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Abstract 

 

Surface energy is a fundamental thermodynamic characteristic of solids, which governs surface 

interactions. Surface energy measurements have attracted the attention of researchers in a wide 

variety of fields due to its importance in physicochemical reactions. Inverse gas chromatography 

(IGC) is a technique that has been applied to the characterisation of solid surfaces for more than 

40 years. It is an analytical technique for evaluating physicochemical properties of materials, 

including surface energy. The most attractive advantage of the IGC method is its capacity to 

accurately characterise the surface, and some bulk, properties of materials of various shapes such 

as powders, particulates, fibres, and films. The technique has been recently expanded to 

determine the surface energetic heterogeneity of surfaces, which is a useful parameter for 

characterizing complex surfaces. 

Mineral flotation is dependent upon the hydrophilic or hydrophobic characteristic of particles. 

Surface energy of valuable and gangue minerals plays an important role in the separation 

process. In other words, the nature and quantity of the excess energies on the surface of ore 

components has a decisive role in flotation process. Therefore, knowing the surface 

physicochemical characteristics and their overall reactivity of minerals is useful in understanding 

the fundamentals of flotation. 

This thesis investigates the potential of applying IGC to mineral flotation. Preliminary 

examinations were undertaken to measure the surface energy of quartz (a naturally hydrophilic 

mineral) using IGC, and to evaluate the flotation recovery by microflotation tests. The surface 

energetics of different size ranges of quartz, pre- and post-conditioning with dodecylamine, were 

determined. The surface chemistry and energetics of the most abundant sulphide mineral (pyrite) 

was also studied using microflotation experiments and surface characterisation techniques: X-ray 

photoelectron spectroscopy (XPS) and IGC. The sample’s surface characteristics were altered by 

surface activation with copper to activate the pyrite surface for hydrophobic collector adsorption. 

The activated and non-activated pyrite was also conditioned with potassium amyl xanthate, a 

common collector for sulphide minerals. The activation and conditioning processes were 
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conducted at different pH values, which provided an opportunity to evaluate the sensitivity of 

IGC to the surface alterations. Combining flotation results and IGC measurements, it was 

verified that the methodology was capable of reliably determining the surface energetics of pure 

minerals, and the relationship to flotation response. It was shown that a lower surface energy 

implies a lower degree of hydrophilicity and work of adhesion to water. Meanwhile, it was 

possible to determine the surface energy heterogeneity profile of minerals, which has been a 

difficult challenge with conventional techniques. Surface energy heterogeneity is generated as a 

result of the distribution of surface sites of different energetic levels. It was revealed that surface 

modification made the surface of mineral particles more homogeneous, as well as decreasing the 

surface energy. 

These findings suggested that the prediction of flotation recovery of pure minerals could be 

possible by surface characterisation using IGC. The research was extended to a more 

complicated system: the bench scale flotation of a real ore. It was observed that the floatability of 

the sulphide ore was directly related to surface energy values. The species with lowest surface 

energy floated first, and with increasing flotation time, the particles with more energetic surfaces 

appeared in the overflow. The work of adhesion values, also obtained from IGC analyses, 

confirmed the same relationship. However, the tailings showed relative low values of surface 

energy, despite apparent high wettability. The phenomenon was attributed to the high content of 

coarser particles in the tailings, and hydrodynamic effects. 
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Résumé 

 

L’énergie de surface est une caractéristique thermodynamique fondamentale qui gouvernent les 

interactions de surface des solides. La mesure de l’énergie de surface a reçue l’attention de 

chercheurs provenant de domaines variés considérant l’importance des réactions 

physicochimiques. La chromatographie en phase gazeuse inverse (CGI) est une technique qui a 

été appliquée à la caractérisation des surfaces solides depuis plus de 40 ans. Il s’agit d’une 

technique d’analyse servant à l’évaluation des propriétés physicochimique des matériaux, 

incluant leurs énergies de surface. L’avantage de la technique CGI est sa capacité à caractériser 

de façon précise la surface ainsi que certaines propriétés volumique de matériaux ayant des 

formes variées, tels les poudres, particules, fibres et films. Cette technique a récemment été 

appliquée à la détermination de l’énergie de surface hétérogène d’une surface, il s’agit d’une 

caractéristique utile pour la description des surfaces complexes. 

La flottation des minéraux dépend de la propriété hydrophile ou hydrophobe des particules. 

L’énergie de surface des minéraux de valeur et de gangue joue un rôle important dans ce procédé 

de séparation. Autrement dit, la nature et la quantité de l’excès d’énergie sur la surface des 

composants d’un minerai joue un rôle décisif sur le procédé de flottation. Il est donc utile de 

connaître les caractéristiques physicochimiques de surface ainsi que la réactivité des minéraux 

afin de fondamentalement comprendre la flottation. 

Cette thèse cherche à comprendre l’application potentielle de la technique CGI à la flottation des 

minéraux. Une vérification préliminaire était de mesurer l’énergie de surface du quartz (un 

minéral naturellement hydrophobe) à l’aide de la technique CGI ainsi que d’évaluer la 

récupération possible par flottation à l’aide de tests de microflottation. L’énergie de surface de 

différentes fractions dimensionnelles de quartz avant et après traitement avec un dodécylamine 

ont été déterminées. La chimie et l’énergie de surface du minéral sulfureux le plus abondant 

(pyrite) a aussi été étudié à l’aide d’expérience de microflottation ainsi que de caractérisation de 

surface : la spectroscopie photoélectronique à rayons X (SPX) et la technique CGI. Les 
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caractéristiques de surface des échantillons ont été altérées par l’activation de la surface de la 

pyrite avec du cuivre pour l’adsorption d’un collecteur hydrophobe. 

La pyrite activée et non activée a aussi été conditionnée avec un amyl-xanthate de potassium, un 

collecteur bien connu pour les minéraux sulfureux. L’activation et le conditionnement ont été 

réalisés à différents pH, cela a permis d’évaluer la sensibilité de la technique CGI aux altérations 

de la surface. En combinant les résultats de la flottation aux mesures de la technique CGI, il a été 

validé que la méthode est capable de déterminer de façon fiable les propriétés énergétiques de 

surface des minéraux pures ainsi que la relation avec leur réponse à la flottation. Il a été montré 

qu’une faible énergie de surface implique un faible degré d’hydrophilicité et de travail 

d’adhérence à l’eau. Plus encore, il a été possible de déterminer le profil d’hétérogénéité de 

l’énergie de surface des minéraux choisis, qui est un défi complexe lorsque réalisé par des 

techniques conventionnelles. L’hétérogénéité de l’énergie de surface est le résultat de la 

distribution des différents niveaux énergétiques des sites surfaciques. Il a été révélé que la 

modification de la surface des minéraux rend celle-ci plus homogène et réduit leur énergie de 

surface. 

Ces résultats suggèrent que la prédiction de la récupération par flottation de minéraux pures 

pourrait être possible par la caractérisation de leurs surfaces avec la technique CGI. Les 

recherches ont été étendues à un système plus complexe : la flottation d’un minerai réel à 

l’échelle laboratoire. Il a été observé que la flottabilité des minéraux sulfureux est directement 

reliée à la valeur de l’énergie de surface. Les espèces chimiques ayant l’énergie de surface la 

plus faible ont flottés en premier et avec une augmentation du temps de flottation, les particules 

ayant une surface plus énergétique sont apparues dans la surverse. La valeur du travail 

d’adhérence, aussi obtenu à partir des analyses CGI, a confirmé cette relation. Cependant, les 

résidus ont montrés de faibles énergies de surfaces en dépit de l’observation d’une grande 

mouillabilité. Ce phénomène est attribué à la grande fraction de particules grossières dans les 

résidus ainsi qu’à des effets hydrodynamiques. 
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Preface and Contribution of Authors 
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office of McGill University. The first three manuscripts have already been published, while the 

last one has been submitted, and is currently under consideration for publication. 

This thesis is comprised of seven chapters and one appendix. 

Chapter 1 includes a general introduction, context and objective of the thesis. 

Chapters 2 and 3 provide a literature review and background on mineral processing and inverse 

gas chromatography (IGC) technique, respectively. Chapter 2 briefly presents mineral 

processing, definitions, basics and goals. The fundamental operations in mineral processing are 

introduced, with a focus on the flotation process. 

In Chapter 3, inverse gas chromatography (IGC) is introduced. Information concerning the 

history, instrumentation and applications is discussed. In addition, examples of the many 

experiments developed for IGC, materials that have been analysed, and the properties that can be 

determined using IGC are selected and described. The content of this chapter has been published 

as a review article as follows: 

Publication 1: Mohammadi-Jam, S., Waters, K.E. (2014), Inverse gas chromatography 

applications: A review, Advances in Colloid and Interface Science, 212, 21-44. 

Chapter 4 discusses the relationship between surface free energy of quartz and flotation recovery. 

This study has been carried out on quartz mineral of different sizes, before and after surface 

treatment with dodecylamine, as a collector. The result has been published as a journal article as 

follows: 

Publication 2: Mohammadi-Jam, S., Burnett, D.J., Waters, K.E. (2014), Surface energy of 

minerals–Applications to flotation, Minerals Engineering, 66-68, 112-118. 
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Chapter 5 details investigations into the effect of surface treatments on the thermodynamic 
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respectively under different conditions. This work has been published as following journal 

article: 

Publication 3: Mohammadi-Jam, S., Waters, K.E. (2016), Inverse gas chromatography analysis 

of minerals: pyrite wettability, Minerals Engineering, 96-97 (2016) 130-134. 

In Chapter 6, the application of surface energy measurements to the flotation recovery of a 

nickel-copper sulphide ore was investigated. The flotation tests were carried out in a bench scale 

flotation cell, and the surface energetics were determined by using IGC. 

Publication 4: Mohammadi-Jam, S., da Silva, G.R., Waters, K.E., Inverse gas chromatography 

for bench scale flotation of sulphide ore (manuscript). 

Chapter 7 concludes the dissertation, proposes avenues for future research and the contributions 

of this thesis to original knowledge. 

The appendix includes the X-ray photoelectron spectroscopy (XPS) spectra of the pyrite samples 

(Chapter 5). 

All the experiments including material preparations, data collection and analyses were designed 

and conducted by the candidate. All the manuscripts are co-authored by Professor Kristian E. 

Waters in his capacity as the candidate’s supervisor. He provided guidance throughout the whole 

research project, reviewed the manuscripts and contributed to the general layout and discussions. 

Dr. Daniel J. Burnett contributed to the IGC method development for quartz, and provided 
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CHAPTER 1 

INTRODUCTION 

 

 

1.1. Introduction 

Due to the important role of surface energy in physicochemical interactions, surface energy 

measurement has attracted the attention of material and surface researchers. Determining the 

surface energy of liquids (surface tension) is straightforward. It is based on measuring the energy 

a surface requires to increase its area by one unit. However, the same techniques are not effective 

for solids due to their resistance against deformation. Contact angle measurement is one of the 

most widely utilised methods for determining surface energy of solids. However, results for 

powders are difficult to obtain compared to those of smooth, flat surfaces due to surface 

roughness, porosity and irregular shapes. A comprehensive review by Buckton [1] discussed the 

limitations of various methods for measuring the contact angle for powders. Contact angle and 

surface free energy have also been determined through Washburn [2-4] and equilibrium capillary 

pressure (ECP) [5, 6] methods. However, particle size, packing time, and pore geometry can all 

affect these measurements, which are the limitations of liquid-based surface energy techniques. 

Parsons et al. [7] outlined the inherent errors associated with contact angle measurements using 

liquid penetration. For example, determining the liquid penetration rate through the powder was 

suggested to be the major source of error in liquid penetration experiments. In addition, it was 

concluded that the error associated with the choice of perfectly wetting liquid, with a small 

contact angle, was significant. Furthermore, wetting techniques typically only yield the average 

surface free energy. The Washburn method, in which the capillary rise of various liquids is 

monitored, also has limitations because of the absorption of probe liquid into the bulk sample 

during analysis [8]; this can be particularly challenging for polymers and other organic materials. 

Hydrophobicity of minerals has also been determined through contact angle measurements by 
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use of time of flight secondary ion mass spectrometry (ToF-SIMS) [9-13]. It is a destructive 

technique which causes some samples to show different characteristics after being analysed [14]. 

Accurately determining the surface characteristics of minerals leads to an understanding of the 

mechanism of interfacial behaviour. All of the above techniques have their merits and limitations 

in measuring the hydrophobic nature of particles. 

Inverse gas chromatography (IGC) is a versatile, powerful, sensitive and relatively fast technique 

for characterizing the physicochemical properties of materials. Due to its applicability in 

determining surface properties of solids in any form such as films, fibres and powders of both 

crystalline and amorphous structures, IGC became a popular technique for surface 

characterisation, used extensively soon after its development. One of the most appealing features 

of IGC that led to its popularity among analytical scientists in the early years was its similarity in 

principle to analytical gas chromatography (GC). The main aspect which distinguishes IGC 

experiments from conventional GC is the role of mobile and stationary phases. In contrast to 

conventional GC, the material under investigation is placed in the chromatographic column and a 

known probe vapour is used to provide information on the surface. Since IGC is a gas-phase 

technique, it is not affected by the same surface roughness problems of contact angle methods 

and the bulk absorption phenomenon can be minimised. 

Flotation is a physicochemical separation method widely used in various industries such as 

mineral processing, removing ink from recycled paper, waste water treatment, and recovering 

silver in metallic form from photographic residues. It separates particles based on their tendency 

to adhere to either air bubbles or water in slurry. Particles with a higher affinity to water are 

wetted and stay in the liquid phase, whilst water-repellent particles attach to air bubbles and are 

carried to the slurry surface to be removed. Flotation is the most commonly used technique 

applied in mineral processing for separating valuable minerals from waste (gangue). These 

minerals may be crystalline or amorphous, powders or fibres. Since flotation deals with the 

hydrophilic or hydrophobic characteristics of a mineral surface, the surface energy of both 

valuable and gangue minerals plays a significant role in the separation. 
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1.2. Objectives and Scope 

The overriding objective of this research was to link the surface energy to flotation response, in 

order to use inverse gas chromatography (IGC) technique to further understand the fundamentals 

behind flotation. To employ this relationship efficiently, the capability of IGC to evaluate the 

surface energy of mineral particles was examined, first by characterising the surfaces of two 

different pure minerals of different sizes, using IGC and laboratory scale flotation experiments. 

The minerals were also surface-treated to change their wettability and examine the IGC potential 

in detecting the surface energetic changes. The next step was to study a real ore using IGC and 

bench scale flotation experiments. The separation was improved by modifying the 

hydrophobicity of certain ore components using a collector. 
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CHAPTER 2 

MINERAL PROCESSING 

 

 

2.1. Introduction 

Minerals are naturally formed substances in the crust of the earth. Some minerals are rare and 

precious such as diamond, while others are more abundant and often considered ordinary, such 

as quartz. The distribution of metals in the earth depends on geologic processes that have taken 

place. Metals are rarely found in their native or metallic form; gold and platinum principally 

occur in their pure metallic state, while others are found in the form of sulfides, carbonates, and 

chlorides. Some are found in both metallic and compound form such as silver, copper and 

mercury [1]. The main categories of minerals are oxides, carbonates, sulphides, sulphates, 

phosphates, silicates, halides. Oxides host metals such as aluminium (bauxite), iron (magnetite 

and hematite), tin (cassiterite), chromium (chromite), manganese (pyrolusite), nickel (laterite) 

and uranium (uraninite). Carbonates are the source of sodium (soda ash or soda crystal), calcium 

(limestone) and magnesium (magnesite). Sulphides are the source of metals such as copper 

(chalcopyrite), zinc (sphalerite), nickel (pentlandite), lead (galena), mercury (cinnabar) and iron 

(pyrite). Calcium is found as sulphates (gypsum), vanadium as phosphates, and zirconium and 

aluminium as silicates. Silicate minerals are the largest and most important minerals, making up 

more than 90% of Earth’s crust. Halides are compounds with chlorine, fluorine, bromine and 

iodine of sodium and potassium. 

Ore deposits are the host of naturally occurring minerals from which the large bulk of structural 

and functional materials are extracted by mining. Following mining, the ore is prepared for the 

extraction of valuable contents. The first, major process in extractive metallurgy is to concentrate 

minerals from their ores is mineral processing, also known as ore beneficiation and mineral 

dressing. However, mineral processing terminology can be defined as the science and art of 
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extracting valuable commodities, which are not necessarily metals, from raw materials extracted 

from the earth. Most of the processes involve physical procedures in which the chemical nature 

of the minerals does not play a significant role. However, some processes are essentially based 

on the differences in physicochemical surface properties of the components of the ore body. 

Mineral processing involves two major operations; liberation to release the grains of valuable 

mineral from the waste (gangue); and concentration to separate valuable minerals from gangue 

[1]. A full understanding of these processes and the effective parameters is important for 

determining the impact of the various conditions on the extraction efficiency and recovery of 

metals. 

 

2.2. Comminution 

The primary operation to liberate the valuable minerals from their interlocked state is the 

comminution (size reduction) process. Size reduction also produces a greater surface area 

available for chemical reactions. The process involves crushing and grinding, with size 

classifiers (such as screens and hydrocyclones) used to control the size distribution of the 

particles across the various stages of size reduction. Optimum liberation leads to the coarsest 

possible particle size of the cleanest particles of both valuable minerals and gangue. A good 

liberation is crucial for subsequent physical separation or chemical extraction. In addition, the 

final particle size distribution must be the right one from the separation process to be employed. 

 

2.3. Concentration 

Concentration involves the separation of valuable minerals from gangue based on differences in 

colour, density, magnetic susceptibility, electrical conductivity and surface chemistry. 

 

2.3.1. Sorting 

Sorting is a separation method based on the visual and fluorescing differences between valuable 

minerals and gangue. Sorting by hand is the oldest separation method in the history of mineral 

processing, but is not common today. The visual differentiations have been further exploited in 

the development of automated systems known as sensor-based ore sorting (SBS) [1]. The 
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electro-optic detectors in these systems collect the data from the response of the particles to UV, 

visible, IR, X-ray, laser or gamma rays, and facilitate a separation based upon the response. 

 

2.3.2. Gravity Separation 

Gravity separation exploits the differences between density values and hydraulic properties of 

mineral particles which result in the variation of particle movement in a fluid medium. Dense 

medium separation is a type of gravity concentration in which a suspension of a finely ground 

heavy mineral is used as a high density fluid to prepare a slurry of particles. The particles having 

density lower than the medium will float and are separated from the denser particles, which sink. 

 

2.3.3. Magnetic Separation 

Magnetic separation separates particles based upon their different magnetic properties. 

Depending on the type of the magnetic characteristic (ferromagnetic, diamagnetic and 

paramagnetic), magnetic fields of different intensities are used. 

 

2.3.4. Electrostatic Separation 

Electrostatic separation is based on the differential conductivity of minerals using an electrical 

field. This process is efficiently accomplished by charging the particles. It requires a perfectly 

dry feed, and the operation has a very low capacity for fine particulates [1]. 

 

2.3.5. Froth Flotation 

Flotation, or more specifically froth flotation, is the most important method of mineral 

processing and widely used technique for ore beneficiation. The technology was developed in the 

early 20
th

 century and was first applied to the separation of sulphide minerals [2]. Despite a 

century of studies, there remain many aspects of flotation that are poorly understood. In flotation, 

valuable minerals are separated from gangue based on different physicochemical characteristics 

of their surfaces. These minerals may be crystalline or amorphous, powders or fibres. In other 

words, metals, non-sulfide and sulfide minerals can be separated by froth flotation. The particles 

that are readily wetted and do not attach to bubbles are hydrophilic, and those particles that have 

a tendency to adhere to bubbles are hydrophobic. In flotation, air is passed through an ore slurry 
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(which may be agitated). The hydrophobic material attaches to an air bubble, rises to the surface, 

forming a mineralised froth. This froth overflows a lip at the top of the flotation vessel, and is 

recovered, commonly as the concentrate.  

The principle of froth flotation is illustrated in Figure 2.1 [1]. Mechanical flotation cells are 

usually mechanically agitated by using an impeller to circulate the pulp and keep the particles in 

suspension, in addition to providing the shear to generate the fine bubble size distribution. This 

promotes the particle-bubble collisions, resulting in the attachment of hydrophobic particles to 

bubbles. Air is introduced through the impeller shaft. Floatable components are picked up by air 

bubbles, and rise through the pulp to the surface, where they are collected as concentrate. 

Nonfloatable materials are discharged from the base of the column, usually as tailings stream. 

 

 

 

 

Figure 2.1. Schematic illustration of a mechanical flotation cell [1]. 
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The principle of a three phase contact angle was introduced by Thomas Young [3]. This was 

further developed into what is known as Young’s Equation [4]: 

 

  cos
LVSLSV        (2 − 1) 

 

where 
SV

 , 
SL

 and 
LV

 are solid-vapour, solid-liquid and liquid-vapour interfacial free 

energies, respectively. The contact angle,  , is the angle formed between the solid-liquid 

interface and the liquid-vapour interface. Hydrophobic particles form a larger contact angle than 

hydrophilic particles when interacting with bubbles in the flotation process. The efficient capture 

of desired particles by air bubbles is key to a successful separation by flotation. Naturally 

hydrophobic minerals such as molybdenite and talc can be directly floated and separated from 

other minerals. However, most minerals are naturally hydrophilic and need to be hydrophobised 

to be effectively floated. 

Flotation selectivity and recovery (see Section 2.4.2) of valuable minerals are highly dependent 

on the surface chemistry of the particles, which can be altered by manipulating the surface 

properties using chemical reagents such as collectors, frothers, modifiers (activators, depressants 

and pH control reagents) and flocculants. Collectors are surface active reagents which adsorb on 

mineral surfaces and enhance the particle hydrophobicity. They are classified as being anionic, 

cationic and non-ionic depending on their ionic charge. The attachment of collectors to a 

particle’s surface can be through a physisorption or chemisorption mechanism. The adsorption of 

the collectors can be controlled by adding activators or depressants to enhance or prevent the 

collector adsorption on the mineral particle surface, respectively. The attraction of the collectors 

can also be manipulated by changing the mineral surface charge or the mechanism of the 

adsorption. This can be achieved by pH adjustments. 

Frothers are surfactants (surface active reagents) used to produce and stabilise small bubbles, by 

inhibiting coalescence. Frothers also increase flotation recovery by strengthening the froth layer. 

Moreover, these reagents improve the emulsification of oily collectors [5]. The most common 

frothers are aliphatic alcohol, containing an O-H group or polyglycols based on ethylene or 
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propylene oxides or a combination of these two types. Methyl isobutyl carbinol or 4-methyl-2-

pentanol, known as MIBC is the most well-known of alcohol-based frother. 

Flotation recovery is influenced by the surface and interface characteristics of particles and 

bubbles, particle-bubble collision phenomenon, and froth stability. Therefore, there are numerous 

parameters that influence the yield and selectivity of this process, such as surface chemistry and 

reactivity of particles [6-17], particle shape and roughness [18-22], particle size [23-32], froth 

structure and stability [33-40], pulp chemistry and stability [41-43] and conditioning method 

(reagents, concentration, time and pH) [15, 44-50]. 

 

2.4. Measures of Separation 

Complete separation of valuable minerals from gangue, which is the main objective of mineral 

processing, is rarely possible. Grade and recovery are the important considerations when 

reporting separation efficiency, and the economic potential of the process. 

 

2.4.1. Grade 

Grade refers to the concentration of the component of interest; metal or mineral present within a 

stream; feed or product of separation. It can be expressed as percentage, parts per million (ppm) 

or grams per ton (g t
-1

). 

 

2.4.2. Recovery 

The percentage of the total material of interest obtained from the original ore. The recovery of a 

separation process is a function of both the characteristics of the feed and operating conditions. 

The relationship between grade and recovery can indicate the operation performance, and from 

the grade-recovery curves the optimal points can be determined to identify operating conditions 

that yield improved separation performance. Figure 2.2 compares the copper grade and recovery 

for a copper-nickel sulphide ore before and after microwave radiation for 120 s [51]. The curve 

shows that microwave radiation resulted in a noticeable increase in copper recovery and grade, 

indicating a remarkable improvement on the flotation efficiency. 

A serious disadvantage of using grade-recovery curves to compare the performance of different 

flotation operations is that the curve is very sensitive to variance of feed grade and feed rate [52]. 
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Figure 2.2. Copper grade-recovery curves of the untreated and treated ore with 

microwave radiation at 800 W, adapted from Marion et al. [51]. 

 

 

2.5. Conclusions 

Mineral processing is a vital component of the extractive metallurgy, producing a concentration 

of a valuable metal that is economical to purify using pyro and hydrometallurgical processes. 

Froth flotation is the most important, most widely used method for concentrating valuable 

minerals in mineral processing. In order to reach an optimised condition in flotation, it is critical 

to take all types and values of inter-related parameters into account. Hence, it is difficult to 

evaluate the effect of all involved parameters individually, and as a result, it has been difficult to 

develop a predictive model for flotation process. However, fundamental studies on the surface 

chemistry of particles using new techniques can lead to a better understanding of their flotation 

behaviour. One such aspect of surface chemistry is surface energy, which is an integral part of 

Young’s Equation, and controls the affinity of a surface to water. The next chapter introduces a 

powerful technique to determine the surface energy of a material: inverse gas chromatography. 
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CHAPTER 3 

INVERSE GAS CHROMATOGRAPHY (IGC) 

 

 

3.1. Introduction 

As detailed in Chapter 2, froth flotation is based on surface chemistry, and involves the 

interactions between three phases: solid and air, solid and water, and air and water in an aerated 

slurry. The physicochemical phenomena occurring at the interfaces determine the recovery and 

grade of flotation. Hydrophobic and hydrophilic particles have different attachment behaviour to 

a bubble, and a good understanding of wetting behaviour of particles is crucial to predict the 

surface wettability of particles and control the separation process. Wettability of materials can be 

evaluated using various surface analytical methods. In mineral processing, wettability has 

traditionally been evaluated using contact angle measurements. Contact angle is an indicator of 

hydrophobicity, and is related to the interfacial energies between solid-liquid and solid-vapour 

through Young’s equation (Equation 2-1). 

Most common wettability assessments are divided into two main categories: single particle based 

and bulk powder techniques. The single particle based methods are directly measured by 

microscopic visualisation of the solid/liquid interface for smooth planar surfaces. Due to direct 

measurement, accuracy and easy performance, microscopic methods have been widely used in 

practice [1]. A serious limitation of this technique is that the sample must be perfectly planar, 

chemically homogeneous, and the surface smoothness must not change upon liquid deposition. 

This method is not applicable for porous materials and powders. Meanwhile, a single surface 

cannot be always a good representative of all particles in a pulp. Several different methods have 

been developed and recommended to accurately determine the contact angle of powders. The 

most common techniques are sessile drop and capillary penetration. In the sessile drop method, a 

compressed disc is prepared from the powder, a liquid drop is deposited on the disc surface and 
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the contact angle is measured [1]. The liquid penetration method is conducted by packing the 

powder in a sample holder, which is a tube with a frit at the bottom, and bringing it into the 

contact with the liquid. The increase in mass as a function of time is measured, and the contact 

angle ( ) is calculated using modified Washburn equation [1]: 

 

 
t

m

c
LVL

2

2
.

..
cos




         (3 − 1)    

 

where, μ is the liquid viscosity, c is a constant that accounts for the particles’ arrangement and 

packing conditions, 
L

  is the liquid density, 
LV

 is the surface tension of the liquid, m is the 

penetrated liquid mass and t is the penetration time. The measurements are based on three 

important assumptions: the liquid flow through the sample bulk is laminar; the packing constant 

and bulk structure remain constant throughout the measurement; and gravity is neglected [2]. 

Capillary penetration was reported to be inexpensive and straightforward to run. One of the 

difficulties associated with this method is determining the packed bed constant (c) [1]. The 

general disadvantage of the contact angle measurement is the generated contact angle hysteresis 

due to surface roughness, surface heterogeneity and surface immobility at the macromolecular 

scale [3]. In addition, it was shown that the calculated surface free components from the contact 

angle determined by Washburn’s equation are not necessarily accurate [4, 5]. 

Time-of-flight secondary ion mass spectrometry (ToF-SIMS) has been also applied to examine 

the surface wettability of materials [6-12]. It is an analytical method based on focusing a pulsed 

ion beam onto a sample surface, producing secondary ions from the outermost surface of the 

sample, and measuring the exact mass of the ejected ions. In order to characterise a sample 

surface regarding its behaviour towards water, the method applies an excess hydrophobic or 

hydrophilic fragments to determine the predominant surface species in a sample. A direct 

relationship between contact angle and ToF-SIMS fragmentation was also suggested by Priest et 

al. [8]. This method is applicable to both flat surfaces and particles, and there is no need for 

sample preparation or contact with any liquids [12]. However, samples need to be compatible to 

very low pressure since the technique works under vacuum. The main limitation is that ToF-

SIMS is a matrix dependent technique, and the ion concentration on the surface and beam 
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conditions can affect the intensity of the signals from the secondary ions [7, 13-16]. It was 

reported to be more expensive and time-consuming than other traditional techniques [12]. Also, 

the technique does not provide quantitative information without standards and calibrations [12, 

16]. Meanwhile, finding a representative grain or a good region of the sample for the analysis 

can be very challenging, similar to other optical techniques. 

The limitations of conventional methods have been the motivation for studies on new approaches 

and experimental methods to assess the wettability of the materials of different shapes and 

morphology through their inherent parameters. Inverse gas chromatography was introduced in 

1941 when Nobel Prize winners Martin & Synge reported using chromatography to measure 

partition coefficients between two liquids [17]. However, according to Kiselev et al. [18] and 

Conder & Young [19], the pioneers in applying gas chromatography (GC) to physicochemical 

measurements were Wicke & Voigt (1947) [20], Glueckauf (1947) [21], Cremer & Prior (1951) 

[22], and James & Phillips (1954) [23] who determined adsorption isotherms from GC. The new 

method got its name in the early 1960s when the term "inverse gas chromatography" was 

introduced by Professor A. V. Kiselev at the M. V. Lomonosov Moscow State University [24], 

who played a significant role in developing surface chemistry and chromatographic science [25]. 

In a book published in 1967 (translated two years later) [18], Professor Kiselev and co-authors 

mentioned the capabilities of GC in determining a number of solid surface properties such as 

activity coefficients, entropies and heats of solution, vapour pressure, molecular weight, 

diffusion coefficients, adsorption isotherms, surface free energies, heat and entropies of 

adsorption, activation energies for internal diffusion and boiling points of hydrocarbons; as well 

as investigations into molecular interactions and gas-liquid interface resistance. This book and 

other publications [26-33] indicate that the systematic application of GC in measuring the 

physicochemical properties of solid surfaces was of great interest during the 1960s. Smidsrød & 

Guillet named GC as a powerful "indispensable analytical instrument" for applications much 

more than just determining the components of mixtures [28]. 

Inverse gas chromatography (IGC) became more popular in the 1970s when it was established as 

a powerful technique for studying the surface and bulk characteristics of polymers, copolymers 

and their blends [19, 34-47]. IGC in most cases was referred to as a simple, fast and accurate 
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technique for physicochemical measurements, although the term "inverse gas chromatography" 

was still not commonly used. The number of publications and a wide range of investigations 

published in the 1980s show that IGC attracted the attention of researchers in a variety of fields 

[48-51] such as modified silicas [52, 53], glass fibres and silicas (as fillers for polymers) [54, 

55], crackers and sweet biscuits [56]. Polymeric research was still the most common use of IGC 

based upon the large volume of publications [57-65]. IGC provides information about a wide 

number of important physico-chemical properties such as solubility and thermodynamic 

interaction parameters; diffusion kinetics; BET surface area; work of cohesion, glass transition 

temperatures; surface energy heterogeneity; acid-base properties; and polar functionality on the 

surface of materials as well as characterizing organic adsorbates on particulate surfaces, 

adsorption isotherms, and work of adhesion. IGC is a useful method for characterizing the 

surface properties of the powders dissolving in some solvents, for which deficiencies with the 

Washburn technique were noted, since it determines the interactions between a solid and a liquid 

without wetting the solid with the liquid [66]. 

In this chapter, information concerning the history, instrumentation and applications is discussed. 

Examples of the many experiments developed for IGC method are selected and described. 

Materials that have been analysed include polymers, pharmaceuticals, minerals, surfactants, and 

nanomaterials. The properties that can be determined using the IGC technique include enthalpy 

and entropy of sorption, surface energy (dispersive and specific components), work of 

co/adhesion, miscibility and solubility parameters, surface heterogeneity, glass transition 

temperature, and specific surface area. 

 

3.2. Fundamentals 

3.2.1. Instrumentation and Methods 

Similar to classical GC, an IGC instrument consists of an oven, column, solute reservoir, 

detector, mass flow controller and a computer as the processor and controller (Figure 3.1). 

Unlike conventional GC columns, which are coils, an IGC column is a straight glass tube; in 

some research, stainless steel [67-70], copper [68], and teflon [71] columns have also been used. 

The main difference between the two setups is the nature of the stationary and mobile phase. In 
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IGC, the sample of interest is placed into the column, being the stationary phase. The stationary 

phase may be a crystalline powder, an amorphous compound, a fibrous composition, or viscous 

liquid. One of the greatest advantages of this method is that no special sample preparation is 

required. In fact, IGC requires the minimum sample preparation when compared to other surface 

energy analyzing techniques [72]. Therefore, various forms of solids and even semi-solids can be 

characterised quickly and efficiently. In the case of the stationary phase being a solid form, the 

technique is referred to as inverse gas-solid chromatography (IGSC), whilst inverse gas-liquid 

chromatography (IGLC) refers to liquid samples or a liquid stationary phase. According to Davis 

& Petersen, IGLC was a valuable approach for "fingerprinting" asphalts [26]. 

To analyse the stationary phase, a low concentration of a well-characterised single gas or vapour 

of a volatile substance is injected via an inert carrier gas through the stationary phase. This 

volatile is termed the “probe molecule”. The direction of gas flow is depicted in Figure 3.1. 

Different probes with known characteristics such as polarity, acidity, molecular area, and 

electron donor/acceptor number are used. The respective properties of the stationary phase can 

be determined by analysing the retention data of the interaction of a well-defined probe with the 

stationary phase. 

The probe is carried through the column by the constant flow of a carrier gas which is a high 

purity inert gas at a set flow rate. The most common carrier gases are helium, argon and nitrogen. 

In IGC measurements, it is assumed that adsorption and desorption equilibrium of the probe 

molecule on the stationary phase surface is established. This equilibrium can be achieved using 

either two pulses or frontal modes [73]. In the pulse technique, a set volume of probe is injected 

into the carrier gas to be passed through the column, thus coming into contact with the material 

under investigation. It is applicable for systems that obtain adsorption equilibrium very quickly, 

whereas for slow rating equilibria, the frontal method is preferred, in which probe solute flows 

continuously into the carrier gas. This means that a broader peak is eluted due to a longer 

experiment time [74]. 
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Figure 3.1. Schematic illustration of a typical inverse gas chromatography (IGC) analyser. 

 

 

 Similar to conventional gas chromatography, the interactions between the mobile phase 

(adsorbate) and the stationary phase (adsorbent) occur when the mobile phase passes through the 

column. The nature and magnitude of these interactions affects the velocity and, subsequently 

the retention parameters of the mobile phase. For example, the retention volume is a measure of 

the quality and quantity of adsorption of the probe molecule on the sample inside the column. 

Differences between IGC and GC columns and chromatograms are schematically presented in 

Figure 3.2. In GC, a known volume of a gaseous or liquid mixture under examination (here 

containing two components) is injected into a very long column with a known stationary phase. 

Differences between interaction strength of the components with the stationary phase result in 

their separation while progressing through the column. However, in IGC, the retention behaviour 

of only a single vapour is detected for every injection into a short column packed with the 

sample. 
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Figure 3.2. Comparison between GC (top) and IGC (bottom) columns and chromatograms. 

 

 

Selectivity and sensitivity are two important factors for detector selection. The thermal 

conductivity detector (TCD) works on the basis of thermal conductivity differences between 

different components of a mixture. Thus, it has the capability of detecting a wide variety of 

materials. The flame ionisation detector (FID) measures the concentration of organics through 

their destruction and the formation of ions. It has a high sensitivity to most hydrocarbons; 

however, water cannot be detected by FID. To benefit from the advantages of both detection 

methods, the IGC setup may be equipped with a combination of more than one detector. For 

example, Newell & Buckton [75] operated TCD and FID detectors in series to establish the 

benefits of high sensitivity in the analysis of an organic probe retention as well as measuring the 

humidity level in the surface energy of lactose experiments. In recent research, TCD and FID 

detectors were used together to analyse multi-component probes [76]. FID was used to measure 

the relative dead time and TCD to measure the retention time of the probe simultaneously. The 

temporal difference between the two detectors gave the adjusted retention time. 
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IGC experiments can be conducted under two chromatographic conditions: infinite dilution and 

finite concentration. Infinite dilution, also called zero surface coverage, was found to be suitable 

for evaluating the surface energy and heat of sorption of particulates [77]. Infinite dilution refers 

to very low concentrations of probe and is obtained by introducing a very small quantity of the 

probe molecule into the system. Since the amount of probe molecule or adsorbate is limited, it is 

assumed that interactions occur only with the high-energy sites on the surface and therefore 

interactions with the lower energy sites are negligible. The high sensitivity of IGC detectors 

(approximately 10
-9

 mole), has made it ideal for experiments at infinite dilution [78]. This mode 

has the benefit of high sensitivity, which makes it an excellent method for determining 

thermodynamic parameters [74, 79, 80], and most of the IGC experiments are carried out under 

this condition. In ideal conditions, no probe-probe interactions are considered and Henry’s Law 

is obeyed [79]. Hence, a linear adsorption isotherm and a symmetrical (Gaussian) 

chromatographic peak are expected [74, 81]. A chromatographic diagram of symmetrical peaks 

for interaction of alkanes with the stationary phase is generated [54]. The measured parameter in 

this method is net retention time and it has been successfully used to determine the dispersive 

components of surface free energy [82-84], acid-base properties of surfaces [82, 85-88], surface 

polarity [89], activity coefficients [90-93], Flory-Huggins thermodynamic interaction parameters 

[93], free energy of adsorption and surface heterogeneity [94], surface activity and adsorption 

entropy [53]. Since IGC indicates a high sensitivity at infinite dilution, it has the potential to 

discriminate between the characteristic differences that are impossible to detect by other 

techniques such as traditional wettability measurements [74]. 

Finite concentration inverse gas chromatography has been found to be a reasonable and 

convenient method for obtaining adsorption isotherms where previous measurement 

methodologies such as the classical volumetric method [95] have shown inefficiencies. The 

disadvantage of adsorption studies using volumetric measurements is that using a large quantity 

of adsorbent (in order to minimise the adsorption effects of the wall) results in more void space 

and, consequently, uncertainty in minimizing dead space. Finite concentration of the adsorbate is 

achieved by introducing a high quantity of probe molecule to the chromatographic system, which 

then interacts with all sites on the surface. It provides complementary information to the results 
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of infinite dilution IGC [96]. The method can be applied to estimate the surface energy 

heterogeneity of the solids which has been a difficult challenge to overcome [97]. IGC at finite 

concentration has been applied to study material characteristics such as adsorption enthalpies and 

entropies [54] as well as the surface area and porosity by measuring adsorption isotherms [77]. It 

has been applied, in combination with the thermal desorption technique, to distinguish the 

contributions of micropores from mesopores to the adsorption phenomenon in porous materials 

[98]. The merit of IGC in comparison to classical volumetric and gravimetric methods is that 

IGC experiments are able to be conducted over a wide range of temperatures [78]. A 

comprehensive comparison of inverse gas chromatography and other techniques of 

characterizing energetics of "real solid surfaces" indicated that IGC is a fast, efficient, and 

accurate methodology which can function at both low and high pressures of solute vapour [99]. 

 

3.2.2. Theory of Surface Energy Measurements by IGC 

One of the most interesting and commonly used applications of IGC is in measuring the surface 

free energy. Regarding the principles of IGC measurements, the fundamental data obtained from 

this method is either retention time or retention volume. The retention data refers to the required 

time and carrier gas volume, respectively, to generate a peak as a result of interactions between 

the probe molecule and the stationary phase. Various characteristics of a material can be 

calculated by analysing the nature and magnitude of these interactions. The surfaces of solids are 

described by dispersive and specific (non-dispersive) properties. Dispersive properties are 

obtained by calculating dispersive components of surface free energy. Specific properties are 

determined by the parameters which measure surface tendency to be an electron acceptor or 

electron donor to show Lewis acidity or Lewis basicity properties, respectively. The sum of the 

dispersive and specific components represents the total solid surface energy [100]. The surface 

energy of a solid has been defined by the sum of the dispersive component and polar component 

of the surface energies [101, 102]. Thereafter, acid-base (acceptor-donor) contributions were 

found to be a more robust term for describing the non-dispersive component [103]. 
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3.2.3. Dispersive Component of Surface Free Energy 

Figure 3.3 depicts the IGC chromatogram of a quartz sample (obtained from Ward’s Scientific, 

USA) within the size range (after crushing and grinding) 106 < x < 150 μm. Every peak 

corresponds to different surface coverages and peak area or height is proportional to the number 

of molecules detected by FID. The larger the injections, the greater the deviation from Henry’s 

Law, and consequently the greater the deviation from symmetry of the chromatogram. 

 

 

Figure 3.3. A typical IGC chromatogram of n-octane adsorption/desorption on quartz. 

The n/nm represents the actual fractional surface coverage. 

 

 

3.2.3.1. Schultz Method 

One of the most commonly applied methods for determining the dispersive component of the 

surface energy was proposed by Schultz et al. [103, 104]. Their calculations were based on the 

retention parameters of liquid n-alkane probes at infinite dilution. Alkanes were used because 
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there are no acid-base interactions. The dispersive (London) component of surface energy (
D

S ) 

is computed from retention parameters obtained at infinite dilution where Henry’s Law is obeyed 

[73]. Under this condition, it is assumed that there are no interactions between adsorbate 

molecules; consequently a symmetrical Gaussian peak is expected in the IGC chromatogram. 

After injection into the column, it takes time for the probe molecule to interact with the 

stationary phase, termed dead-time, t0. This value is often determined by passing an inert gas 

through the examined stationary phase. Therefore, the solute exits from the column after a gross 

retention time, tR. In order to obtain the net retention time, the dead-time must be deducted from 

the gross retention time. Hence, net retention volume of the probe (mL) is equal to [105]: 

 

 )(
0

ttFjV
RCN
        (3 − 2)    

 

where j and Fc are the James-Martin compressibility correction factor and the flow rate of carrier 

gas (mL min
-1

) in the column, respectively. The James-Martin factor corrects the effect of the 

pressure drop and packing density variation of the stationary phase on the retention time. In some 

experiments, specific retention volume is used instead of the net retention volume to eliminate 

the effect of temperature and the quantity of the stationary phase. Specific retention volume is 

described as [105]: 
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where 𝑉𝑔
0 denotes specific retention volume (mL g

-1
) at 0 

о
C, ms is mass of the sample (g). 

Hence, specific retention volume can be expressed as [105]: 
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All interactions that occur between adsorbate and adsorbent are either dispersive or specific. 

Dispersive and specific components of surface free energy are calculated through 
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thermodynamic equations. The standard Gibbs free energy change is defined by the net retention 

volume, VN, as [73, 105]: 

 

 CVTRGG
Ndead
 ln.00

      (3 − 5) 

 

where 
0

adG  and 
0

deG  are standard molar Gibbs free energy changes of adsorption and 

desorption, respectively. R and T are the gas constant (8.314 J K
-1

 mol
-1

) and absolute 

temperature (K), respectively and the constant C is related to the reference states. The free 

energy of adsorption (
0

adG ) is the sum of the dispersive and specific (acid-base) components of 

Gibbs free energy change of adsorption [106]: 
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When n-alkanes are used as probes, there are no specific interactions with the stationary phase 

and hence 
0

adG =
D

adG  and their quantity depends on the number of carbon atoms in the alkane 

molecule [73, 107]. The free energy of adsorption is defined as: 
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where NA is the Avogadro’s number (6.022140857 × 10
23

 mol
-1

), 𝑎 is the cross sectional area of 

the probe molecule (m
2
), and Wadh is the work of adhesion (mJ m

-2
) which is related to dispersive 

free energy of solid and liquid interaction by Fowkes’ Equation [108]: 

 

 
D

L

D

Sadh
W   2         (3 − 8) 

 

Where 
D

S   and D

L  are dispersive components of surface free energy of the solid and probe 

molecule (mJ m
-2

), respectively. Combining Equations 3-5, 3-7, and 3-8 yields [75, 103, 104]: 
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http://en.wikipedia.org/wiki/Mole_(unit)


3- Inverse Gas Chromatography (IGC) 

 

 

30 

 

The plot of R.T.lnVN as a function of D

La   for a homologous series of n-alkanes is linear of 

which the gradient gives the dispersive surface free energy of the stationary phase. The graphical 

illustration of determining 
D

S  for quartz by the Schultz method is depicted in Figure 3.4. The 

plot is linear and is called the "alkane line" and the slope gives the dispersive surface energy        

(
D

S ) of the stationary phase. The calculated dispersive component of surface energy for the 

diagram depicted in Figure 3.4 was calculated as 52.76 mJ m
-2

 at 5% fractional surface coverage. 

Polar probe points do not lie on the alkane line and the vertical distance from the alkane line to 

the polar probe is the Gibbs free energy (Figure 3.5). Therefore, the Schultz method gives both 

D

S  and ΔG
SP

. As an example, the specific (acid-base) free energy (ΔG
SP

) of dichloromethane 

and ethyl acetate adsorption on the quartz (53 µm < x < 75 µm) were calculated through the 

Schultz concept as 11.05 kJ mol
-1

 and 13.96 kJ mol
-1

, respectively. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4. The diagram for determining surface free energies for quartz 

(53 µm < x < 75 µm) by the Schultz method. 
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Figure 3.5. The typical diagram for determining Gibbs free energy by the Schultz method. 

 

 

3.2.3.2. Dorris-Gray Method 

Another method for determining the dispersive component of surface free energy, 
D

S was 

proposed by Dorris & Gray [109]. They determined the thermodynamics of adsorption for a 

series of liquid n-alkane at zero coverage conditions (Henry’s Law region). The symmetrical 

peaks of the IGC chromatogram and a constant retention time for different injection volumes 

confirm the Henry’s Law region. Their experiments showed that changes in flow rate did not 

affect the net retention volume. Dorris & Gray calculated the dispersive component of the 

surface free energy by considering the contribution of the methylene groups only in the free 

energy of adsorption, assuming that the Gibbs free energy of desorption per mole of methylene 

group is equal to the work of adhesion between the stationary phase and hydrocarbon-saturated 

mobile phases [101]. Hence, the increment per CH2 in the free energy of adsorption between two 

alkanes of n and (n+1) carbon atoms can be expressed as: 
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According to Equation 3-8, the work of adhesion is described by the dispersive free energy 

between a CH2 unit and stationary phase as: 
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Referring to Equation 3-7, the molecular adsorption dispersive free energy change of CH2: 
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Consequently, the contribution of a CH2 unit to the free energy of adsorption interaction of a 

series of n-alkane can be described as: 
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where 𝑎𝐶𝐻2
 is the cross-sectional area of a methylene group (CH2) (m

2
) and 

2CH  is free energy 

of adsorption of one CH2 group and is approximately 35.6 mJ m
-2

 [110]; more accurately [111]: 
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As a result, the ∆G
0
 increment per methylene group in the normal alkane series was used to 

calculate 
D

S  according to the following expression: 
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Figure 3.6 is a graphical illustration of determining dispersive surface energy for quartz (53 µm 

< x < 75 µm) by the Dorris-Gray method. The 
D

S parameter for this sample was calculated as 

52.61 mJ m
-2

. The slope of the alkane line in the plot of R.T.lnVN versus the carbon numbers of 

the n-alkane (probe molecule) gives 
D

S  from Equation 3-17 [112]: 
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Figure 3.6. The diagram for determining dispersive free energy for quartz 

(53 µm < x < 75 µm) by the Dorris-Gray method. 
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As can be seen from Figure 3.6, only the dispersive component (
D

S ) is calculated in this way. 

Therefore, when the Dorris-Gray concept is used, the specific component would be calculated 

using other approaches such as the Polarisation method [113]. In this method, the equation used 

to calculate 
D

S  is [89]: 

 

 DSDPN
PPCCVTR  'ln       (3 − 18) 

 

where PDP and PDS are deformation polarisation of probe and solid, respectively. The constants C 

and C' depend on the chosen reference states. The deformation polarisation (PD, cm
3
 mol

-1
) is an 

intrinsic characteristic and is independent from the nature of the probe and is calculated as [89, 

114]: 
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where n, M, and   are the refractive index, molar mass (g mol
-1

), and density (g cm
-3

) of the 

probe molecule, respectively. In the plot of R.T.lnVN against the molar deformation polarisation 

of n-alkane probes, the slope of the alkane line is C'PDS which is proportional to dispersive 

interaction forces. As shown in Figure 3.7, the vertical distance between polar probe points and 

the alkane line gives specific free energy (ΔG
SP

) [89]. For quartz (53 µm < x < 75 µm), the 

specific (acid-base) free energy (ΔG
SP

) of dichloromethane and ethyl acetate adsorption on the 

sample were calculated as 11.35 kJ mol
-1

 and 12.53 kJ mol
-1

, respectively through the 

Polarisation method. 
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Figure 3.7. The typical diagram for determining the specific free energy by the Polarisation method. 

 

 

3.2.3.3. Comparison between the Schultz Method and Dorris-Gray Method 

Schultz & Lavielle [104] confirmed that the results obtained from the Dorris-Gray procedure 

were in alignment with their analysis. However, Shi et al. [115] calculated the ratio of the 

dispersive free energy by Dorris-Gray to dispersive free energy proposed by Schultz as the 

following expression: 
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They compared the results obtained from both methods and concluded that 
D

GrayDorrisS ,  is greater 

than 
D

SchultzS ,  and the ratio increases with increasing temperature. It was also reported that the 

calculated parameters through the Schultz method were not in good agreement with the same 
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parameters in the solvents handbook [115]. Another comparison confirmed that the 
D

S  

calculated by Dorris-Gray is more accurate compared to the values obtained with the Schultz 

method [112]. However, some of the reported dispersive surface energies for different hybrid 

materials do not suggest a definite difference between the 
D  values obtained using the Dorris-

Gray and Schultz approaches [116]. Experimentally, little difference was observed for three 

different samples at 30 ºC (Table 3.1). 

 

Table 3.1. The 
D

S  values calculated by Schultz and Dorris-Gray methods at 5% surface coverage. 

Sample 
Particle Size 

(µm) 

γ
D 

(mJ m
-2

) by 

Schultz 

γ
D 

(mJ m
-2

) by 

Dorris-Gray 

Quartz 53 < x < 75 52.76 52.61 

Talc 53 < x < 75 59.16 59.88 

D-mannitol – 32.79 33.53 

 

 

3.2.4. Surface Energy Heterogeneity 

Surface energy heterogeneity is one of the most useful characteristics provided by IGC. It is, in 

essence, an energy map which provides important information about energy distribution on the 

surface and its variation. Surface energy heterogeneity is obtained by plotting surface energy 

values as a function of surface coverage (surface energy profile). Figure 3.8 shows the dispersive 

surface energy profile for a quartz sample. It suggests an energetically active surface since the 

dispersive surface energy decreases dramatically with increasing surface coverage. As a result, 

there is a notable difference between minimum and maximum dispersive values, ranging from 31 

mJ m
-2

 to approximately 60 mJ m
-2

. This trend is attributed to the fact that at low surface 

coverages, the high energy sites are first taken up by probe molecules; increasing the surface 

coverage leads to the occupation of lower energy sites by the probe. 
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Figure 3. 8. Dispersive surface energy profile of quartz (53 µm < x < 75 µm) by Schultz method, using 

C6-C10 normal alkanes for surface coverages between 0.5% and 50%. 

 

 

3.2.5. Specific Component of Surface Free Energy 

To determine specific or non-dispersive components, also termed the acid-base interaction 

parameters of surface free energy, 
SP

S  the dispersive component is subtracted from the total free 

energy of adsorption. Experimentally, it is obtained by calculating the retention data of well-

characterised polar solutes. One of the difficulties associated with measuring specific 

components of surface energy is that the interactions between polar probes and the solid surface 

are of both types; dispersive and specific. Moreover, specific interactions encompass all 

categories of interactions such as acid-base, magnetic, metallic, hydrogen-bonding, etc. with the 

exception of London interactions [73]. 
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In the Van Oss description, the specific component of surface free energy can be divided into 

contribution of Lewis acid (electron acceptor), 


S , and Lewis base (electron donor), 


S , that can 

be calculated using Equation 3-21 [110]: 
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If monopolar probe molecules are used, 


S  and 


S  can be calculated directly from only two 

probe molecules (one acid and one base), as illustrated in Equations 3-22 and 3-23, using 

dichloromethane (subscript DCM) as a monopolar acid and ethyl acetate (subscript EthAce) as a 

monopolar base, for example. 
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With both 


S  and 


S  now known for the solid, one can estimate the acid-base component of the 

surface energy (
SP

S ) of the solid by using the geometric mean of the 


S  and 


S  values. The 

shortened form of Equation 3-21 proposed by Owens & Wendt makes the measuring of specific 

component of surface free energy possible by using only two monopolar acidic and basic probes 

such as dichloromethane (CH2Cl2) and ethyl acetate (C4H8O2), respectively [110]: 
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The total surface energy can then be calculated by adding the specific and dispersive 

contributions to surface energy: 
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3.2.6. Acid-Base Properties 

One of the advantages of IGC in investigating acid-base properties of materials is the possibility 

of studying the variations related to surface group orientations [74]. Different methods are 

applied to describe the acidic or basic behaviour of a solid. The most commonly applied 

approach for calculating acid-base contribution of surface energy is the Gutmann concept (or 

procedure) [73, 74]. In the Gutmann concept, acceptor numbers (AN) and donor numbers (DN) 

represent the ability of having Lewis acidity (electron acceptor) and Lewis basicity (electron 

donor) specification, respectively. The enthalpy of a typical acid-base interaction is normalised 

as [54, 73, 107]: 

 

 
100

DNAN
H


         (3 − 26) 

 

According to Papirer et al. [54], the main advantage of the Gutmann concept is that it recognises 

amphoteric probes such as acetone. Amphoteric molecules are able to interact as either an acid or 

base depending on the nature of the associated substance. Acetone, for example, can act as an 

electron acceptor due to the electron-deficient carbon of the carbonyl group, and show basicity 

through sharing the electrons on the oxygen atom. Hence, the specific interactions between solid 

surface and a polar probe is described by the following [110]: 
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where KA and KB are a clear indication of the acid-base or the electron donor-acceptor properties 

of the sample. the Lewis acid and Lewis base parameters of a series of polar probes, respectively 

and can be calculated by plotting −
∆𝐺

𝐴𝑁
  against 

𝐷𝑁

𝐴𝑁
 . Figure 3.9 gives an example of calculating 

the acid-base properties for quartz (53 µm < x < 75 µm) using the Gutmann method. The acid 
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and base constants for this sample were calculated as: KA = 0.2119 and KB = 0.2874; indicating 

the quartz surface is amphoteric. 

 

 

Figure 3.9. The acid-base diagram for quartz (53 µm < x < 75 µm). 

 

 

3.3. IGC Applications 

Soon after IGC was established as a simple and sensitive technique to measure physicochemical 

properties, a wide variety of materials were investigated by IGC. The most attractive aspect of 

this technique was the effective application to a wide range of physicochemical characterisation 

of diverse non-volatile materials in various forms and with different morphologies. Both bulk 

and surface properties of materials, including dispersive and specific parameters of surface free 

energy, diffusion coefficients, phase transitions and crystallinity can be characterised by IGC 

[100, 117, 118]. The activity of a material’s surface depends on the nature of the surface, such as 

surface area, surface free energy, porosity, and acidity-basicity. IGC is a precise surface 

characterisation technique that can be used to measure these characteristics. It is an excellent 

method to either determine the production method which affects the surface properties or predict 
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the surface behaviour of the sample in contact with other materials. For example, it was used 

successfully to predict the effect of milling on the bulk and surface properties of drug 

compounds [119] which is an important factor in developments for the pharmaceutical industry. 

In an IGC experiment, bulk interactions arise from diffusion of the probe molecule into the bulk 

of the stationary phase. Miscibility is one of the most important specifications of the 

polymerisation process. The solubility parameter and Flory-Huggins interaction parameter can 

also be determined by IGC. The applicability of IGC in measurements of physicochemical 

properties of various materials has been described by Voelkel et al. [73, 80, 100, 111, 118]. IGC 

is usually referred to as a physicochemical characterisation technique since physical and 

chemical properties of materials can be measured simultaneously. However, a new IGC 

application has been recently introduced in which the structural and chemical characteristics of 

carbon nanotubes were separately studied by using two different groups of probes with different 

chemical specifics which were called "structural probes" and "chemical probes" [120]. 

The following sections cover the use of IGC in analysing the surface properties of a wide variety 

of materials. These range from pharmaceutical products to naturally occurring minerals 

indicating the varied applications that can benefit from inverse gas chromatography. 

 

3.3.1. Polymers 

Polymers are the most extensively researched materials using IGC. Contact angle measurements 

are the most widely used traditional methods to characterise polymer surfaces. However, an 

alternative method was required due to surface heterogeneity and roughness, and also absorption 

of the liquid into the polymer bulk (instead of adsorption on the surface) that result in 

inefficiencies of the contact angle method [121]. The popularity of IGC in polymer industries is 

directly related to its applicability as a technique for the characterisation of the thermodynamic 

properties of polymer blends, especially the viscous ones [122]. The Flory-Huggins (polymer-

polymer and polymer-solvent) interaction parameters, miscibility, Hansen solubility parameters 

(HSP) (dispersive, polar, hydrogen bonding, and total), and Hildebrand solubility parameter are 

the bulk properties of polymer blends assessed quickly and accurately by IGC. Guillet & Al-

Saigh [123] discussed the application of this technique in characterizing natural and synthetic 
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polymers. The properties they described are the glass transition, degree of crystallinity and rate 

of crystallisation, diffusion, activity coefficients, solubility parameters, hydrogen bonding, and 

surface studies such as surface area and energy and adsorption isotherms. The prediction of 

interactions between a polymeric matrix and a pigment by this technique was also described 

[117]. 

The first IGC research to determine the thermodynamic properties of polymers was conducted in 

1969 at the University of Toronto [27, 28, 124]. Smidsrød & Guillet [28] determined the glass 

transition temperature of poly(N-isopropylacrylamide) and noted that the IGC was a fast and 

valuable technique for assessing the physicochemical properties of polymers. Ansari & Price 

[125, 126] studied the surface properties of calcined kaolin filled polymers using inverse gas 

chromatography. They evaluated the different surface energies of two calcined kaolins and 

calcined kaolin filled polyethylene of which X-ray photoelectron spectroscopy (XPS) was 

incapable of differentiating [125]. In spite of the similarity between crystallisation specifications 

and also their XPS results, different surface energies and Lewis acid-base behaviour were 

observed through IGC. Furthermore, it was examined how the surface energies of different 

kaolins (as the filler) affected the mechanical properties of Nylon-6 composites [126]. The 

dispersive components of the surface free energy of the Nylon-6 polyamide, calcined kaolin, and 

kaolins coated with a coupling agent (aminosilane) were measured by IGC. In spite of the similar 

enthalpies of adsorption, the dispersive surface energy of uncoated kaolin was remarkably higher 

than the polyamide, whilst the silane treated sample showed lower surface energy, close to that 

of the polyamide. In addition, using the coated kaolin resulted in better mechanical properties of 

Nylon-6 which was correlated to surface energy. Moreover, investigating the specific surface 

free energy showed a basic surface for Nylon-6 with a high capacity for hydrogen bonding and 

also suggested an acidic surface for calcined kaolin, which turned to basic after being treated 

with aminosilane. Voelkel et al. [127] used IGC to investigate the dispersive components of the 

surface free energy of several polymers. The influence of different parameters such as chemical 

structure, functional group, and heat treatment on the dispersive properties of the polymers was 

studied. The dispersive component determined by IGC was found to be a useful measure for 

describing the different behaviours of polymer surfaces of the same chemical characteristics. The 
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diffusivity of solvents in the polymer phase also can be determined through IGC. Diffusivities of 

water, methanol, and methyl acetate in poly(vinyl acetate) and poly(vinyl alcohol) were 

measured by IGC and compared to the values from literature [128]. In most experiments, the 

diffusivity of the solvents in the polymers was highly dependent on the temperature and the 

concentration of the solvents. In addition, for many experiments, the diffusivity significantly 

decreased near the glass transition temperatures (Tg). The results were in good agreement with 

data from gravimetric sorption. 

IGC methodology has become the method of choice to evaluate different bulk and surface 

properties of various polymers and their blends such as polyethylene (PE) [125, 129-131], 

polyamide [126], polyethers [132], polyesters [132-135], polycarbonates [132], polystyrenes 

[136-141], poly(vinyl chloride) (PVC) [139, 142-144], poly(ethylene oxide) (PEO) [139, 142], 

PVC-PEO blends [145], poly(methyl acrylate) [61], poly(ethyl methacrylate) (PEMA) [146, 

147], poly(methyl methacrylate) (PMMA) [127, 142-144, 148, 149], PVC-PMMA blend [143], 

poly(α-n-alkyl) methacrylate [148], poly(vinyl acetate) [61], polyacrylonitrile [150], biopolymers 

[151], polyimide precursor, and its thermal rearrangement [152]. Cellulose esters, used as 

biodegradable polymers, were also characterised by IGC [153-157]. There has also been some 

research into investigating the influence of system parameters on the IGC measurements of 

polymers. For example, Mayer-Helm & Rauter [158] evaluated column efficiency and the 

minimum allowable operating temperature of columns containing polysiloxane and polyethylene 

glycol compounds by inverse gas chromatography. In another study, the impact of carrier gas 

flow rate on retention volume was studied [159]. The sensitivity of specific retention volume to 

the flow rate at different temperatures on poly(n-butyl methacrylate) was investigated. Tyagi et 

al. [133] concluded that the changes in specific retention time with flow rate can be linear, 

nonlinear, or remain unchanged, depending on the column temperature and the flow rate. The 

work of cohesion (Wco) between polymeric matrix microparticles which had been exposed to 

different conditioning process was determined using IGC, in order to evaluate the flowability of 

microparticles during production [160]. It was suggested that the flowability improvement could 

be correlated to the decrease in the interparticle cohesion on which a conditioning process was 

proposed to improve the microparticle flowability. A large number of polymer matrix materials 
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were introduced to be examined by the same technique; however, the copolymer poly(d,1-

lactide-co-glycolide) was proposed to be the preferred compound. The properties of polymers, 

copolymers, and their blends, as determined by IGC are shown in Table 3.2. 

 

Table 3.2. Physicochemical characteristics of polymers, copolymers and their blends, as determined by IGC. 

Parameter References 

Solubility parameter component [130, 134, 154, 156, 161-169] 

Flory-Huggins interaction parameter 
[58, 61, 62, 71, 130, 134, 136, 141, 143, 145, 146, 

161, 163-178] 

Miscibility [58, 61, 136, 145, 171-173, 179]  

Activity coefficient 
[58, 134, 136, 141, 146, 161-163, 165-170, 173, 174, 

177, 179] 

Crystallinity [173, 174, 180-183] 

Glass transition temperature (Tg) [27, 133, 140, 146, 154, 161, 162, 172, 173, 184]  

Melting point [173, 183]   

Dispersive surface energy (𝛾D
) [125-127, 137, 144, 149, 151, 153, 155, 157, 185-191] 

Specific (acid-base) interaction [79, 125, 126, 185, 187, 189]  

Surface area [36, 138, 177, 192, 193]  

Work of cohesion (Wco) [160] 

Sorption enthalpy (∆H) 
[125, 126, 137, 143, 146, 148, 149, 153, 155, 157, 

161, 164-167, 169, 174, 176, 186, 192, 194] 

Sorption entropy (∆S) [85, 137, 138, 143, 148, 149, 157, 161, 165, 169, 176] 

Sorption free energy (∆G) 
[138, 143, 149, 157, 161, 164-166, 169, 176, 186, 

189] 

Thermodynamics of hydrogen bonding [194] 

Diffusion coefficient [128, 178, 195, 196] 

Partition coefficient [195] 

Acid/base number (KA, KB) [144, 153, 155, 157, 189-191] 

Surface nanomorphology [189] 
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3.3.2. Pharmaceuticals 

After polymers, pharmaceutical powders are the most extensively investigated materials by IGC. 

The pharmaceutical industry requires a high degree of accuracy when characterizing small 

quantities of substances in different forms, such as amorphous, polymorphs, hydrates, co-

crystals, and solvates. Pharmaceuticals are most commonly formulated with more than one active 

ingredient and hence understanding the interactions between them in a product is extremely 

important. Moreover, since pharmaceutical powders are often energetically heterogeneous, their 

surface energy distribution plays a significant role in product quality. It is believed that 

traditional methods, such as contact angle measurements for determining interfacial free energy, 

may lead to the experimental conditions interfering with the results [197]. Therefore, surface 

characterisation of active pharmaceutical ingredients (APIs), excipients and drug delivery 

systems (DDS) by IGC has become of significant interest in recent years. IGC was also found to 

be an effective technique for proposing storage conditions and the shelf life of pharmaceuticals 

by measuring the crystallisation rates of amorphous dispersions [198]. The pharmaceutically 

relevant physical and chemical properties of various materials and the influence of different 

preparation methods, such as milling, dehydration, etc. as well as the impact of experimental 

variables, such as temperature, compaction pressure, water content, and ambient moisture on the 

product characteristics have been studied [199]. 

Planinšek & Buckton [200] conducted IGC investigations to characterise various common 

pharmaceutical excipients in different forms, including amorphous powders, crystalline and 

highly porous particles ranging from naturally hydrophilic to hydrophobic. They detailed not 

only the beneficial aspects, but also the potential difficulties of IGC in analyzing amorphous 

pharmaceuticals. For example, the probability of diffusion of probes (especially polar probes) 

into amorphous powders such as cellulose was a concern. Moreover, fine materials such as 

magnesium stearate were found to be difficult to characterise by IGC due to the pressure drop 

across the column, since the particles tend to aggregate inside the column. Buckton & Gill [201] 

discussed the significance of powder surface energetics in drug delivery and that IGC was an 

excellent technique for studying amorphous powders which might crystallise or dissolve during 

contact angle measurements. Furthermore, it was concluded that IGC was a sensitive enough tool 
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for examining the complexity of powder behaviour via their surface interactions. Applications of 

inverse gas chromatography in pharmaceutical research have been also discussed by Grimsey et 

al. [197]. They mentioned the effect of several parameters such as humidity, sample morphology 

and particle preparation methods including milling and drying on the results of IGC experiments. 

The effects of granulation on the surface properties of drug substances and the physicochemical 

stability of granulated amorphous compounds have also been evaluated by IGC [202]. In 

addition to various applications of IGC in the pharmaceutical industry, its applicability to 

studying the anisotropic surface properties of pharmaceuticals was discussed in a recent review 

by Ho & Heng [105]. 

IGC has become established as a useful and precise technique to predict changes in the 

characteristics of pharmaceutical powders due to different industrial processes. For example, 

surface energy of materials has been evaluated by IGC to assess the thermodynamic impact of 

particle size and milling [203, 204] or micronisation [110]. More recently, Gamble et al. [113] 

evaluated the efficiency of IGC in analysing the surface heterogeneity of a binary system. They 

applied IGC to investigate the surface interactions and heterogeneity distributions of drug 

compounds coated with two different concentrations of silicon dioxide. The results led to the 

conclusion that the interpretation of IGC results for studying a binary sample’s dispersive surface 

energy was complicated due to different degrees of tendency between coating and bed materials. 

The dispersive surface energy was derived from contributions of both components on the 

surface. However, the quantity attributed to each constituent was dependent on its availability 

and surface energy heterogeneity. Work of cohesion and surface heterogeneity of coarse and 

micronised lactose were analysed by IGC [205]. The results showed that IGC was able to 

discriminate between different lactose powders and also to determine the agglomeration due to 

the storage of powders in a humid environment. The glass transition phenomenon of amorphous 

lactose was also studied by IGC [206], and it was shown that applying IGC in conjunction with a 

vapour sorption system provided reliable information about important parameters of amorphous 

materials, namely: molecular mobility; glass transition temperature (Tg); collapse; and 

crystallisation. Moreover, the high sensitivity of IGC makes it a powerful technique to detect 

minor changes in a surface’s nature due to processing. Buckton et al. [207] applied IGC and 
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isothermal microcalorimetry together to study small variations in the surface properties of 

saquinavir mesylate powders dried through different techniques. The results indicated a stable, 

less energetic surface for tray-dried samples than for vacuum-dried and heated samples. 

Some of the drugs whose surface properties have been determined by IGC are salbutamol 

sulphate [208-210], cellulose [199, 211-213], indomethacin [199, 214, 215], lactose [68, 205, 

206, 215-228], ibuprofen [229, 230] paracetamol crystal [203], ibipinabant [110], mannitol 

[219], and dl-propranolol hydrochloride [231]. Furthermore, it has been used in a study of 

cellulose ether matrix tablets release mechanism of pentoxifylline and vancomycin by 

determining surface energy parameters of cellulose ether powders [212]. The results indicated 

that IGC (in combination with other techniques) is a suitable tool to study small differences 

between the polymers with different substitutions and to predict their behaviour in water. 

IGC at infinite dilution can be used to predict the impact of different methods of attrition or 

cleavage on the powder characteristics. Succinic acid and sucrose were applied as model 

compounds and the effect of two milling methods, high shear wet milling (HSWM) and dry 

milling (DM), on their surface properties was studied [119]. It was concluded that the magnitude 

of the milling effect on the surface energies was highly dependent on the examined compound. If 

the milling process had a minimal impact on the surface energetics, it resulted in smaller 

particles but the same atomic arrangement at the surface. In other words, the IGC analysis 

confirmed significant changes in sucrose surface free energy as a result of the milling process. 

The impact of the mixing lubricant and excipient on tablet properties was studied by Otsuka et 

al. [232]. They examined the effects of the type of mixer and mixing time of three types of 

excipients with magnesium stearate lubricant on particle size, specific surface area and surface 

morphology of the mixed powders, and also on the tableting compression process by IGC at 

infinite dilution. The results showed that the surface energy of particles mixed in a twin-shell 

mixer had less dependency on mixing time than that in the high-speed mixer, although in both 

cases it decreased with an increase in mixing time. The experiments indicated that the 

mechanical strength of tablets before adding lubricants could be predicted by the IGC analysis of 

pharmaceutical ingredients.  
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Surface energy measurements using IGC were also applied to study the impact of micronisation 

on the surface of ibuprofen in order to reduce its cohesion [230].  Ibuprofen powder was 

premixed with amorphous hydrophilic nanosilica; micronisation of the dry coated and uncoated 

powders was conducted through the same procedure, resulting in powders with different surface 

energy and flowability. The results revealed a heterogeneous surface and finer particles with a 

higher surface energy for the uncoated ibuprofen; while dry coating with nanosilica resulted in 

decreasing the dispersive component of surface energy, producing a homogeneous distribution of 

surface energy sites, and creation of nanoscale surface roughness which, in turn, resulted in a 

lower cohesion and improved flowability. 

IGC has been also applied to calculate work of adhesion (Wadh) and work of cohesion (Wco) of 

pharmaceutical materials. The influence of lubricants in pharmaceutical formulation is directly 

related to their role in the reduction of cohesive forces between particles or adhesive forces 

between particles and the container wall [226]. The technique explained how the dispersibility of 

salbutamol sulphate was improved by magnesium stearate (MgSt) [210]. Determining 

interactions between non-symmetrical particles using atomic force microscopy (AFM) was found 

to be difficult due to their variable contact surfaces; therefore, IGC was used to calculate the 

thermodynamic work of cohesion/adhesion between the sample particles. The work of adhesion 

(Wadh) between salbutamol sulphate and MgSt was significantly smaller than the work of 

cohesion (Wco) between the salbutamol sulphate particles in agglomerates, confirming that 

magnesium stearate acted as an agglomerate modifier through increasing the particle detachment 

(and/or packing fraction). The distribution of dispersive, specific and total surface energies of 

lactose and indomethacin was determined by Das and Stewart in order to study the effect of two 

different MgSt-addition methods on the surface energy of lactose; the changes in indomethacin 

surface energy due to micronisation; and the influence of the storage at high relative humidity 

(RH) on the surface energy of micronised lactose  [215]. The results revealed that determining 

the surface energy heterogeneity was more useful than obtaining only the surface energy value at 

a determined surface coverage. Mechanofused lactose with MgSt showed a higher decrease in 

surface energy than the product form mixing in a Turbula, which was in agreement with 

measurements indicating an improved flowability and dispersibility of the mechanofused sample. 
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The micronisation process resulted in an increase in the dispersive surface energy and a decrease 

in the specific and total surface energy of indomethacin. Furthermore, the dispersive, specific, 

and total surface energy of the micronised lactose decreased after storage for three months at 

75% RH. The measured properties of pharmaceutical ingredients and products by IGC method 

are summarised in Table 3.3. 

 

Table 3.3. Physicochemical characteristics of pharmaceutical materials, as determined by IGC. 

Parameter References 

Flory-Huggins interaction parameter [116] 

Sorption free energy (∆G) [68, 110, 199, 203-205, 208, 209, 217] 

Surface energy heterogeneity [110, 113, 205, 208, 214-216, 219, 228, 233-236] 

Dispersive surface energy (𝛾D
) 

[68, 110, 113, 116, 119, 199, 200, 203-205, 207-211, 

213-220, 222, 225, 226, 228, 230, 231, 233, 234, 

236-247] 

Specific free energy (∆G
SP

) 
[69, 110, 119, 199, 203, 205, 208, 209, 214-216, 218, 

226, 228, 231, 236-238, 242, 243, 245] 

Acid/base number (KA, KB) 
[68, 69, 116, 199, 200, 202, 203, 207-209, 214, 217, 

220, 237, 239, 240, 242, 243, 245, 247] 

Work of cohesion (Wco) [205, 210, 226, 236] 

Work of adhesion (Wadh) [210, 236] 

Glass transition temperature (Tg) [199, 206, 248] 

Surface structural relaxation [249-251] 

Surface crystallisation [252] 

Hildebrand’s solubility parameter (δ) [236] 
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3.3.3. Minerals and Inorganic Compounds 

Surface characterisation studies of minerals, especially high surface energy compounds, are 

usually difficult due to their tendency to adsorb water [253]. However, the IGC technique has 

been successfully applied to characterise such materials. Calcium carbonate (CaCO3) is a high-

energy surface filler that was characterised by infinite dilution inverse gas chromatography 

[253]. It was found that the surface of the CaCO3 was strongly basic and its basicity was reduced 

dramatically by coating. The high acidity of the coated filler was due to the heterogeneous 

distribution of coating and more than monolayer surfactant coverage on the surface. Keller and 

Luner [254] characterised and compared the surface chemistry of synthetic calcium carbonate, 

marble and chalk, investigating porosity, BET surface area, and chemical composition. The 

results showed that the physically and chemically adsorbed water at the surface, and within the 

pores, plays a significant role in the surface energetics of the calcium carbonates. Dehydration of 

the compound by heating resulted in an increase in surface energy. The IGC showed a high 

degree of sensitivity in tracking water desorption at sub-monolayer concentrations. 

In oil transport, water-wet (hydrophilic) surfaces release more oil than oil-wet (hydrophobic) 

surfaces; this phenomenon influences oil recovery from reservoirs. In order to enhance/improve 

the recovery of  the inaccessible oil, chemical interactions between oil phase, aqueous phase, and 

rocks of different origins were studied using IGC [255]. The surface of two natural chalks from a 

water zone and a gas zone (an analogue for oil saturated chalk) was characterised. It was 

concluded that the sample from the gas zone was more hydrophobic and the dispersive and 

specific components of the surface free energy were lower than those of the water zone chalk. 

Furthermore, it was suggested that the hydrophobicity of the chalk surface was determined by 

the surface nano-organoclay (hydrocarbons adsorbed clay) rather than the chalk itself. 

The study of surface properties of slates by means of inverse gas chromatography was 

undertaken by Rodriguez et al. [256]. The specific and nonspecific surface energy of 

mesoporous structural slate containing quartz, muscovite and chlorite was characterised at zero 

surface coverage (infinite dilution) IGC. Consequently, IGC was reported to be a valuable 

method for determining the properties of the slate surfaces which had been already characterised 

by chemical analysis, BET N2-adsorption, XRD, and FTIR. 
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Surface energy characterisation of rocks by IGC was reported by Arsalan et al. [257, 258]. 

Lifshitz-van der Waals (dispersive) and acid-base components of surface energy of carbonate 

(calcite and dolomite) and sandstone rocks were determined. For all these minerals, the Lifshitz-

van der Waals component decreased with increasing temperature, in contrast to the acid-base 

properties which increased with increasing temperature. In addition, by determining and 

comparing the magnitude of the surface interactions between the crude oil-rock and brine-rock 

they were able to predict whether a reservoir rock would react as a water-wet or oil-wet rock. 

The influence of polymeric (acrylic) coatings on marbles (and clay) against the corrosive effect 

of sulphur dioxide (SO2) was evaluated by a version of IGC called reversed-flow gas 

chromatography (RFGC) [196]. In the RFGC system, the direction of carrier gas flow is 

repeatedly reversed for a short time, allowing the measurement of the deposition velocities of 

SO2 and the protective efficiency of the coatings on the samples. RFGC was successfully applied 

to confirm that the examined coating (acrylic copolymer Paraloid B-72) effectively protected the 

surface of marble (and the clay) from SO2 corrosion. 

The quality of an abrasive material strongly depends on the abrasiveness, its coverage by a 

wetting agent and the quality of hardening process [259]. Pyrite (FeS2), calfix (MgCO3+CaCO3), 

cryolite (Na3AlF6), potassium fluoroborate (KBF4), lithopone (ZnS+BaSO4), and PAF (K3AlF6) 

are compounds that have been characterised as raw fillers for abrasive materials and their semi-

products by IGC [260]. Voelkel & Strzemiecka [261] utilised IGC to evaluate the crosslinking 

extent in the manufacturing of grinding tools. Jurga et al. [259] applied IGC to examine the 

degree of crosslinking of resins in the intermediate-product which is determinative in the 

stability of abrasive products. Strzemiecka et al. [262] used IGC to compare two kinds of 

abrasive fillers: perlite and zeolite. They used the resulting dispersive and specific components of 

the surface free energy of the fillers to determine their surface activity and also the Flory-

Huggins parameter to examine interaction phenomena between the fillers and phenolic resin. 

IGC analyses mainly results in measurements of the adsorption energy. With a slightly different 

approach, it was shown that even the local adsorption energies are measurable by this technique 

[263]. Local adsorption isotherms and local specific surface areas for gaseous hydrocarbons on 
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solids including ZnO, PbO and CaCO3 were determined. The terminology "local" refers to those 

energy sites that are active at a particular time. 

The applicability of IGC to flotation in mineral processing was introduced by Ali et al. [264]. 

IGC surface energy analysis and then microflotation experiments were carried out on galena 

(hydrophobic) and quartz (hydrophilic) minerals. It was shown that there was a correlation 

between the work of adhesion and the hydrophilic nature of the examined minerals (Figure 3.10), 

and the subsequent microflotation recovery. In fact, determining work of adhesion using polar 

and nonpolar solvents makes IGC a fast method for following batch to batch changes in surface 

characteristics with reproducible results [66]. Hydrophilicity was defined as the ratio of the 

specific component to the total surface energy by Ho et al. [235]. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.10. Work of adhesion between water and galena (filled in triangles) and quartz 

(filled in squares); plus the hydrophilicity of galena (empty triangles)  and quartz 

(empty squares), both as a function of surface coverage [264]. 
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3.3.3.1. Silica 

Silica is one of the most characterised inorganic compounds, found both in nature and 

synthesised in different forms including crystal, colloidal, pyrogenic, and porous materials, such 

as silica gel and aerogel. Surface chemistry of porous silica and the changes due to various 

modifications have been studied by a number of researchers. The results have shown that the 

dispersive surface energy of the material functions independently from its specific surface area 

[265]. The surface of silica modified by an esterification (pyrogenic silica) reaction with alcohols 

was also investigated for evidence of the degree of coverage by the grafts [266]. In similar 

research, the surface properties of initial and grafted silica with a C8 alkyl chain [96], methanol 

[94], and hexadecanol chains [94, 95] were assessed by IGC at finite concentration. In addition, 

the effect of the degree of coverage of silylated silica was examined by IGC at both finite 

concentration and infinite dilution [267]. Sidqi et al. [268] measured the thermodynamic 

parameters of the surface of both pure and impure silica samples from different sources. 

Moreover, modified silicas have been characterised focusing on the influence of the graft carbon 

numbers on the surface properties [269, 270]. In another study, Pyda & Guiochon [271] 

characterised silica-based adsorbents by IGC. They believe that their data is dramatically more 

accurate and precise than other work since they have applied the stationary phase as a coating on 

the open column wall instead of packing it into the column. 

Brendlé & Papirer [272, 273] proposed a topological index ( T ) for probes in IGC in order to 

evaluate the surface nanorugosity of solids of various morphologies. Pyrogenic and lamellar 

crystalline silicas, as well as zirconia (ZrO2), goethite, and graphite, were characterised using 

linear, branched, and cyclic alkanes as probes. The study was conducted based on the fact that 

the interaction between the solid surface and solutes is not only controlled by the surface energy 

sites’ status, but also by the molecular structure and morphology of individual adsorbates. The 

parameter topological index ( T ) was successfully used to determine 
D and the surface 

roughness (nanomorphology) of the samples using the calculated topological indexes of the 

probes. 
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Controlled pore glasses are porous glasses which are prepared with a wide range of textural and 

porosity properties. Because of its adjustable porosity (therefore adjustable adsorption strength) 

and its excellent mechanical and chemical stability, it is an attractive material for a diverse range 

of applications. Rueckriem et al. [274] applied IGC to describe how textural properties affect the 

dispersive surface energy and the specific surface energy. Thermally treated controlled porosity 

glasses and boron-coated silica gel were also characterised by IGC [275]. The results showed 

that the dispersive surface energy (
D ) of the samples was slightly increased due to the surface 

modification. In contrast, the non-dispersive components of surface free energy ( SP ) changed 

significantly; this phenomenon was mainly attributed to the existence of hydroxyl groups at the 

surface. 

The changes in glass fibres’ surface energy due to treatment with silane and titanate have been 

studied using IGC [276]. The results demonstrated that in the case of untreated samples, the solid 

surface was the electron donor and the adsorbed probe was the electron acceptor. However, the 

treated fibres showed the opposite electron donor/acceptor behaviour, and the electrons 

transferred from adsorbed molecules to the solid surface. The order of electron transfer ability of 

the samples was suggested to be: silane-treated < untreated < titanate-treated. Moreover, an 

improved mechanical performance was observed for the fibre-phenolic resin composites 

containing silane-treated short glass fibre. This improvement was attributed to an improved 

matching of surface energy values of the components which resulted in a stronger binding within 

the composite. 

Surface energy, work of adhesion, and hydrophilicity (
SP /

T ) of quartz, before and after 

modification with dodecylamine, was determined using IGC. Microflotation experiments were 

also conducted to study the correlation between the surface characteristics and flotation response. 

The results confirmed that the hydrophilic quartz had a relatively high surface energy and the 

adsorption of the cationic surfactant reduced the surface energy of the hydrophobised quartz. 

Furthermore, the surface heterogeneity evaluation indicated that the surface of the modified 

quartz was energetically less active and more homogeneous than the untreated samples. The 
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flotation behaviour of the quartz matched the changes in the surface energy and work of 

adhesion to water. 

Thermodynamic parameters of glass beads with 1 m
2 

g
-1

 specific surface area, both untreated and 

treated with sulfochromic acid, and their proportions of silanol and siloxane surface groups were 

measured and compared by Comte et al. [277]. The carrier gas was used with different relative 

humidity values, and it was observed that regardless of the humidity, the dispersive component 

of surface energy for the treated samples was higher than that of untreated beads. 

 

3.3.3.2. Clay Minerals 

Clay minerals are attractive compounds for many industrial applications, and as such have been 

characterised by inverse gas chromatography. Phyllosilicate minerals (smectites) are an 

important group of minerals for purposes ranging from drilling mud and latex paint to animal 

litter trays and nail polish. Smectite clays have high specific surface areas and are chemically 

active; their structural layering allows them to attract a large number of polar molecules, such as 

water, into their interlamellar structure. Montmorillonite, bentonite, beidellite, saponite, 

nontronite, and hectorite are the most important clays among this group of minerals. Surface 

properties of smectites were determined by IGC at infinite dilution by Bandosz et al. [88, 278]. 

They found a relationship between the parameters obtained from IGC and chemical 

characteristics, surface area, and porosity. The technique was confirmed to be a useful method to 

study the surface of layered minerals since it complemented conventional characterisation 

analyses. Kaolinite is another important industrial clay, extensively used as a filler in the 

polymer industry. Commercial calcined kaolin surfaces, before and after modification with an 

aminosilane coupling agent, have been analysed by IGC [126, 279]. In these studies, changes in 

surface free energetics of kaolinite due to calcination and coating with a coupling agent 

(aminopropyl triethoxysilane) were studied. The authors believe that their results "further 

validate the use of IGC for the study of the surface properties of finely divided solids" [279]. 

Additionally, dispersive components of the surface free energy of illites and kaolinites from 

different sources were studied at different temperatures using infinite dilution IGC [280]. In this 

work, surface properties of illites and kaolinites from different formation conditions were 
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compared. IGC was capable of differentiating not only illites from kaolinites, but also the species 

of a given family regarding their origin achieved by analysing a limited number of samples. 

Sepiolite is another clay mineral that was characterised using IGC under two different conditions 

[281]. Dispersive components of surface free energy at different temperatures, as well as 

enthalpies, entropies and the acid-base properties of the sepiolite modified with iron were 

determined under infinite dilution conditions. Furthermore, specific surface area, pore volume 

and pore size and adsorption energy distributions were achieved at finite concentrations. It was 

found to be a useful technique for determining the surface properties of Fe-sepiolite, although the 

specific surface area calculated by IGC did not show a good agreement with the result obtained 

from N2-adsorption isotherms of BET method. The influence of low temperature air plasma 

treatment on the properties of kaolinite was evaluated by measuring the surface energies through 

IGC using both the Schultz and Dorris-Gray methods [282]. The dispersive surface energy 

heterogeneity profiles of untreated and plasma treated samples for different time periods were 

determined. The calculated 
D increased after the air plasma treatment. From the 

D

distributions, it was concluded that the surface energy of the sample was activated after a 10 

minute treatment; however, increasing the treatment time to 30 minutes showed the opposite 

effect. Furthermore, the dispersive surface energy profiles confirmed that the air plasma 

treatment led to a higher average surface energy in a wider surface coverage range for the 

kaolinite powders. 

The isotherm of chlorinated hydrocarbon adsorption on halloysite surface was determined by two 

IGC methods, peak maximum (PM) and peak division (PD), and the results were compared 

[283]. In the PM method, several amounts of a single solvent were injected into the IGC column, 

whilst PD calculation was based on a single chromatographic peak. The adsorption isotherm was 

obtained quickly, and the results showed little differences. Moreover, the enthalpy of the 

adsorption of chlorinated hydrocarbons (dichloroethylene, trichloroethylene, tetrachloroethylene) 

on the halloysite surface was negative and decreased with increasing the number of the chlorine 

atoms of the adsorbate. The effect of different milling processes on the surface properties of an 

attapulgite clay (palygorskite) was studied by using IGC, at both infinite dilution (IGC-ID) and 

finite concentration (IGC-FC) conditions to evaluate the dispersive component of surface energy 
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and the specific surface area, respectively [284]. Three different dry grinding processes (batch 

ball milling, air jet microniser, and vibratory ball mill) were applied and the changes in surface 

properties of the ground products were characterised by IGC. It was concluded that the 

dispersive component of surface energy of the dry-ground samples did not change significantly 

except for the product from the vibratory ball mill. Moreover, the specific surface area obtained 

from IGC with octane probe was comparable to BET specific surface area. Some of the 

determined properties of various clays are summarised in Table 3.4. 

 

Table 3.4. Physicochemical characteristics of clay minerals, as determined by IGC. 

Parameter References 

Dispersive surface energy (𝛾D
) [88, 126, 279, 282, 284, 285] 

Specific interaction (ΔG
SP

) [126] 

Sorption entropy (ΔS) [279] 

Sorption enthalpy (ΔH) [280, 283] 

Diffusion coefficient [196] 

 

 

3.3.3.3. Zeolites 

Natural zeolites have numerous applications including as catalysts, in gas separation, and ion 

exchange, mostly due to their unique porosity and high specific surface area. This group of 

minerals is also widely used as molecular sieves with high selectivity to separate different 

components of a mixture. They are adsorbents in water treatment and purification of other 

industrial fluids. The specific and dispersive components of surface free energy as well as free 

energy and enthalpy of adsorption of zeolites have been measured by inverse gas 

chromatography [286]. IGC was applied to characterise a variety of zeolites [287-289]. These 

experiments used IGC to investigate the effect of storage conditions, including humidity, on 
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zeolite surfaces [287]. The results showed that the surface acidity and basicity had a direct 

relationship with the relative humidity of the carrier gas, although the respective parameters of 

fine and thick zeolites could not be measured due to their very high activity. Furthermore, 

applying IGC provided the possibility of studying the use of zeolites in producing abrasive 

materials without manufacturing a trial product, very important in time- and cost-efficient 

production [288]. The effect of impregnation with acetic and succinic acid, aqueous solutions of 

1,2,3-propanetriol (glycerol), propane-1,3-diol, butane-2,3-diol, and model post-fermentation 

broth on the surface properties of Zeolite 5A was investigated by IGC and compared to the other 

sorbents, Amberlite XAD7HP, Zeolite 5A, and Diaion SK116 [289]. The acid and base numbers 

suggested that the most acidic surface among the examined samples was Zeolite 5A, and a high 

decrease in dispersive surface energy occurred as a result of blockage of the zeolite active sites 

due to the strong adsorption of water during the impregnation. 

Since the BET technique proved inadequate for surface characterisation and prediction of 

adsorption behaviour, IGC was used to comprehensively investigate the adsorption of fragrances 

onto the natural and synthetic zeolites [290]. In other interesting research, Thielmann et al. [77, 

98] combined thermal desorption methods with IGC to examine the surface of 3A and 13X 

zeolites. They succeeded in distinguishing between micropore and mesopore contributions from 

adsorption phenomena due to differences between adsorption mechanisms. 

 

3.3.4. Surfactants 

Surfactants are surface active agents, their function being based on their adsorption at interfaces 

and lowering the surface tension between interfaces. According to the nature of the polar group, 

they are classified as cationic, anionic or non-ionic surfactants. Interaction parameters of 

anhydrous cationic surfactants and their mixtures were determined by inverse gas 

chromatography [291-294]. The results showed that a surfactant’s interactive miscibility depends 

on the differences in temperature, chain length, and the component ratio of the surfactant 

mixtures. Furthermore, solubility parameters of non-ionic surfactants have been determined by 

IGC [295-299]. The results indicated that thermodynamic properties of these surfactants were 

governed by temperature, molecular structure, molecular weight, chain length, component ratio, 
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polarity, and hydrogen bonding components. Voelkel et al. [300] applied IGC to determine the 

binary parameters resulting from hydrogen bonding and polarity of oxyethylene derivatives of 1-

hexadecanol. By using two groups of polar probes with the capacity to form hydrogen and polar 

bonds, it was concluded that the structure of the liquid stationary phase (oxyethylate) and the 

temperature of the IGC column might be responsible for the hydrogen bonding and polar binary 

parameter changes. However, no general link between these two parameters and column 

temperature was reported. Table 3.5 summarises the examined characteristics of surfactants by 

IGC and some of the studied compounds. 

 

Table 3.5. Physicochemical characteristics of surfactants, as determined by IGC. 

Parameter References 

Miscibility [291, 292, 294] 

Flory-Huggins interaction parameter [291, 292, 295-297] 

Activity coefficient [293, 295] 

Solubility parameters [295-299] 

 

 

3.3.5. Nanomaterials 

Nanomaterials may belong to one of the above mentioned material types, but with 

nanostructures. However, their chemical and physical properties such as electronic properties 

and surface energy may be different from bulk material characteristics due to particle size. 

Inverse gas chromatography applications in this area have mostly focused on carbon 

nanoparticles. Menzel et al. [120] studied the physicochemical surface properties of carbon 

nanotubes (CNTs) such as dispersive surface energy and surface heterogeneity by inverse gas 

chromatography. The novelty of their work was applying IGC to the investigation of solids’ 

surface structure and surface chemistry separately, to avoid convoluting these two 

characteristics. IGC was also reported to be a powerful tool for characterizing the surfaces of 

chemical vapour deposition (CVD)-grown, multiwalled carbon nanotubes (CNTs) [301]. 
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Dispersive surface energy (
D ), acid and base numbers (KA and KB), and specific free energy 

(∆G
SP

) for various as-received (commercial), in-house (prepared), and surface-modified CNTs 

by high temperature annealing, thermal oxidation, and grafting with methyl methacrylate were 

determined and compared. The IGC results were shown to be in good agreement with the 

obtained values from conventional surface characterisation techniques, including Bohm’s 

titration, scanning electron microscopy (SEM), and X-ray photoelectron spectroscopy (XPS). 

The results revealed a high dispersive surface for the as-received CNT samples and a higher 

polar component for the commercial CNT surface than the graphitic in-house materials. In 

addition, it was indicated that the modification of the surface by high temperature annealing 

resulted in a decrease in surface polarity, while the thermal oxidation increased the polarity of 

the CNT surface. Furthermore, grafting small amounts of methyl methacrylate was found to have 

a remarkable influence on the surface properties of the examined carbon nanotubes by lowering 

the surface energy and adsorption capacity. IGC was also applied to study the mechanism of 

adsorption of organic chemicals on to carbon nanotubes [302]. Properties such as the dispersive 

component of surface free energy and acid-base parameters of multiwalled carbon nanotubes 

(MWNTs) were determined at infinite dilution in order to investigate their changes due to 

chemical modifications [301, 303]. The examination of the dispersive and specific surface free 

energy values of a composite as a gas diffusion layer for proton exchange membrane fuel cell by 

IGC was also reported [304]. IGC was noted to be an excellent technique for characterizing the 

surface energy of the microporous layer containing nanocarbon chain and fibrous nanocarbon. 

Nanostructured nonmicroporous carbons were also studied using IGC. Three different kinds of 

carbon including carbon nanofibres (CNFs), multiwalled carbon nanotubes (CNTs), and high-

surface-area graphites (HSAGs) have been characterised [305]. Surface free energy and its 

dispersive and specific components, free energy and enthalpy of adsorption of the compounds 

were evaluated by IGC to investigate their capacity for adsorption of n-alkanes; the adsorption 

on HSAGs surface was indicated to be the most energetically favourable. Few-layer graphene 

and graphite nanopowders were also characterised using IGC [306]. The isosteric adsorption 

enthalpies of acetone to the powders as a function of surface coverage were calculated and the 

variation of the enthalpies was explained based on the face and edge of single- and multi-layer 

samples. For example, the determined enthalpy of adsorption at very low surface coverage was 
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attributed to the surface steps and edge cavities; whereas the enthalpy obtained at higher surface 

coverages (≥ 4%) was considered to be the result of the adsorption to flat surfaces. In addition, 

the graphite nanopowders indicated many more high energy sites than the graphene powder 

[285]. The adsorption enthalpies of different probes (acetone, acetonitrile, dichloromethane, 

ethanol, ethyl acetate, hexane, and toluene) on graphene flakes were also determined and the 

results were in excellent agreement with the calculated enthalpies of adsorption through ab initio 

molecular dynamics [307]. 

The impact of different drying methods on the surface properties of cellulose nanofibrils 

including nanofibrillated cellulose (NFCs) and cellulose nanocrystals (CNCs), was evaluated 

using IGC [308]. The dispersive component of surface energy at different temperatures and acid-

base parameters were determined for NFC and CNC samples dried though various drying 

methods. Supercritical-drying NFCs showed the highest 
D , and the freeze-dried NFCs and 

CNCs showed the lowest 
D , and different 

D values were attributed to different degrees of 

agglomeration due to different drying methods. Furthermore, applying the same drying method 

led to a higher acid/base number ratio for NFCs. 

Both IGC conditions, finite concentration and infinite dilution, were applied to study the effect of 

milling media on the surface heterogeneity of graphites [309]. The samples were first ground for 

different times and with different oxygen contents. Then the dispersive component of surface 

energy of the milled graphites was characterised by IGC. It was concluded that the graphite 

surface became more energetic as the result of the milling process, and the number of high 

energy sites increased considerably with increased milling time. IGC was also used to analyse 

the surface properties of other inorganic materials at the nano scale, including metal oxides. 

Dispersive components of the surface free energy as well as specific surface area of zinc oxide 

nanoparticles were determined, in order to study and compare zinc oxides of different 

morphologies, sizes, and specific surface area [310]. The spherical zinc oxide with a high 

specific surface area and the highest structure deficiency showed the highest value of dispersive 

surface energy. In addition, the coated zinc oxide with itaconic (methylenesuccinic) acid showed 

lower surface energy with fewer tendencies to specific interactions. 
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3.3.6. Planar Materials 

In order to characterise the surface of planar materials such as polymer films by means of inverse 

gas chromatography, different methods have been applied to introducing the sample to the IGC 

system. Some of them were deposited on the wall of the chromatographic column [41, 311, 312]. 

Poly(ethylene terephthalate) film was characterised through IGC [121]. Small disks of the 

polyester were packed into the chromatographic column, and the dispersive component of 

surface energy and the Gibbs energy of adsorption (∆Gad) of the film at three temperatures (15 

ºC, 26.5 ºC, and 40 ºC) were determined. The 
D values were in good agreement with contact 

angle measurements. Cellophane film was also studied using IGC by Katz & Gray [102, 313, 

314]. Partition coefficients for a series of n-alkanes, surface free energy (∆Gad), entropy (∆Sad), 

and enthalpy (∆Had) of adsorption were determined by packing cellophane disks into the IGC 

column. They investigated in detail the adsorption of hydrocarbons on cellophane, which is 

regenerated cellulose. In this research, the surface characteristics of cellophane and the influence 

of humidity on the surface interactions were examined. The surface free energy and the 

adsorption isotherms obtained from IGC were compared to the contact angle measurement and 

BET analysis results, respectively; the IGC results were in good agreement with the results from 

conventional methods. In another study [315], the column was filled with strips of food 

packaging polymer films to investigate aroma scalping through them. Similarly, IGC analysis of 

cellulosic paper was conducted by cutting the paper to into small pieces, and was then was 

introduced into a "U" shape stainless steel column under vacuum [67]. 

However, none of the above mentioned methods is considered to be the ideal route for 

introducing film samples in to the IGC system. New IGC instruments can be equipped with a 

film/monolithic sample holder for characterizing thin films, strips and wafers. This has the 

capability of accommodating a wide range of planar samples and being connected to the IGC 

instrument externally. 
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3.3.7. Other Applications 

Since inverse gas chromatography became a well-established method for investigating the 

properties of a wide variety of materials, there are some examples other than those outlined 

previously which are worth mentioning. 

 

3.3.7.1. Carbon 

Activated carbon is a widely used material in various industries. Surface chemical properties and 

pore-size distribution of different activated carbons were investigated using IGC [86, 316] in 

order to evaluate the influence of various treatments on their characteristics. The analysing the 

IGC data indicated an increase in the adsorption energy of alkanes on activated carbon due to the 

oxidation from nitric acid; it clearly demonstrated a correlation between surface chemistry and 

adsorption thermodynamics. Activated carbon was used to test the capability of a modified 

inverse gas chromatography in determining the thermodynamics of porous materials [76]. The 

dispersive component of the surface free energy, specific component of adsorption energy for the 

adsorption of polar probes, specific components of enthalpy of adsorption of two active carbons 

with different BET surface areas, and molar free energy of adsorption of one methylene group on 

the active carbons were determined by using multi-component probes in one injection. An 

external capillary column was used to separate the components of the probe before entering the 

IGC column. Meanwhile, applying both FID and TCD at the same time ensured that the 

measurements were sensitive and fast. The activated carbon with the higher BET area showed 

lower dispersive surface energy. 

Compared to the conventional IGC, the modified IGC was reported to be a convenient and quick 

method to characterise the surface properties of porous solids. The specific interaction, acid (KA) 

and base (KB) numbers, nanomorphology, and electron donor (DN) and acceptor (AN) properties 

of natural and heat treated graphite were determined through the calculated topological index      

( T ) for used probes in IGC [273]. It was concluded that T was independent of temperature 

for the natural sample, and the acidic properties of the graphite surface decreased after heat 

treatment. Surface energy heterogeneity of electro-graphite and synthetic graphite was 

determined by Thielmann & Pearse using finite concentration IGC [317]. It was shown that the 
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adsorption of different probes at solid surfaces occurs through different mechanisms that could 

be useful for blend quality control improvements through understanding the intermolecular 

interactions. 

 

3.3.7.2. Ionic Liquids (ILs) 

Thermodynamic characteristics of ionic liquids (ILs) and their complexes were successfully 

determined by inverse gas chromatography [90-92, 318-322]. Ionic liquids are widely used as 

scavengers in chemical industries, solvents in cellulose processing, dispersing agents in paints, 

transport media for reactive gases, electrolyte media in nuclear fuel recovery, and electrolyte in 

electric batteries. By determining the activity coefficients, the interaction between an ionic liquid 

and different solvents is predictable, and by calculating the selectivity parameter from activity 

coefficients, the efficiency of an IL for a certain separation process would be predictable [319]. 

The studies demonstrated the effect of substitutions in ionic liquid selectivity in the separation of 

aliphatic and aromatic hydrocarbons, as well as the effect of the alkyl chain length on the activity 

coefficient of the ionic liquids. IGC was also used to study miscibility in isosteric solvents 

mixtures [323]. In this work, the Flory–Huggins interaction parameters between isosteric 

solvents were calculated to examine solvent-solvent interactions. The effects of probe 

concentration and temperature on their interactions were studied. The results showed that an 

increase in temperature resulted in a decrease in the Flory–Huggins interaction parameter and 

this effect was more significant for polar solutes than nonpolar solvents. Activity coefficients, 

selectivities, and partial molar excess enthalpies for four new dicationic ionic liquids based on 

morpholine were measured by IGC [320, 321]. The results showed that the examined ILs can be 

efficiently used as extracting solvents for separating aromatic from aliphatic compounds. 

 

3.3.7.3. Fibres 

Natural and synthetic fibres have also been characterised by IGC. Wool fibres (untreated and 

chlorinated) were characterised using C1-C5 n-alcohols as probes [324]. The chlorinated wool 

was shown to contain less sulfonic groups at the surface and a macromolecular rearrangement 

was demonstrated to happen during wetting and drying processes. IGC was used to study the 

surface properties of pitch based and polyacrylonitrile (PAN) carbon fibres [85, 103, 104, 325-
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327]. Dispersive components and specific interactions of pitch based carbon fibres were 

measured before and after modification by thermal treatments and anodic oxidations, to evaluate 

the adhesion between matrix and fibres [325]. The surface of thermo-final treated fibres was 

found to be electron donor (basic) in nature, with a relatively high 
D . Both KA and KD were 

high for aniodic-treated fibres, indicating a better adhesiveness to matrix than non-treated fibres. 

High strength PAN based carbon fibres were also characterised using IGC. It was shown that the 

shear strength of the interface determined through a fragmentation technique is correlated with 

the acid-base interaction parameter obtained from IGC experiments [103, 104]. Comparing the 

measured acid-base properties of different fibres indicated that coated fibres were both more 

acidic and more basic than oxidised and untreated fibres. The study resulted in the proposal of a 

third parameter (K) which reflects the amphoteric character of solids such as oxides or carbon 

fibres [85]. Surface energies (
D , SP , T ) of PAN-based carbon fibres collected at three stages 

of production (carbonisation, electrolytic surface oxidation, and epoxy sizing) were examined 

using IGC. The remarkably high 
D values of unoxidised and oxidised samples reflected the 

graphitic nature of carbon fibre. Oxidised fibres demonstrated the highest SP , most likely due to 

oxygen and nitrogen interactions on the surface. Epoxy-sized fibres showed the highest surface 

polarity or hydrophilicity ( TSP  / ),  this was consistent with the known fact that epoxy sizing 

increase the wettability of carbon fibres [326]. Surface energy heterogeneity (
D , SP , T ) of 

high, standard, and intermediate modulus fibres was also studied [327]. The fibres from different 

stages of production indicated different distributions of energy at the surface. The sized fibre 

surface was energetically homogeneous, and the heterogeneity of unoxidised and oxidised fibres 

was suggested to be about 15% and 30% of the surfaces, respectively. 

Different kinds of lignocellulosic fibres including flax, hemp, kenaf, agave, agave hybrid, sisal 

and pineapple were treated with two modifiers: sodium hydroxyl and a cereal protein called zein. 

Thereafter, acid-base characteristics and dispersive surface energy of the untreated and modified 

lignocellulosic fibres were measured by IGC [328]. Chemical composition, crystallinity and 

morphology of the natural fibres were shown to be the determining parameters in their dispersive 

surface energy values. In addition, measuring the specific free energy indicated a basic surface 
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for natural fibres, contrary to an acidic surface of alkaline treated fibres. Surface characteristics 

of cellulose fibres were also studied by Belgacem et al. and Czeremuszkin et al. [329, 330]. IGC 

was used to follow the effect of purification of the fibres by thorough removal of surface 

impurities through acetone treatment as well as the effect of corona treatment on the cellulose 

fibres. Cellulose showed a 50% increase in the dispersive surface energy, both after purification 

with acetone and treating with a corona; due to both methods removing impurities from the fibre 

surface, confirmed by XPS analysis [330]. The impact of particle size of flax fibres on the 

surface properties showed that the dispersive component of surface energy of flax fibre was 

lower after grinding, and increased with decreasing the particle size since more functional groups 

are available at the ground sample’s surface. Combining IGC and XRD, it was concluded that 

crystallinity did not have a significant influence on the 
D values [331]. 

 

3.3.7.4. Pulps 

Kraft pulps from different origins were analysed for changes in the dispersive components of 

surface energy, specific components of work of adhesion to several polar probes of the pulps, 

before and after extraction with hot water (HWE) [332]. It was suggested that the HWE sample 

prepared from E. globulus chips, which showed a higher acid-base interaction affinity, was not 

suitable for paper production, compared to kraft pulps from sugar maple chips. However, using it 

as a reinforcement material would improve the adhesion of composites to polymers. Bagasse 

paper handsheets were also characterised, prepared from raw and HWE bagasse fibres, using two 

dry–strength agents: chitosan and cationic starch [333]. The surface heterogeneity profile, 

calculated ∆G
SP

, 
D , KA, KB, and KA/KB ratio confirmed the positive impact of the dry–strength 

agents on paper handsheets by forming a film on their surfaces. 

 

3.3.7.5. Biomaterials and Environment 

The influence and impact of IGC is also noticeable in environmental and biotechnology fields. 

Pyrolytic carbon black (PCB) is one of the key products from the pyrolysis of waste tires. It can 

be used to replace the commercial semi-reinforcing carbon black after demineralisation and 

modification with titanate coupling agent (TWPC). The rubber containing PCB was analysed by 

IGC, to evaluate the interaction between natural rubber and TWPC in comparison with 
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commercial carbon black [334]. IGC has found its way even into biological reactions, although 

these groups of materials have not been widely examined by IGC. Enzymes are one of the most 

important biological molecules; the proteins which are interpreted as being biological catalysts. 

They are applied in diverse industries including food and fuel production, health, paper and 

cleaning industry. As with other catalysts, enzymes increase the rate of reactions significantly by 

lowering the activation energy for biochemical reactions. Marton et al. [335] studied the 

dispersive surface energy and acid-base properties of lipase by IGC. Conducting IGC 

experiments allowed them to successfully determine the adsorption of substrates at the enzyme 

surface in competition with that of water molecules. In another study, IGC was applied to study 

the adsorption mechanism of organic substrates and water on enantioselectivity of candida 

antarctica lipase B (CALB) at infinite dilution by determining the adsorption enthalpy [336]. 

Enantioselectivity of lipases is a crucial characteristic in their applications and is affected by 

various parameters, considered to be a complex phenomenon to investigate. IGC experiments 

suggested that the mechanism through which water influenced CALB enantioselectivity was 

highly dependent on its surface hydration. At low hydration, the inhibitive role of water on 

enantioselectivity towards secondary alcohols was serious, whilst the high hydration caused 

polar groups to be fully taken up by water and hence its effect became negligible. 

 

3.3.7.6. Metal Oxides 

Metal oxide surfaces were also characterised using IGC. The effect of heat treatment on the 

surface properties of different hematites was studied through evaluation of free energy of 

adsorption of CH2 group, morphology, and acid-base properties of sample surfaces [337]. The 

existence of an oxyhydroxide layer on the hematite surface was suggested and it was showed that 

for the treated samples above 350 °C, the rehydration was nearly impossible due to the 

reconstruction of the surface layer. The impact of the thermal treatment on the surface properties 

of nickel oxide was studied by Papirer et al. [70]. IGC was used to evaluate the surface 

nanomorphology of the sample as well as the dispersive component of surface free energy (
D ), 

specific interaction parameter (ISP), and surface energetic heterogeneity of NiO. The hydrated 

surface irreversibly destroyed upon the heat treatment and became highly heterogeneous due to 

increased number of the high-energy sites at the surface. 
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IGC was also used to predict the interactions between the air pollutants and metal oxide surfaces 

by Abatzoglu et al. [338]. In this work, the effects of gaseous hydrocarbons and dimethyl 

sulphide on Cr2O3 and ZnO and of dimethyl sulphide (CH3)2S on marble particles from 

archaeological samples were studied before and after exposure to nitrogen dioxide (NO2) as the 

second air pollutant factor. The results revealed that the physicochemical parameters of the solid 

surfaces in the majority of experiments changed in the presence of nitrogen dioxide. Moreover, it 

was suggested that the mechanism of this effect (which had been unknown before) was related to 

the blocking or creating an active site of the gas adsorption by NO2. 

In order to study the surface of plutonium dioxide, the surface of its non-radioactive surrogate, 

ceria, was investigated by IGC at infinite dilution (IGC-ID) and finite solute concentration (IGC-

FC) [339]. The plot of energy site distribution, obtained from IGC-FC, revealed a high 

heterogeneous surface with three types of energy site for isopropanol adsorption. The D was 

determined for different treated and calcined samples at different temperatures through IGC-ID, 

and the results indicated that the interaction of the ceria surface with the probe molecules 

increased remarkably after hydration. Moreover, the hydration reactivity of the surface was 

affected by the calcination temperature, and at 800 ºC a significant regeneration of the surface 

occurred. 

 

3.3.7.7. Human Hair 

Surface energetics, surface heterogeneity, and Gutmann’s acid-base constants (KA, KB) of virgin 

and delipidised human hair (entire strands) were determined using IGC [340]. The results 

indicated a greater dispersive surface energy for virgin than delipidised hair since fewer lipids on 

the hair surface result in fewer interactions between the surface and probes. In addition, various 

types of lipid species caused the surface of virgin hair to be more energetically heterogeneous 

(for the dispersive component). The quantity of acid-base (specific) component of surface energy 

did not change significantly after delipidisation; however, the distribution profile of acid-base 

component of surface energy was broader than that of virgin sample due to more polar 

interactions, probably as a result of the lipid removal from the surface and the exposure of 

protein chains. Moreover, the surface of delipidised hair was shown to be more acidic (higher KA 
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and lower KB) due to the existence of pendant groups on amino acids at the surface of delipidised 

hair. 

 

3.3.7.8. Food 

The food industry has also benefited from inverse gas chromatography. Interactions between 

aroma substances and carbohydrates were directly investigated by passing the flavour 

compounds (probes) through maltodextrin and starches (stationary phase) [341]. It was 

concluded that IGC was useful for evaluating the aroma-carbohydrate interactions, although the 

technique showed restrictions due to the dehydration of the starch caused by using a dry carrier 

gas and the lack of humidity control of the stationary phase. Apostolopoulos & Gilbert [342, 

343] described the mechanism of sorption of water on coffee by using a modified gas 

chromatography called frontal inverse gas chromatography (FIGC) in which the "matrix" of the 

stationary phase was referred to instead of the "surface", and "sorption" than "adsorption". 

Determining thermodynamic parameters (entropy, enthalpy, and free energy), it was shown that 

freeze-dried coffee is highly hydrophilic. The sorption isotherm showed that once the first water 

molecules penetrated the coffee matrix, these sorbed molecules favoured sorption of more water 

molecules and, consequently, in a humid environment, the moisture sorption of the coffee 

increased. Since FIGC analysis required a shorter time to be completed, it was introduced a 

suitable method for examining moisture-sensitive foods. 

 

3.3.7.9. Oils 

The use of IGC in evaluating mixing properties of mineral and synthetic base oils of different 

polarities was discussed by Fall et al. [344]. The Flory–Huggins interaction parameters and 

consequently miscibility of a mineral oil, poly-α-olefins, diesters, and their mixtures to produce 

semi-synthetic oils were determined. Epoxidised soybean oil (ESO), an important additive in 

poly(vinyl chloride) (PVC) industry, was characterised by IGC to study the correlation between 

the solubility parameter of epoxidised soybean oil and temperature [345]. The enthalpy of 

adsorption of probes, the Flory–Huggins interaction parameter, solubility parameter, and mass 

fraction activity coefficients of the probes were measured at different temperatures. The 

solubility parameter of the sample decreased with increasing temperature. The dispersive 
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component of surface free energy (
D ), free energy of adsorption (∆G), and acid-base properties 

of ESO were also determined by IGC [346]. The 
D decreased with increasing temperature, and 

the values of KA and KB, their ratio, specific free energy, and enthalpy of adsorption indicated an 

amphoteric nature for ESO with predominant basicity. IGC was found to be an easy, 

inexpensive, and useful technique for characterizing the thermodynamics of epoxidised soybean 

oil. 

 

3.3.7.10. Liquid crystals (LC) 

Liquid crystals (LCs) can also be analysed using inverse gas chromatography. One of the 

pioneering works in this field was carried out on phase transitions in low molecular weight liquid 

crystals [347]. Thermodynamic interaction parameters of a liquid crystal with a liquid copolymer 

were determined by IGC for the first time [348]. In this study, to examine the stability of the 

liquid crystal dispersion in the polymeric matrix, the solvent independent liquid crystal-polymer 

interaction parameter was measured. In other work [349], in order to quantify the interactions 

between LC and a polysiloxane fluid, a mixture of a low molar mass hexyloxycyanobiphenyl 

liquid crystal and linear poly(dimethyl siloxane) was characterised by IGC and the Flory-

Huggins interaction parameter, as well as transition temperatures, were studied. Price et al. [350] 

determined different characteristic parameters of a series of LC systems, including activity 

coefficients, mass fraction crystallinity, enthalpies and entropies of solution for different probes 

as well as the Flory–Huggins interaction parameters and glass transition temperature. They 

showed that subtle changes in retention data could be monitored with accuracy. The obtained 

fundamental information was applied to design. This suggests a more efficient binary stationary 

phase for analytical purposes in classical GC. 

 

3.3.7.11. Petroleum Residues 

Separated components of petroleum vacuum distillation residues were also characterised by IGC 

[351]. The Flory-Huggins interaction parameter of different fractions was applied to identify 

similar components separated from different kinds of petroleum. High values for the parameter 

signalled a poor solvent, whilst a very low value suggested strong intermolecular interactions and 

consequently a high solubility. Therefore, it was concluded that alcohols and nitro-compounds 
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were not soluble in the examined oil fractions (heptane, aromatic, and resins) and the solubility 

of benzene and 1,4-dioxane was very low. However, the negative values of the Flory-Huggins 

interaction parameter for n-alkane probes on the fractions indicated their nonpolar surfaces. 

Bitumens are viscous mixtures of petroleum refining residues that are mostly used in the 

construction of roads. The dispersive surface energy, specific interaction parameter, and glass 

transition temperature of two bituminous binders with different asphaltene contents were 

measured [352]. As a result, the compound containing more asphaltene exhibited a higher value 

of D . Both binders had strong acidity and the binder with less asphaltene value was more 

acidic. In addition, the glass transition temperature for this sample was reported to be 6 ºC more 

than the binder with a higher asphaltene content with Tg = -27 ºC. 

 

3.3.7.12. Fuel Cells 

The performance of a fuel cell can be evaluated by studying water agglomerations within gas 

diffusion layers (GDLs). IGC was applied to investigate the water agglomerations within a 

polymer electrolyte membrane fuel cell gas diffusion layer (PEMFC GDL) [353]. The D and 

∆G
SP

 were used to calculate the contact angle of water on the GDL, and the obtained wetting 

properties were used as the input data for simulating the behaviour of water on the GDL surface 

during fuel cell operation. 

 

3.3.7.13. Powder Coating 

Surface energy is a dominating parameter in cohesion/adhesion between particles, and 

cohesion/adhesion forces, in turn, significantly affect the flowability of materials. Fine 

aluminium powders, which are used in various industries, were also characterised using IGC [69, 

228, 354, 355]. The dispersive surface energy of aluminium powders was determined, to 

compare the results of two techniques of reducing cohesiveness and enhancing flowability: 

surface silanisation and dry particle coating with silica [354]. Treating with silane caused a 

remarkable decrease in powder surface energy and surface roughness, whilst dry coating with 

silica resulted in some reduction in surface energy and surface roughness. Silane treatment 

showed an excellent effect on improving flowability; however, applying silica with smaller 

particles having a surface energy comparable to silane treated sample caused a remarkable 
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decrease in surface roughness and a significant increase in flowability, confirming that the 

cohesiveness reduction was highly attributed to a decrease in the dispersive surface energy and in 

comparison to surface roughness, surface energy had a stronger impact on flowability. As a 

result, dry coating with nanosilica was considered to be a more economic and environmentally 

friendly technique to improve aluminium powder flowability. In other work [355], the 

flowability and reactivity of raw aluminium powder was compared to modified powders through 

different methods: surface silanisation, dry coating with silica, titania, and carbon black 

nanoparticles. The results showed lower dispersive surface energies for modified powders than 

the raw materials. In addition, the flowability of modified samples improved compared to raw 

powder due to a reduction in cohesiveness. For silane treated powder, which had a remarkable 

decrease in surface energy, a significant flowability improvement was observed, confirming the 

substantial role of the surface energy, and surface roughness, in flowability improvement of 

treated samples. 

 

3.4. Conclusions 

Inverse gas chromatography (IGC) as an independent field of study has certainly proven 

beneficial to many industries. Despite a long history and several hundred publications in the last 

50 years, it is still evolving and considered a modern technique that is quite attractive to 

chemical engineers, analytical chemists and material scientists in various fields. Results of a 

large quantity of research experiments on a wide range of materials have evidenced that IGC is 

successfully applied to characterizing different surface and bulk properties of solids in different 

shapes and morphologies. Its versatility as well as high accuracy and simplicity can establish its 

position as an indispensable part of analytical laboratories. 

This chapter detailed the theory behind IGC, and the many applications of this technique. As 

noted in Section 3.3.3, Ali et al. [264] introduced the potential of using IGC in flotation research; 

where they investigated galena and quartz. The following chapters detail further research into the 

application of IGC to enhance our understanding of flotation. This includes IGC analyses and 

flotation experiments on minerals treated with flotation reagents. 
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CHAPTER 4 

SURFACE ENERGY OF QUARTZ: APPLICATIONS TO FLOTATION 

 

 

Abstract 

Inverse gas chromatography (IGC) is a versatile and powerful technique for characterizing 

physicochemical properties of materials. One such property, the surface energy, plays an 

important role in the adhesiveness, wettability, and consequently flotation of minerals. In this 

work, quartz was chosen as a naturally hydrophilic mineral, and dodecylamine was used to 

hydrophobise the surface. To study the correlation between the surface properties as measured 

from IGC experiments and flotation, microflotation experiments were also conducted. It was 

shown that with treatment by dodecylamine, the surface energy decreased, as did the work of 

adhesion to water. The recovery of quartz increased after the treatment, indicating a correlation 

between surface energy and flotation response. The results indicate that IGC has the capability to 

determine the thermodynamic properties of quartz, pre- and post-conditioning. Relating the 

hydrophobicity and flotation of minerals to the surface energy can be observed from combining 

the results of IGC and microflotation experiments. 

 

4.1. Introduction 

The interfacial behaviour of a material is an important characteristic, controlled mainly by 

surface properties, one of the most important of which is the surface free energy. 

Thermodynamically, the surface free energy of a solid is the work required to reversibly create a 

unit area of a surface. It is an excess energy on the material surface, which arises from fewer 

bonds between surface molecules comparing to bulk molecules. This energy is analogous to the 

surface tension of a liquid, in which the atoms are able to move from the higher-energy surface 

to the lower-energy bulk, resulting in changes in the surface area. However, geometry and the 
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mechanical state of solids affect the apparent values of surface energy [1], therefore making its 

measurement more complex than that of liquid surface tension. The surface energy of solids 

plays a key role in industrial processes that rely on wetting phenomena and coating, such as 

polymers, pharmaceuticals, surfactants, and mineral processing. Understanding the surface 

characteristics of minerals and the effect of collectors and depressants on mineral surface 

chemistry is a necessity of modern flotation. In an aqueous suspension, different phenomena 

occur as a result of different interfacial reactions between molecules. For example, the wetting 

process occurs when the adhesion force between a solid and liquid is greater than the cohesion 

force between the liquid’s molecules. The applicability of IGC to flotation was introduced by Ali 

et al. [2]. It was shown that IGC is a powerful technique for determining the surface energy of 

galena and quartz at different surface coverages; however, the effect of reagent addition was not 

investigated. 

The surface energy of solids is defined as the sum of dispersive and specific (acid–base) 

components. The dispersive component, also called non-specific interactions, is attributed to 

molecular interactions due to London (van der Waals) forces. The specific component (also 

termed acid–base interactions) results from polar interactions such as hydrogen bonding and 

electron donor–acceptor behaviour [3-5]. However, for a real solid, a single value is not 

considered as the energy of the whole surface of the solid; rather, there is a range of energetic 

sites of different levels. Altering the distribution of the energetic sites of higher and lower energy 

on a solid surface causes surface energy heterogeneity, which affects intermolecular interactions 

between surfaces. Different parameters related to surface heterogeneity have been studied, 

including the ratio of hydrophilic and hydrophobic sites on the surface [6]; existence of hetero 

atoms and functional groups on the surface [7]; also impurities, oxidised surfaces, and crystal 

orientation. 

Inverse gas chromatography provides important information such as surface area, surface 

energetics, work of adhesion, and surface energy heterogeneity. In this method, the sample is 

placed in a column (most commonly a glass tube) and characterised by passing solutes (called 

molecular probes) through the column. Adsorption and desorption phenomena occur at the 

sample which result in delayed exit of the probe from the column (retention). Therefore the 
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fundamental data obtained from IGC provides a plot of the detector signals as a function of 

retention time. The retention time refers to the time the probe molecules require to generate a 

peak as a result of interactions with the stationary phase. Various characteristics of materials can 

be calculated by analysing the nature and quantity of these interactions.  

The surface energy of a solid can be obtained from IGC by applying various relationships. The 

two commonly used approaches for characterizing surface energetics of materials are the Dorris–

Gray and Schultz methods. Dorris & Gray [8] developed their method based on the contribution 

of CH2 groups in the free energy of desorption of n-alkane at zero surface coverage. Schultz et 

al. [9, 10] proposed a method for determining the dispersive component of a solid’s surface 

energy on the base of applying n-alkanes as probe molecules at zero surface coverage . Once the 

surface energy is calculated, the work of adhesion can be determined by: 

 

 
SPSPDD

adh
W

2121
22        (4 − 1) 

 

where the subscripts 1 and 2 represent any two materials. The work of adhesion (Wadh) is the 

difference in interfacial energy between adhering and individual phases, such as a liquid on a 

solid. Equation 4-2 shows the relationship between Wadh and the surface tension at an interface 

[11, 12]. 

 

   cos1
adh

W         (4 − 2) 

 

where  is surface energy between water and air, or the water surface tension (mJ m
-2

) and   is 

the angle formed between the solid surface and air (contact angle). Any changes to the surface 

lead to changes in the work of adhesion. Therefore, determining this parameter provides useful 

information to investigate the surface energetics of materials, and thus wettability. 

In the present study, IGC was used to characterise the surface energy of quartz by injecting a 

series of probe vapours at a specific surface coverage. The surface energy heterogeneity was 

observed by injecting the probe vapours at different surface coverages. The surfaces were 
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changed by treatment with dodecylamine to induce hydrophobicity. The correlation between 

surface energy and flotation recovery of the samples was investigated through microflotation. 

 

4.2. Experimental 

4.2.1. Materials 

The material used was quartz (Ward’s Scientific, USA) as a naturally hydrophilic mineral in 

three sizes (after crushing and grinding); -75 +53 μm (Quartz I), -106 +75 μm (Quartz II), and -

150 +106 μm (Quartz III). The size fractions were obtained through sieving. The alkanes used in 

the surface energy experiments were decane, nonane, octane, and heptane, and the polar probe 

molecules were toluene and dichloromethane. All reagents used were HPLC grade (>99.5% 

purity) purchased from Sigma-Aldrich (USA). In order to change the degree of hydrophobicity, 

the examined minerals were conditioned by applying a solution of dodecylamine (DDA) as 

collector for quartz. Methyl isobutyl carbinol (MIBC) solution was used as the frother in 

microflotation experiments. 

 

4.2.2. Methods 

BET surface area of the samples was determined by Surface Area and Porosity Analyser 

(Micromeritics TriStar, USA). The N2 sorptions were measured at 77 K and the samples were 

degassed under N2 flow for approximately 2 hours at 200 ˚C prior to the analysis. 

In order to modify the quartz surface, a 0.01 M solution of dodecylamine (DDA) and acetic acid 

(molar ratio: 1/4) in water was prepared. 50 ml of this solution was added to 5 g of quartz in a 

150 ml beaker and stirred with a magnetic stirrer for two hours. The suspension was centrifuged 

for 30 min at 4,500 rpm. Then the solid phase was separated from the liquid, redispersed in 

toluene for washing, and centrifuged again for 15 min at 4,500 rpm. Finally, the solid was dried 

in air at room temperature overnight. 

Microflotation experiments were conducted using a modified Smith-Partridge cell [13, 14] 

consisting of a 60 mL glass column with a launder on the top (Figure 4.1). Air was introduced at 

a controlled rate through a sintered glass frit at the bottom of the cell. Approximately 6 mg L
-1

 of 

MIBC added to the suspension and the rate of air flow was kept constant at approximately 37 ml 
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min
-1

.  The microflotation experiments were conducted for 1 min after bubbles appeared and the 

process was operated under batch conditions. During the microflotation, constant stirring was 

maintained by use of a magnetic stirrer to keep the particles in suspension. 

 

 

 

 

 

 

 

 

 

 

Figure 4. 1. Microflotation cell 

 

 

Surface energy measurements were carried out using the Surface Energy Analyser, SEA (Surface 

Measurements System Ltd., UK). The inert carrier gas used was helium and the measurements 

were carried out at 30 ˚C and 0% RH. The chromatography columns were presilanised glass 

tubes with 6 mm outer diameter, 4 mm inner diameter, and 30 cm long. Approximately 2-3 g of 

the sample powder was packed into the column, 5 minutes vertical tapping was applied to give a 

consistent packing density. Measurements were conducted with carrier gas flow rate of 7 mL 

min
-1

. 
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4.3. Results and Discussion 

The mean particle size and BET surface area of the samples are given in Table 4.1. 

 

Table 4.1. Particle size and specific surface area of the examined quartz samples. 

Sample Particle Size Range 

(μm) 
Specific Surface Area 

(m
2
 g

-1
) 

Quartz I -75 +53 0.0445 

Quartz II -106 +75 0.0112 

Quartz III -150 +106 0.0055 

 

 

The recovery percentage of the three quartz samples as a function of dispersive surface energy 

measured at 5% surface coverage is shown in Figure 4.2. It can be clearly observed that 

untreated quartz has a relatively high surface energy and, as expected, none of the untreated 

samples floated. However, the adsorption of the cationic surfactant at the sample resulted in a 

significant increase in recovery. This was expected, as adsorption of dodecylamine conferred 

hydrophobic properties to the quartz, due to the formation of hydrogen bonds between silanol 

groups and nitrogen, and the laying of dodecyl chains on the surface [15]. 

From the flotation behaviour, it was expected that the surface energy would decrease after 

modification with the collector, which is seen in Figure 4.2. It shows the surface energy at a 

coverage of 5%. However, for a heterogeneous surface, the surface energy will change as the 

surface is covered to a greater extent. This is because the probe molecules will adsorb 

preferentially to the higher energy sites when very few probe molecules are present and after 

these sites are taken up, the lower energy sites are covered by the probe. The 5% coverage shown 

here will allow the probe molecules to cover the sites on the surface that have the highest surface 

energy, therefore a map of the surface heterogeneity is required. 
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Figure 4.2. The recovery of quartz versus the dispersive surface energy at 5%  

surface coverage. The points I, II, and III refer to Quartz I, Quartz II, and 

Quartz III, respectively. Error bars represent 95% confidence interval. 

 

 

Figures 4.3-4.8 show the profiles of total surface energy ( T ), dispersive component of surface 

energy ( D ), and specific (acid-base) component of surface energy ( SP ) for Quartz I, Quartz II 

and Quartz III, pre and post modification. It can be clearly observed that the surface energy 

decreases as a function of surface coverage, and there is a notable difference between minimum 

and maximum dispersive values for the samples prior to treatment (Figures 4.3, 4.5 and 4.7). To 

reiterate, the surface energy difference as more probe is injected into the column is due to the 

high energy sites on the surface being taken up first by the probe molecules; with increasing 

surface coverage, the molecules are adsorbed by the sites that are energetically more stable. In 

other words, at infinite dilution, the retention time was dominated by the most energetic surface 

sites. As the injection concentration increased, the probe molecules occupied more lower energy 
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surface sites. The detected retention times and subsequent surface energy values presented a 

larger percentage of the surface, and as the surface coverage increased, the less energetic sites 

were taken up. Therefore, for more energetically heterogeneous surfaces, the larger decrease in 

surface energy values was observed when going from low surface coverages to high surface 

coverages. In contrast, in the case of modified samples, the surface energy values remained 

nearly constant across the entire surface coverage range, which means the surface is energetically 

homogeneous. Therefore, the untreated quartz is energetically more active and more 

heterogeneous than the modified quartz which, in general, has lower surface energy and less 

variation of surface sites (Figures 4.4, 4.6 and 4.8). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3. Surface energy profiles of untreated Quartz I. Error bars represent 95% confidence intervals. 
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Figure 4.4. Surface energy profiles of treated Quartz I. Error bars represent 95% confidence intervals. 

 

 

intervals. 

 

 

 

 

 

 

 

 

Figure 4.5. Surface energy profiles of untreated Quartz II. Error bars represent 95% confidence intervals. 
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Figure 4.6. Surface energy profiles of treated Quartz II. Error bars represent 95% confidence intervals. 

 

 

 

 

 

 

 

 

 

 

Figure 4.7. Surface energy profiles of untreated Quartz III. Error bars represent 95% confidence intervals. 
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Figure 4.8. Surface energy profiles of treated Quartz III. Error bars represent 95% confidence intervals. 

 

 

Figures 4.9, 4.10 and 4.11 represent the correlation between surface coverage, work of adhesion 

to water and hydrophilicity for three quartz samples before and after the treatment with DDA. 

The hydrophilicity was calculated using Equation 4-3 proposed by Ho et al. [16]. 
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Figure 4.9. Hydrophilicity and work of adhesion profiles as a function of surface coverage for Quartz I 

before and after modification. Error bars represent 95% confidence intervals. 
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affinity of quartz to water. Also, the trend of hydrophilicity that decreases with increasing 

fractional surface coverage shows that at low surface coverage, the sites that are taken up by the 

probe molecules are the most hydrophilic, and as going forward, the lower energy sites that are 

more hydrophobic are occupied. For modified quartz, which has a more homogeneous surface, 

the values are lower with less variation. 
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Figure 4.10. Hydrophilicity and work of adhesion profiles as a function of surface coverage for 

Quartz II before and after modification. Error bars represent 95% confidence intervals. 
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Figure 4.11. Hydrophilicity and work of adhesion profiles as a function of surface coverage for 

Quartz III before and after modification. Error bars represent 95% confidence intervals. 
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4.4. Conclusions 

Inverse gas chromatography (IGC) has been shown to have the capability to determine the 

thermodynamic properties of quartz at different sizes, pre- and post-conditioning. Relating the 

hydrophobicity and flotation of minerals to the surface energy can be observed from combining 

the results of IGC and microflotation experiments. The dispersive and specific surface energy of 

the quartz samples were measured and compared. Moreover, the obtained values for surface 

energetics, work of adhesion, and hydrophilicity do, in general, agree with flotation recovery. 

The following chapter extends this initial investigation into applying IGC to flotation by 

investigating a common sulphide mineral, pyrite, treated with a xanthate collector at different 

pH. 
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CHAPTER 5 

IGC ANALYSIS OF MINERALS: PYRITE WETTABILITY 

 

 

Abstract 

Inverse gas chromatography (IGC) is a powerful technique for characterising the 

physicochemical properties of a wide variety of materials. The behaviour of minerals in the 

flotation process is directly related to their wettability, which can be described by surface free 

energy. The previous Chapter introduced the potential of analysing mineral surfaces, and relating 

this to flotation. This Chapter extends this into investigating a common sulphide (pyrite) 

conditioned with a collector at different pH values. The adsorption of copper and xanthate on 

hydrophilic pyrite, prepared under different conditions, was studied using X-ray photoelectron 

spectroscopy (XPS) and IGC. Microflotation experiments were also conducted to determine 

flotation recovery. The XPS analyses confirmed the presence of copper(I) and xanthate 

compounds on the surface of treated samples. The surface energy and work of adhesion to water 

decreased, while the flotation recovery increased due to treatment. IGC has been shown to have 

the capability of characterizing mineral surfaces, pre- and post-treatment. It enabled the 

observation of the changes in physicochemical properties of pyrite surface due to surface 

modification at different conditions. Moreover, combining the microflotation recovery of the 

samples with IGC results confirmed the correlation between surface energy and flotation 

response. 

 

5.1. Introduction 

The separation of minerals by selective flotation is driven by surface chemistry, namely the 

affinity of a surface to water or an air bubble. This is controlled by the surface energy of the 

particle. Surface characterisations of minerals have been extensively studied using various 
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techniques. However, surface free energy is not a directly measured characteristic and can be 

calculated through different methods and theories [1-4] . Inverse gas chromatography (IGC) is a 

powerful characterisation tool which has been used in various industries, most commonly 

pharmaceutical and polymer, to investigate diverse properties such as miscibility, solubility and 

crystallinity (see Chapter 3). It has recently been introduced to mineral processing, being applied 

to flotation by determining the surface energy and wettability of minerals [5, 6]. Surface energy 

is one of a variety of physicochemical properties that can be accurately determined using IGC. 

Dispersive ( D ) and specific ( SP ) components of surface energy are calculated through 

interactions of a solid surface with nonpolar and polar organic solvents, respectively. The sum of 

the dispersive and specific components represents the total solid surface energy. Due to the direct 

correlation between surface energy and work of adhesion, IGC is a powerful tool for 

investigating the wetting behaviour of a material. This work of adhesion is a measure of the 

strength of the affinity between two materials, and for a solid-liquid system can be defined by 

Fowkes’ equation [7]: 

 

 
D

L

D

Sadh
W   2         (5 − 1) 

 

Fowkes mainly investigated two-phase systems and only the dispersion interactions, which are 

connected to London forces, were considered. However, Owens & Wendt [8] have suggested the 

nondispersive component of the intermolecular interactions between materials to be included as 

geometric mean of the nondispersive (polar) components. Therefore, the work of adhesion 

between a solid and a liquid is calculated as [9]: 
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where 
SP

S  and 
SP

L  are polar components of surface free energy of the solid and liquid molecule 

(mJ m
-2

), respectively. 

IGC can also be applied as a surface mapping technique by determining the distribution of 

different energy sites on a solid surface, which provides comprehensive information on the 
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surface, known as energetic homogeneity and heterogeneity. A typical IGC instrument consists 

of a column, which is a capillary glass tube filled with the sample, a reservoir containing organic 

solvents, called probes, and a detector.  Probe vapours are passed through the column using an 

inert gas such as helium. Adsorption onto and desorption from the sample leads to a retention of 

the probe in the column, and the retention time is determined by a detector. From a series of IGC 

measurement with different probes, polar and nonpolar, a wide range of physicochemical 

properties can be calculated. 

Pyrite (FeS2) is the most abundant sulfide mineral, frequently occurring as a gangue in 

association with minerals of economic value, such as sphalerite, chalcopyrite, galena and 

precious native metals such as gold [10]. Flotation recovery is based on the ability of certain 

chemicals, such as collectors and activators to modify the surface properties of minerals. The 

presence of metal ions can have a detrimental or beneficial effect on the flotation of sulphide 

minerals, through either depression or activation of minerals. The adsorption of copper(II) 

(activator) and xanthate (collector) onto pyrite surfaces has been shown to have a significant 

impact on the froth flotation recovery [10-24]. Ideally, in industrial flotation of minerals, copper 

containing minerals are recovered to the concentrate first; however, it is possible that Cu ions 

released from these minerals adsorb onto the pyrite surface, and pyrite flotation remarkably 

improves in the presence of xanthate collector since both Cu
(I)

S and Cu
(II)

xanthate are 

hydrophobic [22]. The adsorption processes may proceed through different mechanisms and 

different species can be produced at surface upon these mechanisms. However, an investigation 

of the mineral surface in a flotation pulp in the presence of various reagents is very complicated 

and a variety of traditional and modern methods have been proposed to evaluate behaviour of 

mineral particles in flotation separation. 

In this work, pyrite samples were conditioned with common flotation reagents, and the effect of 

the treatment on the sample surface was also investigated using X-ray photoelectron 

spectroscopy (XPS) and IGC. XPS is the most commonly used spectroscopic method for 

quantitatively determining chemical information and elemental components of materials surface. 

It also gives information about the ionisation energies of a particular electron in a particular 

atom. In this method, the sample is exposed to soft X-ray of known energy which causes surface 
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atom ionisation and the energy of the released photoelectrons is then measured. The outcome of 

XPS analysis is a spectrum of emission intensity as a function of binding energy (BE) of the 

electrons which identify the surface elements and their concentration. In addition, the flotation 

behaviour of the mineral samples was investigated through microflotation experiments. 

 

5.2. Methodology 

5.2.1. Materials and Preparation 

High purity pyrite was obtained from Ward’s Scientific (USA) (originally from Peru). The pyrite 

was dry-crushed, ground, sieved, and a -75 +53 µm size fraction was collected for the 

experiments. Potassium amyl xanthate (KAX 51) was obtained from Prospect Chemicals 

(Canada). The xanthate compound was purified by dissolving in acetone, recrystallizing by 

petroleum ether and filtering out the precipitation. The purified KAX 51 was stored under 

petroleum ether. 

The alkanes used in the surface energy experiments were decane, nonane, octane and heptane, 

and the polar probe molecules were toluene and dichloromethane. All chemicals used were of 

HPLC grade (>99.5% purity), purchased from Sigma–Aldrich (USA). 

The activation of pyrite surface was conducted in a 10
-4

 M copper sulfate (CuSO4) solution for 

30 minutes. Then samples were washed with reverse osmosis water, and conditioned in 10
-4

 M 

KAX 51 solution for 10 minutes. Similarly, non-activated pyrite samples were also conditioned 

in a xanthate solution. A series of samples were also prepared by only conditioning pyrite in 

deionised water. The activation and conditioning were carried out at different pH values, detailed 

in Table 5.1. The pH of the each solution was adjusted using potassium hydroxide and 

hydrochloric acid, and monitored throughout the activation and conditioning reaction. 
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Table 5.1. The pH values of sample preparation reactions. 

Sample 
Cu-Activation 

pH 

Xanthate-Treatment 

pH 

Pyrite – – 

*
P3 – – 

*
P7 – – 

*
P10 – – 

X3 – 3 

X7 – 7 

X10 – 10 

Cu3X3 3 3 

Cu3X7 3 7 

Cu3X10 3 10 

Cu7X3 7 3 

Cu7X7 7 7 

Cu7X10 7 10 

Cu10X3 10 3 

Cu10X7 10 7 

Cu10X10 10 10 

 
*
 Samples P3, P7 and P10 were conditioned only in water at pH 3, 7 and 10, respectively. 

 

 

5.2.2. Measurements 

Surface energy measurements were carried out using a Surface Energy Analyser, SEA (Surface 

Measurements System Ltd., UK) at finite dilution (FD-IGC). The chromatography columns were 

presilanised glass tubes of 30 cm in length, with an outer diameter of 6 mm and an inner 

diameter of 4 mm. The sample powder was packed into the column and 5 min vertical tapping 

was applied to give a consistent packing density. Helium was selected as carrier gas at a flow of 
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10 ml min
-1

 and methane was used for dead volume corrections. The columns were 

preconditioned with the carrier gas at 30 °C for 60 min to remove any physisorbed water. All 

measurements were carried out at 30 °C and 0% RH. The experiments were run a minimum of 

three times for each sample. The data were analysed using Cirrus Plus Analysis Software 

(Surface Measurements System Ltd., UK). The retention time from the peak maximum was used 

to calculate the retention volume and to determine the surface energies; the Schultz method was 

employed for the dispersive components, and the specific components were obtained using the 

Della Volpe scale. 

BET surface area of the samples was determined using Surface Area and Porosity Analyser 

(Micromeritics TriStar, USA). The N2 sorptions were measured at 77 K and the samples were 

degassed under N2 for approximately 2 h at 300 °C prior to the analysis. 

X-ray photoelectron spectroscopy (XPS) measurements were performed using K-Alpha surface 

analysis system (Thermo Scientific) with an AlKα X-ray source (1489.6 eV), applying a 400 µm 

diameter beam spot. In order to avoid charging on the surface, a flood gun was used to shoot the 

samples with low energy electrons during the experiments. The collected data was processed 

using Avantage Data Processing software (Thermo Fisher Scientific). The binding energy (BE) 

was calibrated using the background hydrocarbon C 1s binding energy of 284.8 eV; no binding 

energy correction was necessary for this study. The samples were dried in a vacuum oven and 

transferred to a vacuum desiccator before being transferred into the XPS analysis chamber. 

Flotation was conducted through microflotation experiments using a modified Hallimond tube 

(34.6 cm in height, 3.3 cm outer diameter and 2.6 cm inner diameter), as shown in Figure 5.1. 

The samples (1 g for each test) were conditioned with reverse osmosis water for 5 min. The 

suspension was then transferred to the microflotation cell and the volume was adjusted to 180 

ml. During the microflotation tests, constant stirring was maintained by use of a magnetic stirrer 

to keep the particles in suspension. High purity nitrogen was used as the flotation gas at a flow 

rate of 40 mL min
-1

 to prevent any further oxidation while flotation tests were undergoing, and 

the recovered material was collected for one min after the first bubbles arrived at the surface of 

the suspension. The microflotation experiments were run seven times for each condition. 
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Figure 5.1. Microflotation cell. 

 

 

5.3. Results and Discussion 

5.3.1. X-Ray Photoelectron Spectroscopy (XPS) Measurements 

The atomic composition of pyrite surfaces, prior to and post activation and conditioning, as 

determined by XPS, are given in Table 5.2. Cu 2p was detected on the surface of all pyrite 

samples at different concentrations. Copper 2p composition was higher for the activated samples 

and the value depended on the preparation condition. XPS C 1s, O 1s, S 2p, Fe 2p and Cu 2p 

high resolution spectra of samples were collected and compared. The spectrum of C 1s of the 

untreated pyrite was fitted into three components; a dominant peak at around 285 eV and two 

small signals at around 286 eV and 288 eV, which are attributed to hydrocarbon contamination 
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[25]. Unfortunately, it was impossible to use these spectra to distinguish xanthate signals from 

those of the contamination. 

 

Table 5.2. Atomic concentration (atomic percentage) 

of the elements  measured on the pyrite surface by XPS. 

Sample 
Atomic % 

Cu 2p Fe 2p S 2p O 1s 

Pyrite 1.43 8.81 33.10 22.14 

P3 1.40 9.94 33.25 23.98 

P7 2.41 6.83 28.35 32.33 

P10 1.45 10.30 35.34 27.61 

X3 1.56 9.13 29.27 27.96 

X7 2.11 9.41 27.9 24.24 

X10 2.90 11.30 35.32 23.59 

Cu3X3 2.38 12.15 38.29 22.08 

Cu3X7 1.79 11.78 33.05 27.87 

Cu3X10 2.11 12.11 35.18 25.30 

Cu7X3 2.69 10.57 34.94 25.72 

Cu7X7 2.84 7.01 27.70 29.92 

Cu7X10 3.91 6.93 28.11 25.52 

Cu10X3 2.26 11.25 39.26 21.82 

Cu10X7 4.88 12.94 25.60 31.83 

Cu10X10 4.30 10.06 26.59 25.30 

 

 

The Cu 2p spectra showed two couple peaks at approximately 932 eV and 934 eV, which are 

attributed to the presence of Cu(I) species in the sulfide lattice [22, 25-28] and Cu(II) species 
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[26-29], respectively. Two split spin-orbit components also present at approximately 20 eV 

(Δmetal = 20 eV) from the former ones, i.e. 952 eV and 954 eV. The absence of Cu(II) shake-up 

satellites around 942 eV rules out the presence of copper hydroxide on the sample surface [30] 

and the spectra did not change significantly with different preparation conditions. 

Table 5.3 summarises binding energies of O 1s, S 2p and Fe 2p components of X-ray 

photoelectron spectra of the sample surfaces. The spectra themselves are available as 

supplementary information in Appendix. The O 1s specification components resulting from 

oxidation of mineral surface could be seen in the spectra of all samples. The O 1s peak of the 

untreated and treated samples was composed of three signals. The main peak at around 531 eV 

(signal B) is mainly contribution of sulfate (SO4
-2

) [28], hydroxide (OH) [15, 25, 28, 30] and 

sulfoxy [30] species due to oxidation of the surface. The other component at binding energies 

around 530 eV (signal C) corresponds to FeOOH, (FeOH)2 [27] or oxide type oxygen [19, 25]. 

The band at around 533 eV (signal A) can be attributed to adsorbed water [25, 27, 30]. The O 1s 

spectra from Cu-activated and xanthate-treated samples consisted of the same three components. 

However, the xanthate-treated samples indicated a noticeable increase in the intensity of signal 

A, as a result of the presence of a new oxygen atom due to the formation of the xanthate species 

on the pyrite surface [27, 28]. 

The S 2p high resolution spectra were composed of two doublets centred at approximately 162 

eV (signal D) and 168 eV (signal B). The second signals (A and C) were closely spaced spin-

orbit components (Δ = 1.2 eV), appearing at approximately 163 eV and 169 eV. Doublet C-D is 

attributed to pyritic sulphur [15, 19, 25, 30], elemental sulphur or xanthate polysulfide species 

[22, 27, 30] and oxidised sulphur (S2-2) [19, 26, 29]. Doublet A-B confirms the presence of 

sulfoxy species such as sulfate (SO4
2-

) or thiosulfate (S2O3
2-

) [22, 25, 28-30]. The latter was also 

confirmed by the O 1s signal at around 531 eV. The binding energy values of S 2p for pyritic 

sulphur and surface xanthate sulphur are very similar [19, 27, 31], and surface oxidation does not 

typically make remarkable changes on the proportion of sulfides in similar environments [25]. 

However, from high resolution spectra for Cu-activated and xanthate-treated samples, the ratio of 

the signal at around D to the signal B was significantly higher than the signal observed for 

untreated pyrite. This is interpreted to be the result of S2
2-

 oxidation to S
2-

 or Sn
2-

 upon the 
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adsorbed Cu(II) reduction to Cu(I) [22, 26, 29] and/or the presence of xanthate species since the 

adsorption of xanthate inhibits the oxidation of pyrite surface [28, 32]. As a result, compared to 

untreated pyrite and the sample only treated in acidic or basic water, the signals S 2p-A and -B 

for activated and treated samples were of very low intensity and sometimes one or both of them 

almost disappeared. 

 

Table 5.3. XPS binding energies (eV) of high resolution photoelectron spectra. 

Sample 
O 1s  S 2p  Fe 2p 

A B C  A B C D  A B C 

Pyrite 533.58 531.68 529.88  169.88 168.68 163.88 162.68  720.08 
*
710.90 707.28 

P3 533.68 531.68 530.18  169.88 168.78 163.68 162.68  719.98 – 707.18 

P7 533.58 531.58 529.98  169.98 168.68 163.68 162.58  720.08 
*
710.88 707.28 

P10 532.98 531.58 529.88  169.88 168.58 163.78 162.68  719.98 711.08 706.98 

X3 533.18 531.58 529.98  – 
*
168.88 163.68 162.48  719.78 – 706.98 

X7 533.38 531.68 530.08  
*
169.88 

*
168.68 163.78 162.68  719.98 

*
711.18 707.18 

X10 533.38 531.78 530.08  – – 163.78 162.58  719.88 710.88 707.08 

Cu3X3 533.18 531.68 529.88  – – 163.88 162.68  719.78 – 707.08 

Cu3X7 533.28 531.58 529.98  – 
*
168.58 163.68 162.48  719.98 – 707.18 

Cu3X10 533.18 531.58 529.98  – 
*
168.58 163.58 162.48  719.78 710.88 706.98 

Cu7X3 533.28 531.58 529.78  – 
*
168.68 163.68 162.58  719.88 – 707.08 

Cu7X7 533.08 531.48 529.98  – 
*
168.48 163.68 162.48  719.88 

*
710.68 707.08 

Cu7X10 532.98 531.48 529.88  – 
*
168.28 163.58 162.38  719.98 711.18 707.18 

Cu10X3 532.88 531.48 530.08  – – 163.68 162.48  719.78 – 706.98 

Cu10X7 532.48 531.28 529.78  169.88 168.48 163.68 162.38  719.68 710.98 706.88 

Cu10X10 532.68 531.48 529.88  – – 163.68 162.58  719.78 710.78 706.98 

 

*
 Very low intensity. 
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The Fe 2p high resolution spectra of all samples could be fitted into two components. The 

dominant peak at the lowest binding energy of around 707 eV (signal C) is attributed to pyritic 

iron [15, 22, 25, 26, 29, 30], and the signal at around 720 eV (signal A) shows the split spin-orbit 

components of Fe 2p (Δmetal = 12.9 eV). The signals A and C were not considerably influenced 

by treatment and the spectra exhibited no difference between the pyrite surface before and after 

activation and conditioning. However, for some samples, there was a broader peak at around 710 

eV (Signal B), which was attributed to ferric oxide/hydroxide [22, 25, 26, 29, 30]. The latter may 

be formed due to immersion of pyrite into the non-acidic solution during activation and/or 

conditioning since its intensity changes with pH variations [27]. 

 

5.3.2. Microflotation 

The flotation recoveries of the samples are given in Table 5.4. As expected, pyrite had a 

negligible flotation response, and the samples conditioned in water at pH 3 and 7 showed little 

difference from untreated pyrite. The flotation recovery of pyrite was influenced by Cu-

activation and xanthate-conditioning. However, the changes in floatability were different, 

depending on the sample preparation condition. 

 

5.3.3. Inverse Gas Chromatography (IGC) 

Dispersive ( D ) and specific ( SP ) components of surface energies obtained from IGC 

experiments are presented in Table 5.4. The untreated pyrite has the highest surface free energy 

of all samples. Comparing surface free energies, the results generally indicate that the surface 

modifications, regardless of preparation condition, lower the total surface energy of pyrite. These 

changes occurred due to effects on the dispersive and/or specific surface free energy depending 

on the activation and/or conditioning reaction pH. This leads to the conclusion that polar sites of 

the pyrite surface were also influenced due to the surface changes, and the affected interactions 

were of both dispersive (nonpolar) and specific (polar) types. 

There were no significant differences in the surface energies between untreated pyrite and that 

conditioned in water alone at pH 3 and pH 7. However, the Cu-activated and xanthate-treated 

samples showed a significant change in surface energies. As shown in Table 5.4, the changes in 
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surface energies are in good agreement with the changes in flotation recovery, which indicates 

changes in hydrophobicity of the pyrite. The lowest change in the surface free energy was 

observed for the sample conditioned in water at pH 3 (P3) which also showed a very low 

flotation recovery (5%). Among the Cu-activated samples, the sample activated at pH 3 and 

treated with xanthate solution at pH 10 (Cu3X10) showed the highest surface energy and lowest 

flotation recovery; meaning that this is not a process that would lead to a marked increase in the 

hydrophobicity of pyrite. In contrast, the lowest surface energy was of the sample activated with 

copper at pH 7 and then conditioned with xanthate at pH 10 (Cu7X10), having the greatest 

flotation recovery among all samples tested (86%). 

 

Table 5.4. Surface energies and flotation recovery percentages of pyrite samples. 

The upper and lower boundaries are obtained from a 95% confidence interval estimate. 

Sample γ
D 

(mJ m
-2

) γ
AB 

(mJ m
-2

) γ
+
 (mJ m

-2
) γ

-
(mJ m

-2
) 

Flotation 

Recovery (%) 

Pyrite 52.19 ±1.4 9.56 ±0.4 3.81±0.1 5.99±0.3 2 ±0.3 

P3 52.77 ±2.4 7.81 ±0.6 2.78±0.2 5.48±0.3 5 ±0.3 

P7 49.36 ±2.8 9.38 ±0.7 3.47±0.3 6.34±0.2 6 ±0.2 

P10 43.59 ±1.8 8.52 ±0.5 2.86±0.2 6.34±0.3 20 ±0.4 

X3 41.30 ±2.4 5.14 ±0.6 1.60±0.1 4.12±0.3 41 ±1.1 

X7 39.39 ±3.4 6.16 ±0.9 2.01±0.3 4.71±0.5 72 ±1.0 

X10 37.53 ±2.9 5.75 ±0.8 1.91±0.3 4.33±0.4 78 ±0.7 

Cu3X3 43.13 ±2.8 4.20 ±0.8 4.28±0.5 1.03±0.2 41 ±0.7 

Cu3X7 40.53 ±1.5 6.24 ±0.4 1.85±0.1 5.26±0.1 45 ±0.9 

Cu3X10 53.11 ±2.7 4.93 ±0.7 1.90±0.3 3.20±0.3 14 ±0.5 

Cu7X3 43.04 ±2.3 4.25 ±0.6 1.19±0.3 3.79±0.2 36 ±0.5 

Cu7X7 37.03 ±2.3 6.88 ±0.6 2.20±0.3 5.37±0.2 65 ±1.3 

Cu7X10 32.93 ±2.1 6.89 ±0.5 2.07±0.1 5.73±0.3 86 ±0.8 

Cu10X3 39.84 ±2.8 5.98 ±0.7 1.85±0.3 4.82±0.3 46 ±1.0 

Cu10X7 39.00 ±1.6 7.11 ±0.4 2.28±0.4 5.53±0.1 60 ±0.7 

Cu10X10 39.04 ±1.7 5.77 ±0.4 1.94±0.1 4.30±0.4 76 ±0.8 
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In order to report a more concrete parameter for the evaluation of flotation behaviour of 

materials, the work of adhesion between water and solid was also determined (shown in Figure 

5.2). Work of adhesion to water is a measure of the wettability and directly related to the surface 

free energy (Equation 5-2). The higher surface energy means the greater work of adhesion and 

the greater affinity to water (more hydrophilic surface) and therefore a decrease in flotation 

recovery. Figure 5.2 clearly demonstrates the relationship between the work of adhesion to water 

and flotation recovery of the pyrite samples. As would be expected, the most hydrophilic sample 

among all the samples with 2% flotation recovery had the highest value for the work of adhesion. 

The trend of the plot matched the expectations from the surface energetics of the samples since 

lower flotation recovery reflected a higher work of adhesion to water. As the work of adhesion 

decreased (i.e., the wettability decreased), the flotation recovery of samples increased. The most 

hydrophobic sample with the work of adhesion to water of 86.07 mJ m
-2

 showed, as mentioned 

previously, the greatest flotation recovery and the lowest surface energy of all samples (
T

XCu 107 = 

39.82 mJ m
-2

). 

 

 

Figure 5.2. Flotation recovery versus work of adhesion to water for the pyrite samples. 

Error bars represent 95% confidence intervals. 
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5.4. Conclusions 

IGC has been shown to be a useful technique in studying the effect of the surface treatment on 

the hydrophobic nature of pyrite. The presence of copper and xanthate at the sample surfaces was 

supported from Cu 2p, O 1s, S 2p and Fe 2p high resolution spectra through XPS analyses. Both 

dispersive and specific components of surface free energy of pyrite were affected due to 

treatment procedures: copper-activation and xanthate-conditioning. IGC was able to distinguish 

between untreated and treated pyrite and also to differentiate between differently activated and 

conditioned samples, with various degrees of hydrophobicity on the basis of the surface 

thermodynamic changes. The changes in surface properties after treatment at certain conditions 

have shown to effectively decrease surface free energy, which led to the increment of flotation 

recovery. The higher flotation recovery corresponds to lower surface energy values, which 

further supported by work of adhesion obtained from IGC experiments. 

In conclusion, this study has given an indication that the prediction of flotation recovery of 

minerals may be possible by the measurement of surface free energy and work of adhesion to 

water by using inverse gas chromatography (IGC). This is an area that should be investigated 

further, with bench scale tests and plant trials. The following chapter includes the study of the 

surface energetics of concentrates and tailings from the flotation of a sulphide ore in a Denver 

flotation cell. 
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CHAPTER 6 

INVERSE GAS CHROMATOGRAPHY FOR BENCH SCALE FLOTATION OF 

SULPHIDE ORE 

 

 

Abstract 

Inverse gas chromatography (IGC) is receiving increasing attention due to its high precision and 

ease of application to determining various characteristics of a wide variety of materials of 

different shapes and morphologies. This Chapter details an experimental investigation into of the 

application of the IGC technique to the flotation of sulphide minerals. It follows on from the 

single mineral analyses detailed in Chapters 4 and 5 by analysing an ore. Rather than giving the 

surface energy, the trends associated with the various concentrates and tailings are described. 

Bench scale flotation experiments of a nickel-copper sulphide ore were conducted in a Denver 

flotation cell. The concentrates were collected at different times, and the recovery as a function 

of time was determined by inductively coupled plasma spectroscopy (ICP). The IGC analyses 

were carried out on the timed concentrates, as well as the final tailings, in order to evaluate the 

correlation between surface energetics and flotation response of the ore particles. The results 

indicated that the floatability of sulphide minerals was directly related to the surface energy of 

the particles. Both dispersive and specific components of surface free energy increased by 

increasing the necessary time for the particles to be floated, which was consistent with the 

obtained values for the work of adhesion to water. The significance of particle size and its 

consequences in surface energy-flotation response relationship was also observed. 
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6.1. Introduction 

Sulphide ores are important sources for various precious metals, most importantly gold, silver 

and platinum. They also contain industrially valuable base metals as sulphides, such as copper 

(chalcopyrite, CuFeS2), lead (galena, PbS) and zinc (sphalerite, ZnS). Pentlandite ((Fe, Ni, 

Co)9S8) [1, 2] and molybdenite (MoS2) are the most important nickel and molybdenum sulphide 

minerals, respectively [3]. Chalcopyrite, with chemical composition of CuFeS2 can be found in 

most sulphide ore deposits. Although its copper content is not as much as other copper bearing 

minerals such as cuprite (Cu2O) and chalcocite (Cu2S), it has been the principal source of copper 

for thousands of years due to its wide distribution in large quantities [3]. Non valuable sulphide 

minerals such as pyrite (FeS2) and pyrrhotite (Fe(1-x)S where x = 0-0.2) are considered as gangue 

sulphides. The ore deposits can also be associated with non-sulphide gangue, such as feldspar 

((K, Na, Ca)(SiAl)4O8 with a Si/Al ratio 1 to 3), quartz (SiO2), magnetite (Fe3O4), albite 

(NaAlSi3O8), anorthite (CaAl2Si2O8), cordierite ((Mg, Fe)2Al3(Si5AlO18)), dolomite (Ca, 

Mg(CO3)2), rhodonite ((Mn, Ca, Fe, Mg)SiO3), calcite (CaCO3), talc (Mg3Si4O10(OH)2) and 

chromite ((Fe, Mg, Al)Cr2O4) [4-9]. The most common method of sulphide ore concentration is 

froth flotation. 

In order to achieve an efficient separation of minerals through flotation, the surfaces of the 

desired minerals must be altered to obtain the necessary hydrophobicity, which leads to a strong 

bubble-particle interaction. In order to render the mineral hydrophobic, reagents called collectors 

are added. Depressants may be added in order to reduce the hydrophobic nature of unwanted 

minerals. The development of sulphide flotation over many years has shown that sulphide 

mineral wettability is affected by various factors, such as surface treatment conditions, pH, 

electrochemical potential, chemical alteration of the surface in the pulp, galvanic interactions 

between different sulphide minerals, the presence of other particles and grinding by-products and 

wide range of particle sizes [10, 11]. In addition, sulphide minerals are highly prone to surface 

oxidation, which can result in both hydrophobic surfaces (rich in sulphur) and hydrophilic 

surfaces (rich in oxide/hydroxide). Therefore, the relative proportion of these species on the 

chemically altered surface is a key factor in flotation [11-13]. Brito e Abreu & Skinner [12] 

showed that the hydrophobizing effect of a collector on the coarser particles can be different 
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from fine and intermediate sizes, resulting in a heterogeneity in hydrophobicity. Also, due to 

hydrodynamic effects, the contact angle threshold for being recovered was higher for the fine 

and coarse particles than the intermediate sizes. Depending on the collector concentration, 

hydrophobicity may or may not overcome the hydrodynamic effects of the particle size [12]. 

Inverse gas chromatography (IGC) is a well-established characterisation technique for research 

into the physicochemical properties of materials such as surface energy. Surface energy, which 

can be accurately measured by using IGC, describes the affinity of materials to water, or other 

solvents, which is directly related to the flotation behaviour. The correlation between surface 

energy and floatability of pure minerals has been evaluated, and it has been suggested the 

particles with lower surface energy have more tendencies to attach to air bubbles and hence, they 

are more hydrophobic than the particles with more energetic surfaces [14, 15].  

Following previous studies that confirmed the capability of inverse gas chromatography (IGC) 

for determining the surface energetics of pure minerals (Chapters 4 & 5), in this chapter, a 

nickel-copper sulphide ore was examined. The concentrates and tailings from bench scale 

flotation tests were characterised in order to evaluate the relationship between surface 

characteristics and flotation behaviour. 

 

6.2. Methodology 

6.2.1. Materials 

The nickel-copper sulphide ore was obtained from Vale’s Discovery Hill ore body (Voisey’s Bay 

mine, Newfoundland & Labrador, Canada). The ore was crushed in Marcy jaw crusher (Svedala 

Industries, Inc., USA), ground in a laboratory disc vibrating mill (T100 Siebetechnik, Germany) 

sieved using a Ro-Tap Sieve Shaker (Tyler, USA), and a -106 µm size fraction was collected for 

this study. Potassium amyl xanthate (PAX) was obtained from Prospect Chemicals (Canada). 

The xanthate compound was purified by dissolving in acetone, recrystallizing by petroleum ether 

and filtering out the precipitation. The purified PAX was stored under ethylene ether. The 

alkanes used in the surface energy experiments were decane, nonane, octane and heptane, and 

the polar probe molecules were toluene and dichloromethane. All chemicals used were of HPLC 

grade (>99.5% purity), purchased from Sigma–Aldrich (USA). 
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6.2.2. Experimental 

6.2.2.1. Flotation 

Flotation was conducted in a 1.2 L Denver flotation cell with an impeller rotation speed of 1200 

rpm. For each test, a 33% (solids by mass) pulp was prepared by adding 1 L of tap water to 500 g 

of the sulphide ore. The pH of water was adjusted to 9.5 using calcium hydroxide (Ca (OH)2) 

prior to the test. Aeration (3 L min
-1

) was conducted for 15 minutes in order to oxidise and 

depress pyrrhotite. Potassium amyl xanthate (PAX) was added (140 g t
-1

) as the collector and 

conditioned for 2 min. As the frother, 3 drops of Dowfroth 250C was used and the pulp was 

conditioned for 1 more minute. Air was introduced and kept at a constant flow rate of 3 L min
-1

. 

The concentrates were collected for 0.5, 1, 2 and 4 minutes (for a total of 7.5 min) of flotation; 

hereafter called C1, C2, C3 and C4, respectively. Tap water and lime were used throughout the 

experiments as required to keep the pulp level and pH constant (pH 9.5) as the concentrate 

overflowed. The concentrate and tailings fractions were filtered and dried in an oven to at 80 °C, 

then weighed, homogenised and sampled for characterisation analyses. The flotation experiments 

repeated 5 times (series A to E). 

 

6.2.2.2. Particle Size Analysis 

In order to investigate the influence of particle size on the surface free energy flotation response 

of sulphide ore components, the feed, concentrates and tailings were split into size fractions of -

38 μm, -75 +38 μm, and -106 +75 μm. These were obtained by wet screening at 38 μm, followed 

by dry screening. 

 

6.2.2.3. Inductively Coupled Plasma Spectroscopy 

Inductively coupled plasma atomic emission spectroscopy (ICP-AES) was used to determine the 

element content in the samples. The analyses were conducted using a Thermo Scientific iCAP 

6000 series ICP Spectrometer (USA). The samples were prepared by dissolving approximately 

0.1 g of finely ground minerals in a mixture of hydrochloric acid and nitric acid in a molar ration 

of 3/1 (aqua regia). Due to difficulties in digesting silicate minerals, in order to determine the 

silicon (Si) contents, another series of samples were dissolved in hydrofluoric acid (HF) first, and 

then in aqua regia. Then the samples were heated up to 95 °C for 2 hrs. For the major elements, 
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1% diluted solutions were also prepared by adding 4% (v/v) nitric acid. Both concentrated and 

diluted samples were analysed by ICP-AES. 



6.2.2.4. Powder X-Ray Diffraction 

To identify and characterise mineral constituents, powder X-ray diffraction (PXRD) analyses 

were conducted on the finely ground samples using a  Bruker D8 Discovery X-Ray 

Diffractometer (USA), equipped with a Co-tube as the X-ray radiation source (λ = 1.79 Å) 

 

6.2.2.5. Inverse Gas Chromatography 

IGC experiments were conducted using a Surface Energy Analyser, SEA (Surface Measurement 

System Ltd., UK). The samples were packed in IGC columns which were 30 cm presilanised 

glass tubes with an outer diameter of 6 mm and an inner diameter of 4 mm. Helium and methane 

were used as carrier gas and dead volume corrector, respectively at a flow rate of 10 mL min
-1

. 

All measurements were carried out at 30 °C and 0% RH. The columns were preconditioned with 

the carrier gas at 30 °C for 30 min prior the analyses to remove any physisorbed water. The 

experiments were run a minimum of three times for each sample. The data were analysed using 

the Cirrus Plus Analysis Software (Surface Measurements System Ltd., UK). The retention time 

from the peak maximum was used to calculate the retention volume and to determine the surface 

energies, Schultz method was employed for the dispersive components, and the specific 

components were obtained using the Della Volpe scale at 5% surface coverage. 

 

6.3. Results and Discussion 

6.3.1. Flotation 

The mass recovery curves, constructed from the information collected during five flotation 

experiments (series A to E) are presented in Figure 6.1. The data confirms a good reproducibility 

of the experiments and indicates a fairly similar mass recovery in each floated product (7.6% in 

C1, 7.3% in C2, 10.0% in C3 and 11.5% in C4). 
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Figure 6.1. Cumulative mass recovery as a function of flotation time. 

 

 

6.3.2. Inductively Coupled Plasma Spectroscopy (ICP) 

The results of the ICP analyses are summarised in Table 6.1, from which the grade-recovery 

curve (Figure 6.2.a) and kinetics graph (Figure 6.2.b) for copper and nickel were generated based 

on the mass recovery of flotation. The results are consistent with previous flotation studies 

conducted with the Voisey’s Bay ore [1], showing faster kinetics for the flotation of chalcopyrite 

than that of pentlandite. Figure 6.2.b shows the recovery of copper and nickel as a function of 

time. The elemental content indicates that flotation was more selective towards the copper 

mineral (chalcopyrite), which has the highest content in concentrate C1. Iron and nickel are 

found at higher concentrations in the final products, which is in agreement with the low kinetics 

of nickel indicated by the flotation kinetics. The silicate bearing elements (Al, Mg and Ca), along 
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with Si, are found mostly in the tailings, which is consistent with the expected silicate minerals’ 

hydrophilicity and the collection mechanism of PAX [3]. 

 

 

 

Table 6.1. Elemental composition (Wt%) of the samples. 

Samples Fe S Si Al Mg Ni Cu Ca Co 

Feed 24.95 14.33 12.55 2.13 2.04 1.51 1.20 0.93 0.06 

C1 37.13 27.30 5.05 0.98 1.16 2.46 9.33 0.58 0.11 

C2 37.78 25.45 6.00 1.18 1.43 2.94 4.03 0.59 0.13 

C3 41.43 25.51 5.14 1.15 1.25 3.10 1.14 0.65 0.17 

C4 42.11 26.64 5.28 1.22 1.17 2.78 0.36 0.62 0.12 

Tailings 17.55 6.49 16.16 2.62 2.40 0.62 0.09 1.21 0.03 

 

C1, C2, C3 and C4 refer to concentrates collected for 0.5, 1, 2 and 4 min, respectively. 
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Figure 6.2. The grade-recovery (a) and kinetic (b) curves for copper and nickel. Error bars represent 95% 

confidence interval. 
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6.3.3. Powder X-Ray Diffraction (PXRD) 

The powder X-ray diffraction patterns for the sulphide ore, timed concentrates and tailings from 

the flotation test are shown in Figure 6.3. The diffractograms corresponds to multiple phases, 

confirming the presence of multiple minerals in the ore: albite/anorthite, pyrrhotite, pentlandite, 

chalcopyrite, forsterite, magnetite and cordierite. The peaks are normalised and the relative 

intensities reflect the relative content of minerals in the patterns of different samples. Four 

characteristic peaks of chalcopyrite revealed that a high portion of chalcopyrite floated during 

the first minute, and most of the pyrrhotite started to float after 1 min, indicating the more 

hydrophobic surface for these two minerals relative to the other exposed species. Chalcopyrite 

was not detected in the concentrate after 4 min flotation, neither in the tailings. This was 

confirmed by Cu content values from ICP analysis (Table 6.1). Pentlandite was floated, but 

evenly throughout the flotation experiments. The Ni grade-recovery curve (Figure 6.2.a) suggests 

the same conclusion. There was no detectable amount of magnetite in the first three concentrates. 

Minor amounts were observed in the concentrate after 4 min flotation, with it mostly reporting to 

the tailings. Meanwhile, albite/anorthite reported almost exclusively to the tailings. 

 

6.3.4. Particle Size Analysis 

The fraction size percentages of the feed, concentrates and tailings are summarised in Table 6.2. 

Approximately 50% of the feed contained particles finer than 38 μm, and twice as much the 

medium size as coarser particles. The tailings showed approximately the same relative 

percentages. Compared to the concentrates, the tailings had a much higher percentage of the 

coarser particles and a lower content of fine material. 

 

Table 6.2. The fraction size of the feed and flotation products. 

Size Fraction 

(μm) 

Mass% 

Feed C1 C2 C3 C4 Tailings 

-106 +75 14.1 5.3 2.8 4.1 7.4 16.6 

-75 +38 31.6 26.0 19.5 21.3 29.4 35.2 

-38 54.2 68.7 77.7 74.6 63.2 48.1 
 

C1, C2, C3 and C4 refer to concentrates collected for 0.5, 1, 2 and 4 min, respectively. 
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Figure 6.3. The PXRD patterns for the sulfide ore, timed concentrates and tailings. 

C1, C2, C3 and C4 refer to concentrates collected for 0.5, 1, 2 and 4 min, respectively. 
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6.3.5. Inverse Gas Chromatography (IGC) 

The plot of the total surface energy for the concentrates and tailings obtained from IGC 

experiments are depicted in Figure 6.4. It can be observed that the total surface energy of the all 

concentrates was directly correlated to the time of collection. The first floating materials, which 

were expected to contain the most hydrophobic species, showed the lowest surface energy. As 

the collection time increased, the surface energy of the concentrates increased, indicating the 

particles with higher surface energy had fewer tendencies to float. Accordingly, the tailings were 

expected to show the highest surface energy among all samples since their particles did not float 

at all and stayed in the liquid phase. However, as can be seen in Figure 6.4, the surface energy 

value for the tailings decreased significantly. Moreover, it can be seen from this diagram that 

both dispersive (solid bars) and specific (shaded bars) contributions to the total surface energy 

showed the same trend as the total surface energy, meaning the decrease in surface energy for the 

tailings is due to a decrease in both dispersive and specific components of surface free energy.
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Figure 6.4. The plot of the dispersive (solid) and specific (shaded) contributions to the total surface 

energy of the timed concentrates and tailings. 
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The work of adhesion (Wadh) values, which also obtained from IGC measurements, supported the 

results from surface energy values (Figure 6.5). The Wadh to water is a measure of 

hydrophobicity and it was observed that the first floated species had lower Wadh, showing less 

affinity to water. The less hydrophobic species which floated later had higher Wadh values. 

However, for the tailings, which were expected to contain the most hydrophilic components of 

the sulphide ore, the Wadh decreased significantly, similar to the trend observed in the case of 

surface energy. 

 

 

 

Figure 6.5. The plot of the work of adhesion (Wadh) of the timed concentrates and tailings. Error bars 

represent 95% confidence interval. 
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As was seen in the results of size analysis (Table 6.2), the concentrates and tailings contained 

different size distribution. Regarding the particle size effects on flotation recovery, which was 

discussed in the introduction of this chapter, different size fractions require different 

hydrophobicity threshold to be floated. Also, the broad distribution of surface energies makes the 

interpretation of the flotation behaviour and its correlation to the surface energetics complicated. 

This can be an explanation for the discrepancy of the lower surface energy of the tailings despite 

a higher wettability. In addition, residual reagents such as the xanthate collector may have 

remained in the tailings sample tested, thus giving a reading of “free” xanthate. 

 

6.4. Conclusions 

The applicability of surface free energy measurements to flotation process of sulphide minerals 

was considered in some detail. The feed, concentrates and tailings obtained from the flotation of 

a sulphide ore in a Denver cell were characterised using different analytical techniques. The 

XRD patterns of the samples confirmed the first concentrates contained more hydrophobic 

minerals, and the more hydrophilic species floated later or did not float at all. The surface free 

energy analyses of the samples revealed that the particles floated earlier showed lower values of 

surface energy than the particles with less floatability. As the flotation time increased, the 

particle surfaces were showed to be more energetic. In addition, the values of the work of 

adhesion to water, as a measure of hydrophobicity, was also calculated by IGC, were consistent 

and increased with flotation time of the concentrates. Therefore, the flotation separation of 

sulphide minerals is highly controlled by the relative hydrophobicity of mineral particles in a 

pulp, and the difference in floatability time is correlated to the difference in the surface free 

energy of particles. The surface free energy and work of adhesion for tailings, however, 

decreased to a level less than some concentrates. This is attributed to the coarser contents of the 

tailings since the surface free energy value is controlled by the size of the particles as well. 

However, this is not a genuinely independent correlation, and the particle size effect cannot be 

separated from the other effects such as morphology and crystal habits over the surface free 

energy. This observation brings new insight to the interpretation of the flotation response of the 

species of a natural ore in which the observed behaviour can be due to overlapping important 

parameters, as well as more questions to be answered in future studies. 
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CHAPTER 7 

CONCLUSIONS 

 

 

7.1. Conclusions 

The main research objective of this dissertation was to determine the surface energetics of 

minerals using inverse gas chromatography (IGC) and investigate the correlation between the 

surface energy and flotation behaviour of minerals. This may contribute to transferring the use 

and application of such measurements from fundamental flotation studies to practical flotation 

applications as well as enhancing our understanding of the consequences of surface modification 

upon mineral flotation. 

Inverse gas chromatography (IGC), as a new technique in mineral processing, has been 

successfully applied to characterise the surface physicochemical properties of minerals (quartz 

and pyrite) and a real ore (nickel-copper sulphide) in detail. It has been demonstrated how the 

coupling of surface energy analysis and flotation may contribute to a better understanding of 

flotation behaviour, as well as the elucidation of the consequences of the modification upon the 

surface properties of minerals. 

The main conclusions that can be drawn from the individual studies are: 

 The variation of surface energetics of quartz upon treatment with dodecylamine (cationic 

collector for quartz) was evidenced by IGC. The correlation between surface energetics 

and the flotation behaviour of the mineral was clearly observed from microflotation 

experiments. Both dispersive (
D ) and specific (

SP ) components of surface free energy 

decreased as the floatability increased upon surface modification with the collector. 
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 It was shown that the surface of quartz can be inhomogeneous and the adsorption sites on 

its surface may not be identical, leading to energetically heterogeneous surfaces. This 

means that there is a notable difference between surface free energy values, and thus a 

single value for surface free energy is not necessarily representative of the entire surface 

of a mineral. The surface energetic heterogeneity profile of quartz, provided by IGC, 

delivered a description of the distribution of adsorption energies on the mineral surfaces, 

pre- and post-treatment. The accurate measurement of surface free energy at different 

surface coverages can be used as an energy map of the mineral surface. However, the 

surface treatment of quartz with the collector resulted in more energetically homogeneous 

surfaces, as well as decreasing the total surface free energy of the mineral. 

 Copper activation of pyrite, and subsequent xanthate adsorption on the activated surfaces 

under different conditions was examined using IGC and X-ray photoelectron 

spectroscopy (XPS) methods. The response of the non-activated surface of pyrite to the 

adsorption of amyl xanthate at different pH values was also studied to give a baseline for 

comparison. The combination of surface energy from IGC with microflotation tests, 

indicated that the activation and treatment of pyrite surface altered the surface energetics 

of pyrite, and the changes were reflected in flotation behaviour. The Cu-activation at pH 

7 and following xanthate-treatment at pH 10 generated a sample with the highest flotation 

recovery among all examined pyrite samples. Through IGC experiments, this sample was 

observed to have the lowest surface free energy. Generally, the more energetic surfaces 

showed less flotation recovery. Meanwhile, the work of adhesion to water (Wadh) values 

was in good agreement with flotation recovery. The samples with greater Wadh, having 

more affinity to water, were those with lower flotation recovery. 

 Nickel-copper sulphide ore flotation behaviour was studied using a Denver flotation cell. 

Timed samples of concentrate and tailings were collected and analysed. X-ray diffraction 

(XRD) analyses indicated that chalcopyrite floated first, then pyrrhotite, and magnetite 

and Albite/Anorthite almost did not float during 4 minutes. Surface energetic 

examinations indicated that the surface free energy was the lowest for the first samples, 

which were collected 30 s of flotation experiments, and then increased for next samples 
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with longer flotation time. This result supports, and may explain the fact that, in practice, 

the most energetically stable particles floated first and as the particles became 

energetically more active, their tendencies to float declined. However, both dispersive 

and specific components surface energy of the tailings decreased significantly, which is 

tentatively attributed to a higher percentage of coarser particles in tailings relative to the 

concentrates. 

 

7.2. Contributions to Original Knowledge 

This is the first systematic study of the application of IGC technique to mineral flotation. 

Through studying the surface characteristics of minerals using different methods, the capability 

of IGC in accurately determining surface energetics of mineral particles was evidenced. The 

reliability of this method for evaluating the surface wettability was investigated by a comparative 

study between the work of adhesion to water, obtained from the surface energy analyses, and 

flotation behaviour of the particles. 

The concept of surface energy heterogeneity was investigated using IGC on the surface of 

minerals. It was shown at different levels of surface coverage, various adsorption sites with 

different surface energies are involved in the adsorption phenomenon. Therefore, different values 

of surface energy are obtained at different surface coverages. On the basis of this observation, it 

was proposed and proved that the surface energy of minerals becomes more homogeneous after 

the surface treatments. 

The present work assembles surface energy information acquired from IGC, as a promising 

technique, with appropriate flotation data to advance the understanding of flotation mechanisms. 

This may lead to transferring the IGC applications from fundamental floatability studies to 

practical implementations such as additional functions in flotation models and simulations, in 

order to control strategies for improving flotation performance. 
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7.3. Recommendations for Future Work 

While this thesis has demonstrated the potential of predicting flotation behaviour of minerals 

using the IGC technique, many opportunities for extending the scope of the present work remain. 

Some interesting directions for further studies include the following: 

 The suggested relationship between the surface energy and wettability can be evaluated 

by the extension of the work to other minerals, as well as evaluating how the adsorption 

of depressants influences the surface free energy and surface energy heterogeneity of 

minerals. 

 In-depth exploration of the impact of surface treatments on surface energetics; it would 

be helpful to establish the optimal conditions for surface treatments of minerals using 

surface energy measurements, and to determine if the same results are obtained from their 

flotation response. 

 Further research could also be conducted to determine the effectiveness of grinding 

methods, particle size and shape, physical heterogeneities and surface roughness on the 

surface free energy, measured using IGC. 

 It would be a worthwhile endeavour to investigate the effect of more than one 

determinative parameter on the surface energetics of minerals, simultaneously. 

 More methodological work is needed on how to predict flotation recovery, through 

flotation kinetics in a controlled flotation process, with knowing particle size, bubble 

size, reagent concentrations, hydrodynamic conditions and surface free energy of the 

particles. 
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APPENDIX 

 

The XPS high resolution spectra of O 1s, S 2p and Fe 2p for pyrite samples (Chapter 5). 

 

 

 

 

Figure A1. O 1s XPS high resolution spectrum of untreated pyrite. 
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Figure A2. O 1s XPS high resolution spectrum of pyrite, treated in water at pH 3. 

 

 

Figure A3. O 1s XPS high resolution spectrum of pyrite, treated in water at pH 7. 
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Figure A4. O 1s XPS high resolution spectrum of pyrite, treated in water at pH 10. 

 

 

Figure A5. O 1s XPS high resolution spectrum of pyrite, conditioned with xanthate at pH 3. 
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Figure A6. O 1s XPS high resolution spectrum of pyrite, conditioned with xanthate at pH 7. 

 

 

Figure A7. O 1s  XPS high resolution spectrum of pyrite, conditioned with xanthate at pH 10. 
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Figure A8. O 1s XPS high resolution spectrum of pyrite, activated with copper and conditioned with 

xanthate at pH 3. 

 

 

Figure A9. O 1s XPS high resolution spectrum of pyrite, activated with copper at pH 3 and conditioned 

with xanthate at pH 7. 
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Figure A10. O 1s XPS high resolution spectrum of pyrite, activated with copper at pH 3 and conditioned 

with xanthate at pH 10. 

 

 

Figure A11. O 1s XPS high resolution spectrum of pyrite, activated with copper at pH 7 and conditioned 

with xanthate at pH 3. 
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Figure A12. O 1s XPS high resolution spectrum of pyrite, activated with copper and conditioned with 

xanthate at pH 7. 

 

 

Figure A13. O 1s XPS high resolution spectrum of pyrite, activated with copper at pH 7 and conditioned 

with xanthate at pH 10. 
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Figure A14. O 1s XPS high resolution spectrum of pyrite, activated with copper at pH 10 and conditioned 

with xanthate at pH 3. 

 

 

Figure A15. O 1s XPS high resolution spectrum of pyrite, activated with copper at pH 10 and conditioned 

with xanthate at pH 7. 
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Figure A16. O 1s XPS high resolution spectrum of pyrite, activated with copper and conditioned with 

xanthate at pH 10. 

 

 

Figure A17. S 2p XPS high resolution spectrum of untreated pyrite. 
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Figure A18. S 2p XPS high resolution spectrum of pyrite, treated in water at pH 3. 

 

 

Figure A19. S 2p XPS high resolution spectrum of pyrite, treated in water at pH 7. 
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Figure A20. S 2p XPS high resolution spectrum of pyrite, treated in water at pH 10. 

 

 

Figure A21. S 2p XPS high resolution spectrum of pyrite, conditioned with xanthate at pH 3. 
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Figure A22. S 2p XPS high resolution spectrum of pyrite, conditioned with xanthate at pH 7. 

 

 

Figure A23. S 2p XPS high resolution spectrum of pyrite, conditioned with xanthate at pH 10. 
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Figure A24. S 2p XPS high resolution spectrum of pyrite, activated with copper and conditioned with 

xanthate at pH 3. 

 

 

Figure A25. S 2p XPS high resolution spectrum of pyrite, activated with copper at pH 3 and conditioned 

with xanthate at pH 7. 
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Figure A26. S 2p XPS high resolution spectrum of pyrite, activated with copper at pH 3 and conditioned 

with xanthate at pH 10. 

 

 

Figure A27. S 2p XPS high resolution spectrum of pyrite, activated with copper at pH 7 and conditioned 

with xanthate at pH 3. 
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Figure A28. S 2p XPS high resolution spectrum of pyrite, activated with copper and conditioned with 

xanthate at pH 7. 

 

 

Figure A29. S 2p XPS high resolution spectrum of pyrite, activated with copper at pH 7 and conditioned 

with xanthate at pH 10. 



Appendix 

 

 

175 

 

 

Figure A30. S 2p XPS high resolution spectrum of pyrite, activated with copper at pH 10 and conditioned 

with xanthate at pH 3. 

 

 

Figure A31. S 2p XPS high resolution spectrum of pyrite, activated with copper at pH 10 and conditioned 

with xanthate at pH 7. 
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Figure A32. S 2p XPS high resolution spectrum of pyrite, activated with copper and conditioned with 

xanthate at pH 10. 

 

 

Figure A33. Fe 2p XPS high resolution spectrum of untreated pyrite. 
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Figure A34. Fe 2p XPS high resolution spectrum of pyrite, treated in water at pH 3. 

 

 

Figure A35. Fe 2p XPS high resolution spectrum of pyrite, treated in water at pH 7. 
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Figure A36. Fe 2p XPS high resolution spectrum of pyrite, treated in water at pH 10. 

 

 

Figure A37. Fe 2p XPS high resolution spectrum of pyrite, conditioned with xanthate at pH 3. 
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Figure A38. Fe 2p XPS high resolution spectrum of pyrite, conditioned with xanthate at pH 7. 

 

 

Figure A39. Fe 2p XPS high resolution spectrum of pyrite, conditioned with xanthate at pH 10. 
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Figure A40. Fe 2p XPS high resolution spectrum of pyrite, activated with copper and conditioned with 

xanthate at pH 3. 

 

 

Figure A41. Fe 2p XPS high resolution spectrum of pyrite, activated with copper at pH 3 and conditioned 

with xanthate at pH 7. 
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Figure A42. Fe 2p XPS high resolution spectrum of pyrite, activated with copper at pH 3 and conditioned 

with xanthate at pH 10. 

 

 

Figure A43. Fe 2p XPS high resolution spectrum of pyrite, activated with copper at pH 7 and conditioned 

with xanthate at pH 3. 
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Figure A44. Fe 2p XPS high resolution spectrum of pyrite, activated with copper and conditioned with 

xanthate at pH 7. 

 

 

Figure A45. Fe 2p XPS high resolution spectrum of pyrite, activated with copper at pH 7 and conditioned 

with xanthate at pH 10. 
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Figure A46. Fe 2p XPS high resolution spectrum of pyrite, activated with copper at pH 10 and 

conditioned with xanthate at pH 3. 

 

 

Figure A47. Fe 2p XPS high resolution spectrum of pyrite, activated with copper at pH 10 and 

conditioned with xanthate at pH 7. 
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Figure A48. Fe 2p XPS high resolution spectrum of pyrite, activated with copper and conditioned with 

xanthate at pH 10.s 


