, the 

Fenton treated materials show a positive curvature in the low pressure region and can be 

considered as Type II in character. This reflects the increased numbers of primary sites, 

and polar interactions, rather than a significant increase in surface area. 



CHAPTER 7   Surface studies of functionalised multi-wall carbon nanotubes
 

 

227 

 

 

a)       b) 

Figure 7.15. Water adsorption isotherms measured at 303°K for untreated and oxidized 

MWCNTs. a) view of the full isotherms and b) expansion of the low pressure regions where 

nucleation at primary (oxygen) sites takes place. 

Mathematical analysis of water isotherms, for example has been used extensively to 

compare the surface chemistry of carbon materials, see for example [27][28][26]. The water 

adsorption data for these MWCNTs have been fitted with the following equations: 

original Dubinin and Serpinsky equation (Eq.  2.30), actual Dubinin and Serpinsky 

equation (Eq.  2.32) (represented in Figure 7.16 a)), Barton v1 equation (Eq.  2.34), 

Barton v2 equation (Eq.  2.35), generalized Barton v1 equation (Eq.  2.36) (represented 

in Figure 7.16 b)), D’Arcy & Watt equation (Eq.  2.37) (represented in Figure 7.16 c)) 

and generalized D’Arcy & Watt equation (Eq.  2.38). As you can see from the three 

plots, some equations give better fitting than the other as they depend on the type of 

materials. This can be explained as some of them were originally designed for 

microporous carbon and other for non-porous surfaces. In our case, the D’Arcy & Watt 

and generalized D’Arcy & Watt equations give excellent fits whether it be for base 

nanotubes (Type III isotherm) or for the sonicated Fenton nanotubes (Type II isotherm) 

whereas deviations were observed for the other equations in the low pressure region. 
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a)       b) 

c)  

Figure 7.16: Experimental water adsorption data fitted with the following equations: a) 

Dubinin and Serpinsky, b) Generalized Barton and c) D’Arcy & Watt. 

Preliminary measurements of enthalpies of immersion in water give values of -54 

mJ/m2 for the base nanotubes and -192 mJ/m2 for the sonicated Fenton materials 
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indicating an approximate four-fold increase in polar interactions as a result of the 

hydroxylation treatment. Taking into account that the generally accepted energy for an 

ideal oxygen-free carbon surface is approximately -35 mJ/m2, the lower figure seems to 

be in agreement with values reported for moderately oxidized graphene surfaces in 

carbon blacks [29][30] which are, of course, much less ordered than MWCNT surfaces. 

7.4 Conclusions 

The Fenton functionalisation has been used on MWCNTs to increase the surface oxygen 

levels from 4.3 to 23.5 at.%. As the difference with the Fenton reaction, the Birch 

reduction, which was also studied results in surface oxygen levels of 4.8 at.% which are 

almost identical to the untreated MWCNTs. XPS data show that all these materials, even 

after functionalisation treatment, have C1s peaks with relatively narrow FWHM values 

synonym of highly ordered graphitic structure. Using the chemical shift data and narrow 

scan O1s, the predominant surface groups on the Fenton treated materials were found to 

be the hydroxyl (–OH) groups. 

HRTEM photographs show that the multi-wall structure of the nanotubes is not 

significantly disrupted by the Fenton or Birch process. Similar number of walls for the 

treated and base materials was observed, with no significant evidence of the structural 

disruption of debris/contamination on the external surface. This appears consistent with 

the minimal change in the FWHM values which characterised the treated materials. The 

absence of physical disruption due to functionalisation suggests that the hydroxylation 

takes place at pre-existing graphene edge, and in-plane defect sites on the MWCNT 

surfaces. 

Surface area and porosity data derived from nitrogen adsorption results indicate 

some separation of MWCNT bundles due to the functionalisation treatment and resulting 

in a loss of macroporosity (loss of inter-tube capillarity).  
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The increased surface polarity is reflected in the water adsorption isotherms which 

are displaced to higher adsorption values for the oxidized surfaces. Regarding interfacial 

bonding, the oxidised materials are expected to show an improved physicochemical 

wetting of the MWCNT surfaces by the resin compounds. Similar behaviours have 

already been reported in the literature for carbon fibres [31][32] and carbon blacks 

[30][33][34].  
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8 
Chapter 8   Conclusions 

The major conclusions of this study are summarised as follow: 

 

Initial characterisations were conducted on the base and oxidised carbon materials 

used in this work to give us a better understanding of the relationships existing between 

surface chemistry, carbon structure (less extent) and chemical interactions. AFM 

observations on graphite indicate that on the observable “central” region the physical 

structure of the graphene sheets is not disrupted by either ozone or liquid-phase 

oxidation. A conclusion on the possible erosion of the layer edges or structural defects is 

difficult to draw at this stage. SEM observations on oxidised carbon black N330 indicate 

that ozone and even ammonium persulfate treatments do not significantly change the 

surface morphology unlike HNO3 oxidation. Regarding activated carbon materials, high 

magnification images indicate that only ozone treatment does not deteriorate the external 

structure of the activated carbon particles. Medium-temperature thermogravimetric 

analyses were carried out on oxidised materials and highlighted the presence of oxygen-

containing functional groups on these solids along with information about their thermal 

decomposition temperature. Gradual heat treatments under inert atmosphere were 

conducted on a naturally oxidised BPL sample. The surface oxygen concentration [O]T 

was found to decrease linearly as the temperature increases. Toluene adsorption data also 

indicates that the porous carbon structure remains almost unchanged by this controlled 

reduction heat treatment. 
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The second part of this work focuses on specific and non-specific interactions of 

alcohols on non-porous carbon black surfaces. For this, a series of carbon black N330 

with increasing surface oxygen concentration [O]T (from 1.7 at.% for the base material to 

11.2 at.%) has been produced using ozone fluidized bed apparatus. The chemical 

composition of the resulting surfaces was measured using XPS. As data from nitrogen 

adsorption at 77°K indicates, this oxidation treatment has only a minimal effect on the 

physical structure of the carbon black. Vapour adsorption and immersion calorimetry 

experiments were carried out to study the interactions between these surfaces and three 

alcohols (i.e. methanol, ethanol and isopropanol). Strong correlations were observed 

between the surface oxygen level and the structure/polarity of the adsorbate molecules. 

The adsorption of these alcohols was found to be highly sensitive to [O]T in the low 

pressure domain. The increase of oxygen-containing functional groups on the surface 

leads to a displacement of the isotherms toward higher adsorption values, starting from a 

type III isotherm for the base untreated material to a type II shape for the oxidised carbon 

blacks. The data show a shift with methanol behaving more like water with mainly 

specific interactions at active sites (oxygen groups) whereas isopropanol being more 

similar to toluene with weaker non-specific dispersion interactions with oxygen-free 

carbon surface. Values obtained from immersion calorimetry experiments also reflect this 

transitional behaviour as the alkyl chain length of the alcohols increases. Analysis of the 

adsorption data using the DRK equation shows a clear relationship between the surface 

oxygen concentration [O]T and both EDRK and βDRK(alcohols). These correlations 

between these equation parameters and measurable physicochemical variables, such as 

[O]T, is highly attractive for both isotherm prediction and for the refinement of 

adsorption models. 

 

Presented in the third part of this work is an experimental study on the interactions 

of polar molecules (water) with various carbon surfaces. The same series of oxidised 
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carbon black N330 was used in this study. Additionally, N330 carbon black and BPL 

activated carbon were also oxidised with acids (nitric acid, hydrogen peroxide and 

ammonium persulfate) as a comparison to ozone treatment and non-porous surface. The 

chemical composition of all resulting surfaces was analysed using XPS. The 

quantification results show a significant increase of the surface oxygen level [O]T up to 

11.2 at.% for N330 treated with HNO3 and up to 17.9 at.% for BPL treated with H2O2. 

For the ozonated carbon black series, on a first hand, the immersion calorimetry data 

show that the interactions shift from non-specific dispersion interactions for toluene 

toward specific polar interactions for water. On the second hand, the type III adsorption 

isotherms observed for water, are displaced to higher water adsorption uptakes as the 

surface oxygen level [O]T increases. Regarding the carbon blacks subjected to liquid-

phase oxidation, N330 treated with H2O2 and Amm Per show similar isotherm shapes but 

slightly higher than the base N330 material. On the contrary, the adsorption isotherm of 

the N330 treated with HNO3 shifted to a Type II character, associated with really high 

adsorption values. Activated carbon materials also exhibit type III isotherms with almost 

twofold increase of water adsorption uptake (as) for the ACs subjected to liquid-phase 

oxidation. In the low pressure region, significant differences in terms of adsorption 

capacity and kinetics of adsorption were observed. Unlike ozone treatment, the oxidation 

with nitric acid seems to affect both surface chemistry and physical structure of the 

carbon material as confirmed by adsorption data. For most of the materials, it was shown 

that the resulting parameter a0 describing the surface concentration of primary polar 

adsorption sites, was linked to the surface oxygen level [O]T measured by XPS, which 

also influences both the degree of fit to the equation and the limiting experimental water 

adsorption value as. The DS2 and various Barton equations were found to fit best the AC 

and CB materials modified by liquid-phase oxidations and also for the N330 O3 series 

with different levels of oxidation. XPS is shown to provide direct, quantitative, first 

principle information about carbon surfaces which correlates with their interactions with 
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fluid phases and consequently it has potential for increasing our detailed understanding 

of the specific processes which occur at such surfaces. 

 

The final part of this work contains surface studies of functionalised multi-wall 

carbon nanotubes (MWCNTs). Fenton functionalisation and Birch treatment were carried 

out on MWCNTs to increase the surface oxygen concentration [O]T (from 4.3 at.% to 4.8 

at.% for the Birch and 23.5 at.% for the Fenton material). The XPS results confirmed that 

the oxidised materials kept a highly graphitic structure as they exhibit C1s peak with 

relatively narrow FWHM values. Adsorption data for nitrogen at 77°K indicates a slight 

increase in area being due to separation of the tube-bundles during functionalisation. This 

is accompanied by a decrease in measured porosity which is consistent with an attendant 

loss of inter-tube capillarity. This minimal effect of the Fenton and Birch treatments on 

the multiwall structure was confirmed by HRTEM observations. As the oxygen level 

[O]T increases and even for the Birch material, the water adsorption isotherms show a 

clear displacement to higher adsorption values reflecting the predominance of specific 

interactions between water molecules and polar sites. The best isotherm fits were 

obtained when using the D’Arcy & Watt equations. This difference in polar surface 

energy is confirmed by calorimetric enthalpies of immersion in water which are -54 

mJ/m2 for the untreated and -192 mJ/m2 for the hydroxylated materials. The treated 

materials therefore have significantly increased water wettability/dispersibility and a 

greater potential for cross-linking with matrix compounds. 
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Future work 

I hope that the work presented in this thesis will open the way to future studies in 

particular in the following areas. Though some initial and very promising results have 

been obtained for activated carbon treated with plasma polymerisation in order to 

increase the hydrophobicity of the surface, it did not reach a stage to be included in this 

thesis. This path would need to be explored more in depth and could then be possibly 

translated to other carbon materials such as carbon black and more particularly carbon 

nanotubes. 

In the present study, the XPS elemental quantification only took into account the 

external surface of the sample so it would be very interesting to try to characterise the 

“internal” surface chemistry of carbon materials. This could be realised using the argon 

etching capability of the Kratos Axis Hsi XPS to obtain a profile of the surface 

composition as a function of the analysis depth. It would be very useful to make a 

detailed study of the oxidation process of ozone (gas-phase) and acids (liquid-phase) or 

even the plasma deposition and their relative penetration depth inside the porous 

structure of these materials. 

Another area of investigation would be to apply the same strategy as described afore 

to polar vapours other than water and methanol and also to use modelling tools such as 

Monte-Carlo simulation or CFD (Computational Fluid Dynamics) to compare theoretical 

analysis with experimental data and check the influence of surface oxygen-containing 

functional groups as measured by XPS for example. 
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A 
APPENDIX A   Glass ampoule fabrication 

The following procedure has been designed and used in this work to make the glass 

ampoules necessary for immersion calorimetry experiments. 

 

Required materials: 

 Glass tube (Schott-Duran, UK): 10 mm OD x 1 mm WT x 1500 mm L 

 Glass rod (Schott-Duran, UK): 3 mm OD x 1500 mm L 

 Glass knife (with diamond tip) 

 Blowtorch (with oxygen/acetylene gas mixture) 

 

 

 
Glass tube segment of 20~25 cm length should be 
cut using the glass knife. 
First, make a jag then moisten and snap cut the 
tube. 

 

 
Clean the tube with the blowtorch and smooth the 
rough edges of the tube off. 
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A short glass stem (of 3~4 cm length and 3 mm 
OD) will be used to pull down the glass in the next 
steps. 
Melt the bottom end of the tube and stick it the 
glass stem. 

 
Heat up the left part of the tube just above the stem until half of the tube has melt (the glass 
becomes white) (1). 
Heat up very quickly on the other side of the tube during 2~3 s (2). 
Then, pull the stem down by 20~30 cm, go up quickly in a 90° arc and finally quickly go to 
the other side still in a 180° arc. 
 

 

 

Making of the brittle end 

Firstly, break the end part with the stem (in order to 
remove the weight) 
Heat using a very small flame at the point (A) and 
then turn quickly on the right in a 180° arc. 
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Heat using a very small flame at the point (2) and 
then turn quickly on the left in a 180° arc. 

 

 
Use a small flame to create a little ball at the 
extremity. Depending on the usage, two kinds of 
ampoules can be designed: single capillary or 
double capillary ampoule. 

 

 
Make a relatively deep mark on the tube by melting 
the glass (2~3 mm deep). This will help to seal the 
ampoule faster after degassing. 
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