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CHAPTER 1 

INTRODUCTION 

1.1 Background  

Climate change is already happening and represents one of the greatest 

environmental, social and economic threats. The union of the world is committed to 

work constructively for a global agreement to control climate change, and is leading the 

way by taking ambitious action of its own. While the long-term effects of climate 

change are largely unknown, there is concern that rainfall patterns will alter, the 

meltdown of iceberg at north and south poles and that some areas will experience 

decreased rainfall. For example, large areas of southern and east coast of Malaysia have 

experienced drought or near drought conditions over much of the past decade (not 

necessarily related to climate change) and as a consequence river systems and water 

storages are being adversely affected. Kelantan, Terengganu and Johor are much more 

severe. In many cases (Hill, et al., 1976), the liquid pollutant will homogenously mix 

together with the water and evaporates to the atmosphere. 

Evaporation of pollutant liquid is a vital ecological fate for compounds introduced into 

both freshwater and marine environments through industrial effluents, or introduced 

directly into the air from industrial unit processes such as bioreactors and cooling 

towers. The spills may become harmful sources to the human and marine life. Indeed, it 

could damage the pre-historical monuments and attack the solid-steel item bodies. The 

route of pollutants emergence is referred to evaporation. The evaporation of liquid 

pollutants reduces the quality of life and induces repair cost to the buildings, and 
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sometimes becomes a life-threatening phenomenon (Dilling, et al., 1975).  Sources of 

liquid pollution might come from spilled raw material (organic solvents), consumables 

(hydrocarbon), waste (surfactant), leakage from machinery and pipe work (grease), 

damaged supply lines and drains 'deliberate' discharge of effluent (Beverley, et al., 

1999). The evaporated pollutants are released along a pathway. This pathway allows 

migration of the pollutant to a target of varying sensitivity. This causes impact, harm, 

damage, or injury to the target. The source of pollution varies from case to case. The 

cases became severe from time to time and much effort has been established to heal the 

woes. The harmful vapors originated from the liquid pollutants, which evaporated to the 

atmosphere contain many gases that are homogeneously distributed like carbon 

monoxide, nitrogen oxides, sulfur oxides, petroleum hydrocarbons and pesticides. These 

pollutants attack solids; including historical buildings and monuments that are finally 

malformed to permanently damaged products. These gases also pollute seawater, 

transferred from the atmosphere to the water surface and then dissolved into the liquid 

phase. The transfer rate of pollutants from the air onto the sea surface depends on rate 

coefficients and diffusion coefficients in the gas phase (Nikolakaki, et al., 1994). 

The air–liquid interface is a region of intense gradients that impose interesting 

constraints on the lives and productivity of microorganisms. Research in this area 

requires working at scales far smaller than those normally associated with the bulk 

processes on either side of the interface, and requires new experimental and theoretical 

approaches. M. Pekar (2002) reported that gas chromatography was used to obtain 

insight of intermolecular interaction capabilities of liquid polybutadienes, which 

underlie their phase behavior.  

Mackay et al., (1975) has reported various methods for estimating volatilization or 

evaporation rates of organic chemicals from liquid bodies. The methods described in the 
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literature for the measurement of evaporation rates can be classified in to two main 

interactions. The physical interaction involves the measurement of weight gain of a 

vapor adsorbent placed above the liquid surface. This method allows relative rates 

across a quiescent gas space. The chemical interaction involves measurement of the rate 

of liquid loss into a gas stream flowing horizontally across the liquid surface. In the 

majority of these techniques relative evaporation rates, which cannot be related to the 

physical properties of the evaporating species, as well as evaporation halftimes are 

measured.  

The technique of reversed-flow gas chromatography (RF-GC) has been used for various 

physicochemical measurements, such as rate coefficients and diffusion coefficients for 

the evaporation of pure liquids (Karaiskakis, et al., 1984), mass transfer coefficients  

regarding the evaporation of liquids, (Karaiskakis, et al., 1986),  activity coefficients, 

and mass transfer coefficients and diffusion coefficients in multicomponent liquid 

mixtures (Agathonos, et al., 1989) as well as for the estimation of the solubility and 

interaction parameters in binary liquid mixtures (Koliadima, et al., 1988). Reversed 

flow gas chromatography is a relatively new technique, first proposed for kinetic studies 

in heterogenous catalysis (Karaiskakis, et al., 1982) applied to the dehydration of 

alcohols and the deamination of primary amines (Kotinoupulus, et al., 1982). The first 

idea on this differential aspect was that of Phillips et al., (1967) who stopped the flow of 

the carrier gas for a short time period repeatedly, producing each time extra narrow 

peaks. By this method, he measured the differential rate of a catalytic reaction taking 

place on the stationary phase in a gas chromatographic column. The method permitted a 

direct determination of reaction rates, not only for small conversions to products, or for 

reaction times around zero, but in the whole range of conversions covering an extended 

period of time (Katsanos, et al., 1982). The method has been extended to the 

determination of diffusion coefficients in binary (Karaiskakis, et al., 1983) and in 
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multicomponent (Katsanos, et al., 1983) gas mixtures, the variation of these coefficients 

with the temperature (Karaiskakis, et al., 1982), as well as to other measurements like 

those of adsorption equilibrium constant (Karaiskakis, et al., 1982) and of rate constants 

for removal of solvents from impregnated porous solids (Katsanos, et al., 1980). Finally, 

the method was used to study the heterogenous kinetics of a complicated reaction with 

two gaseous reactants, namely the oxidation of carbon monoxide with oxygen over 

Co3O4- containing catalysts (Katsanos, 1982). 

In later research (Karaiskakis, et al., 1982), the RF-GC was used to measure constants 

for cracking of cumin, the dehydration of propan-1-ol, and the deamination of 1-

aminopropane over a molecular sieve. This was followed by detailed theoretical 

analysis and application of the method to the dehydration of alcohols, the deamination 

of primary amines and the cracking of cumin (Phillips, et al., 1967). 

The application of the method implies continuous switching of the system under study 

from a dynamic flow one to a static system and vice versa, by repeatedly closing and 

opening the carrier-gas flows. Diffusion and other related phenomena, which are usually 

negligible during the gas flow, may become important when the flow is stopped. As 

mentioned above, the technique of RF-GC is applicable and relevant for diverse 

research areas such as environment, pharmaceutical, medicine, food, physical and 

biological sciences. 
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1.2 Objectives of the research 

The objectives of this study are: 

i) To determine the respective experimental and theoretical diffusion 

coefficients values of liquid pollutants. 

ii) To evaluate the experimental diffusion coefficients values of respective 

liquid pollutants. 

iii) To investigate the activation energy of vaporization of pollutant liquids.  
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Pollutant Liquids 

Many liquid pollutants are evolved during the process of manufacturing 

pesticides, medicines and other chemicals. Liquid pollutants are also released during the 

process of refinement and processing. Some of them are dangerous and cause serious 

implications on environment. In the case of hydrocarbons, the gases are released into 

the atmosphere as a result of incomplete combustion of fossil fuels, as well as fuel 

evaporation. According to the Environment Pollution Agency, 47% of hydrocarbon 

emissions in the atmosphere can be attributed to on-road and off-road vehicles. The 

strong odor associated with diesel emissions is due to the presence of hydrocarbons. 

When hydrocarbons combine with nitrogen oxide (NOx) and sunlight, ozone is formed. 

This is a serious form of air pollution and a key component of smog. The brown haze of 

smog that plagues many urban areas causes irritation and damage to eyes, skin and 

lungs. It dries out the protective membranes of the nose and throat, interfering with the 

body’s ability to fight infection. Some hydrocarbons such as hexane, heptanes and 

octane are also considered toxic, causing serious health problems such as cancer or 

death (EPA, 2005).  

There are many types of liquid pollutant such as organic and inorganic liquid, but in this 

research, the main concerns are alcohols and long chain hydrocarbon because these 

organic pollutants have contributed to enormous pollution attack (Eremektar, et al., 

1995).  
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2.1.1 Alcohol  

Alcohols is any organic compound in which a hydroxyl functional group (-OH) 

is bound to a carbon atom, usually connected to other carbon or hydrogen atoms. The 

most commonly used alcohol is ethanol, C2H5OH, with the ethane backbone. Ethanol 

has been produced and consumed by humans for millennia, in the form of fermented 

and distilled alcoholic beverages, and was isolated by the Arab chemist, Al-Khindi, in 

the 9th century. It is a clear flammable liquid that boils at 78.4 °C, which is used as an 

industrial solvent, car fuel, and raw material in the chemical industry. In the US and 

some other countries, because of legal and tax restrictions on alcohol consumption, 

ethanol destined for other uses often contains additives that make it unpalatable (such as 

Bitrex) or poisonous (such as methanol). Ethanol in this form is known generally as 

denatured alcohol; when methanol is used, it may be referred to as methylated spirits 

("Meths") or "surgical spirits". 

The simplest alcohol is methanol, CH3OH, which was formerly obtained by the 

distillation of wood and therefore is called "wood alcohol". It is a clear liquid 

resembling ethanol in smell and properties, with a slightly lower boiling point (64.7 °C), 

and is used mainly as a solvent, fuel, and raw material. Unlike ethanol, methanol is 

extremely toxic: one sip (as little as 10 ml) can cause permanent blindness by 

destruction of the optic nerve and 30 ml (one fluid ounce) is potentially fatal (Vale, 

2007).  

Two other alcohols whose uses are relatively widespread (though not so much as those 

of methanol and ethanol) are propanol and butanol. Like ethanol, they can be produced 

by fermentation processes.  
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2.1.1.1 Alcohols pollution effects 

Ethanol in alcoholic beverages has been consumed by humans since prehistoric 

times for a variety of hygienic, dietary, medicinal, religious, and recreational reasons 

(Vale, 2007). The consumption of large doses of ethanol causes drunkenness 

(intoxication), which may lead to a hangover as its effects wear off. Depending upon the 

dose and the regularity of its consumption, ethanol can cause acute respiratory failure or 

death. Because ethanol impairs judgment in humans, it can be a catalyst for reckless or 

irresponsible behavior. The LD50 of ethanol in rats is 10.3 g/kg (Robert, 2004). 

Other alcohols are substantially more poisonous than ethanol, partly because they take 

much longer period to be metabolized and partly because their metabolism produces 

substances that are even more toxic. Methanol (wood alcohol), for instance, is oxidized 

to formaldehyde and then to the poisonous formic acid in the liver by alcohol 

dehydrogenase and formaldehyde dehydrogenase enzymes respectively; accumulation 

of formic acid can lead to blindness or death (Schep, et al., 2009).  Similarly poisoning 

due to other alcohols such as ethylene glycol or diethylene glycol are due to their 

metabolites which are also produced by alcohol dehydrogenase (Brent, 2009). An 

effective treatment to prevent toxicity after methanol or ethylene glycol ingestion is to 

administer ethanol. Alcohol dehydrogenase has a higher affinity for ethanol, thus 

preventing methanol from binding and acting as a substrate. Any remaining methanol 

will then have time to be excreted through the kidneys (Schep, et al., 2009). Methanol 

itself, while poisonous, has a much weaker sedative effect than ethanol. Some longer-

chain alcohols such as n-propanol, isopropanol, n-butanol, t-butanol and 2-methyl-2-

butanol do however have stronger sedative effects, but also have higher toxicity than 

ethanol (McKee, et al., 2005). These longer chain alcohols are found as contaminants in 

some alcoholic beverages and are known as fusel alcohols (Woo, 2005), and are reputed 
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to cause severe hangovers although it is unclear if the fusel alcohols are actually 

responsible (Hori, et al., 2003) Many longer chain alcohols are used in industry as 

solvents and are occasionally abused by alcoholics (Vale, 2007), leading to a range of 

adverse health effects (Woo, 2005). 

2.1.2 Alkanes 

Alkanes, also known as paraffins, are chemical compounds that consist only of 

the elements carbon (C) and hydrogen (H). Alkanes belong to a homologous series of 

organic compounds in which the members differ by a constant relative molecular mass 

of 14 (Table 2.1). Each carbon atom must have 4 bonds (either C-H or C-C bonds), and 

each hydrogen atom must be joined to a carbon atom (H-C bonds). A series of linked 

carbon atoms is known as the carbon skeleton or carbon backbone. In general, the 

number of carbon atoms is often used to define the size of the alkane (for example, C2-

alkane). Straight-chain alkanes are sometimes indicated by the prefix n- (for normal) 

where a non-linear isomer exists. Although this is not strictly necessary, the usage is 

still common in cases where there is an important difference in properties between the 

straight-chain and branched-chain isomers, for example, n-hexane or 2- or 3-

methylpentane.  

Alkanes are produced from the distillation process of petroleum. They can also be 

generated by the catalytic cracking process of coal, biomass and biofuel. Alkanes are 

commonly used as fuels, solvents and in certain application, they are used in the area of 

textile, bleaching and pulping. In coating industries, alkanes are used as a solvent for 

solvent-based paint manufacturing. The process require large amount of alkane where it 

is added partially, depending on the requirements and manufacturing scales. In some 
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cases, the alkanes are dumped through the drainage, without appropriate treatment 

resulting environmental pollution effect to the marine and water wild life.  

This source of fuels is considered as short chain, which is easily evaporated and 

combusted in the environment (depending on the boiling points and surrounding 

humidity). After the complete combustion process, it releases CO2 and H2O, and 

contributing to the green house effect, resulting in global warming and atmosphere 

interferences.    

Table 2.1:  List of alkanes (but not restricted as listed) 

Alkane Formula Boiling point [°C] Melting point [°C] Density [g·cm−3] (at 20°C) 

Methane CH4 -162.00 -183.00 Gas 

Ethane C2H6 -89.00 -181.76 Gas 

Propane C3H8 -42.00 -188.00 Gas 

Butane C4H10 -0.50 -135.00 Gas 

Pentane C5H12 36.00 -130.00 0.626 

Hexane C6H14 69.00 -95.00 0.659 

Heptane C7H16 98.00 -91.00 0.684 

Octane C8H18 126.00 -57.00 0.703 
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2.1.2.1 Alkane pollution effects 

The acute toxicity of hexane is relatively low, although it is a mild anesthetic. 

Inhalation of high concentration of hexane produces first a state of mild euphoria, 

followed by somnolence with headaches and nausea. The long-term toxicity of n-hexane 

in humans is well known (Hathaway, et al., 1991). Extensive peripheral nervous system 

failure is known to occur in humans chronically exposed to levels of n-hexane ranging 

from 400 to 600 ppm, with occasional exposures of 2,500 ppm. The initial symptoms 

are tingling and cramps in the arms and legs, followed by general muscular weakness. 

In severe cases, atrophy of the skeletal muscles is observed, along with a loss of 

coordination and problems of vision. Similar symptoms are observed in animal models. 

They are associated with a degeneration of the peripheral nervous system (and 

eventually the central nervous system), starting with the distal portions of the longer and 

wider nerve axons. The toxicity is not due to hexane itself but to one of its metabolites, 

hexane-2,5-dione. It is believed that this reacts with the amino group of the side chain of 

lysine residues in proteins, causing cross-linking and a loss of protein function. Chronic 

intoxication from hexane has been observed in recreational solvent abusers and in 

workers in the shoe manufacturing, furniture restoration and automobile construction 

industries. In 1994, n-hexane was included in the list of chemicals on the US Toxic 

Release Inventory (TRI) (National Safety Council, 2007). In 2001, the U.S. 

Environmental Protection Agency issued regulations on the control of emissions of 

hexane gas due to its potential carcinogenic properties and environmental concerns 

(Anuradee, et al., 2007). The adverse health effects above seem specific to n-hexane; 

they are much reduced or absent for other isomers. Therefore, the food oil extraction 

industry, which relied heavily on hexane, has been considering switching to other 

solvents, including isohexane (Peter, et al., 1997). 
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2.2 Evaporation 

Evaporation is a type of vaporization of a liquid, which occurs only on the 

surface of a liquid. The other type of vaporization is boiling, occurs on the entire mass 

of the liquid. Evaporation is also part of the water cycle. Evaporation is a type of phase 

transition; it is the process by which molecules in a liquid state (for example, water) 

spontaneously become gaseous (for example, water vapor). Evaporation occurs only on 

the surface area of the liquid whereby boiling process takes place through the entire 

system. Generally, evaporation can be seen by the gradual disappearance of a liquid 

from a substance. On average, the molecules in a glass of water do not have enough heat 

energy to escape from the liquid, or else the liquid would turn into vapor quickly. When 

the molecules collide, they transfer energy to each other in varying degrees, based on 

how they collide. Sometimes the transfer is so one-sided for a molecule near the surface 

that it ends up with enough energy to escape.  

Evaporation is an essential part of the water cycle. Solar energy drives evaporation of 

water from oceans, lakes, moisture in the soil, and other sources of water. In hydrology, 

evaporation and transpiration (which involves evaporation within plant stomata) are 

collectively termed evapotranspiration. Evaporation is caused when water is exposed to 

air and the liquid molecules turn into water vapor which rises up and forms clouds 

(Silberberg, 2006). Since the kinetic energy of a molecule is proportional to its 

temperature, evaporation proceeds more quickly at higher temperatures. As the faster-

moving molecules escape, the remaining molecules have lower average kinetic energy, 

and the temperature of the liquid thus decreases. This phenomenon is also called 

evaporative cooling. This is why evaporating sweat cools the human body. Evaporation 

also tends to proceed more quickly with higher flow rates between the gaseous and 

liquid phase and in liquids with higher vapor pressure. For example, laundry on a 
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clothes line will dry (by evaporation) more rapidly on a windy day than on a still day. 

Three key parts to evaporation are heat, humidity and air movement. On a molecular 

level, there is no strict boundary between the liquid state and the vapor state.  

Here are some parameters that the evaporation depends on such as:  

• Concentration of the substance evaporating in the air.  

If the air already has a high concentration of the substance evaporating, then the 

given substance will evaporate more slowly.  

• Concentration of other substances in the air. 

If the air is already saturated with other substances, it can have a lower capacity 

for the substance evaporating.  

• Concentration of other substances in the liquid (impurities). 

If the liquid contains other substances, it will have a lower capacity for 

evaporation.  

• Flow rate of air. 

This is in part related to the concentration points previously mentioned. If fresh 

air is moving over the substance all the time, then the concentration of the 

substance in the air is less likely to increase with time, thus encouraging faster 

evaporation. This is the result of the boundary layer at the evaporation surface 

decreasing with flow velocity, decreasing the diffusion distance in the stagnant 

layer.  

• Inter-molecular forces.  

The stronger the forces keeping the molecules together in the liquid state, the 

more energy one must get to escape.  
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• Pressure. 

In an area of less pressure, evaporation happens faster because there is less 

exertion on the surface keeping the molecules from launching themselves.  

• Surface area.  

A substance which has a larger surface area will evaporate faster as there are 

more surface molecules which are able to escape.  

• Temperature of the substance.  

If the substance is hotter, then its molecules have a higher average kinetic 

energy, and evaporation will be faster.  

• Density. 

The higher the density, the slower a liquid evaporates. 

• Monolayer thickness. 

Higher concentration of monolayer thickness of liquid surface will reduce the 

evaporation rate of the liquids. 

• Intermolecular interference on the surface of liquid bodies. 

High collision of liquid molecules will increase the evaporation process 
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2.3 Gas Chromatography 

Gas chromatography (GC) is used today mainly for chemical analysis, but there 

is an increasing interest in recent years to employ it as a means of physicochemical 

measurements. Indeed GC offers many possibilities for such measurements. 

Chromatography as a phenomenon was discovered at the beginning of this century by 

the Russian botanist Tswett, and was first used by him for isolation of plant pigments. 

He gave a lecture in 1903 on the separation of pigments in green leaves on a chalk 

column. His new method was neglected for many years, but since the 1930s it has been 

extensively used to identify many (biological) compounds. Gas Chromatography was 

established by Martin and James in 1952 (Kiselev, et al., 1969).  

All chromatographic methods are separation methods belonging to two main categories; 

adsorption and partition chromatography. In the same way that fractional distillation is 

based on repeated evaporations and condensations of a liquid mixture, adsorption 

chromatography depends on successive adsorption and desorptions of the components 

of liquid or gas mixture on solid adsorbent. Similarly, partition chromatography is based 

on repeated distributions of mixture components between two liquid phases in contact 

or between a gaseous and liquid phase. 

In addition to chemical analysis, gas chromatography offers many possibilities for 

physicochemical measurements. Some of these methods lead to very precise and 

accurate results with relatively cheap instrumentation and a very simple experimental 

setup. Among the first physicochemical measurements are adsorption studies relating to 

determination of adsorption isotherms and thermodynamic parameters for adsorption 

(Kiselev et al., 1969). The simple observation of a chromatographic elution peak gives 

qualitative information about the shape of the adsorption isotherm.  
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The fundamental limitation of GC is that the substances must be volatile, so that a finite 

fraction of it is distributed in the gaseous phase. For organic substances volatility is 

rarely adequate if the molecular weight of the compound exceeds 500g/mol. High 

temperatures of up to 300°C enhance volatility, but can result in decomposition of the 

substance. 

The modern gas chromatograph is a fairly complex instrument mostly computer 

controlled (Figure 2.1). The samples are mechanically injected, the analytical results are 

automatically calculated and the results printed out, together with the pertinent 

operating conditions in a standard format. However, the instrument has evolved over 

many years although the majority of the added devices and techniques were suggested 

or described in the first three international symposia on gas chromatography held in 

1956, 1958 and 1960. These symposia, initially organized by the 'British Institute of 

Petroleum' have been held every two years ever since 1956 and the meetings have 

remained the major stimulus for developing the technique and extending its capabilities. 

However, the majority of the techniques and devices that have been incorporated in the 

modern chromatograph, were described, reported, or discussed in the first triad of 

symposia. The gas chromatography application is upgraded by interphasing the 

instrument with MS (Mass Spectroscopy), SPME (Solid Phase Micro Extraction) and 

TOF (Time of Flight) applications. The evolution has contributed the benefits to 

enormous areas, such as pharmaceuticals, forensic science, medicinal chemistry and 

environmental analysis. Indeed, the analysis area of analytes is shortened and the 

reliability of results is increased. 
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Figure 2.1:  The layout of the modern gas chromatography 
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2.3.1 Reversed Flow-Gas Chromatography 

Reversed-flow gas chromatography (RF-GC) does not depend on retention 

times, broadening factors, and statistical moments of the elution bands, due mainly to 

non-linear isotherms, non-negligible axial diffusion in the column, non-instantaneous 

equilibration between the mobile and the stationary phase and non-sharp input 

distribution of the analyte. Also, the results of RF-GC do not need extrapolation to 

infinite dilution and zero carrier gas flow-rate to approximate true physicochemical 

parameters. This is because it is not an integration method, like measuring 

concentrations as functions of time in chemical kinetics. It is a differential method of  

measuring rates of physicochemical phenomena, not only initially, like initial rates of 

chemical reactions, but over an extended period of time, thus constituting a time-

resolved chromatography.  

The first idea on this differential aspect was that of Phillips et al., (1967) who stopped 

the flow of the carrier gas for a short time period repeatedly, producing each time extra 

narrow peaks. By this procedure, he measured the differential rate of a catalytic reaction 

taking place on the stationary phase in a gas chromatographic column. The method 

permitted a direct determination of reaction rates, not only for small conversions to 

products, or for reaction times around zero, but in the whole range of conversions 

covering an extended period of time. Probably the main drawback of the method is that 

it continuously switches the system under study from a dynamic flow one to a static 

system and vice versa, by repeatedly closing and opening the carrier-gas flow. Diffusion 

and other related phenomena, which are usually negligible during the gas flow, may 

become important when the flow is stopped. It was to cure this that the RF-GC version 

of inverse gas chromatography (IGC) was invented. 
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Knowledge of diffusion coefficients is important in many areas of both basic and 

engineering research and in chromatography. The binary diffusion coefficients of gases 

are needed in the design of reactors where gas-phase reactions are involved. Diffusion 

may plays an important role in chemical reactions and must be considered in the design 

of distillation columns. It has important applications to global changes, atmospheric 

chemistry, combustion science, studies of indoor air pollution and atmosphere–

biosphere interactions. Diffusion is also a major factor in peak broadening in 

chromatography. Therefore, accurate and reliable values of diffusion coefficients are 

necessary in the testing of chromatographic theory. Moreover, binary diffusion 

measurements lead to the determination of collision cross-sections. In the past, collision 

cross-section measurements had been based mainly on viscosity data and molecular 

beam scattering measurements. Binary diffusion coefficient is a better tool, since it is a 

direct measure of interaction between dissimilar molecules. Although coefficients of 

diffusivity have been experimentally determined by various techniques for over a 

century, there is still considerable variation in the values quoted by different researchers 

and references. The diffusion coefficients can be determined by various gas 

chromatographic techniques based either on the broadening of the elution peaks, or on 

the perturbation imposed on the carrier gas flow-rate. The literatures cited have proven 

that this modern technique has contributed significantly to the environmental science 

and physical chemistry research.  
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2.3.1.1. Historical review 

It is useful to present shortly the methods used for the measurement of gas 

diffusion coefficients. The closed-tube technique was developed by Loschmidt et al., in 

1870. The apparatus consists of a long tube closed at both ends with a fast opening 

valve in the middle. In the methodology of closed-tube technique, initially separated 

samples of the pure gases are allowed to mix by diffusion, and the determination of the 

composition of each section is done after a period of time. The precision and accuracy 

of the method are quite good and the apparatus yields excellent values for binary gas 

systems. Its main disadvantage is the relatively long analysis time. Ney and Armstead 

(1947) improved the closed-tube method by developing a two-bulb apparatus. The two 

gases are contained in the bulbs joined together by a narrow tube. As a result, the device 

is more compact and easier to thermostat. The precision and accuracy of the two-bulb 

and close-tube devices are similar. Stefan et al., (1873) developed the evaporation-tube 

method for measuring the diffusion coefficients of liquid vapor–gas mixtures. A liquid 

or volatile solid is placed at the bottom of a short tube. In this technique the loss of the 

material through evaporation is measured. The method has poor precision (>5%) and 

the measurements are time consuming (half a day). 

Westenberg et al., (1957) developed the point-source method, which is very similar to 

the gas chromatographic method, except that the tracer is continuously steaming into the 

carrier gas. The point-source method has an average accuracy of 5%, and diffusion 

coefficients have been measured at temperatures of up to 1900 K. It is generally 

assumed that the first paper on the use of gas chromatography (GC) to determine 

diffusion coefficients is that of Giddings et al.,(1960). They used a commercial GC 

apparatus where the packed column is replaced with a coiled, long and empty tube of 

circular cross-section. The major importance of that paper is the potential of the 
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described technique as a fast and accurate method for determining gaseous diffusion 

coefficients. The precision of their measurements (diffusion of hydrogen in carrier gas 

nitrogen at different flow velocities) was estimated to be about 2% and the accuracy 

(compared to literature values) was about 25%. The authors also predicted that the 

technique could be used to calculate diffusion coefficients in liquids.  

2.3.1.1.1 Measurement of diffusion coefficients 

Bohemen et al., (1961) published a paper describing the measurement of 

diffusion coefficients at very low velocities using unpacked columns and no correction 

tube. They showed that the Van Deemter equation reduces to H = A + B’/υ’ from which 

DAB is found by plotting H versus 1/υ’, as B’ = 2γDAB (γ being the destructive factor and 

υ’ the outlet velocity at 1 atm; 1 atm = 101 325 Pa). Another interesting paper, 

published independently and almost simultaneously (1961), on diffusion coefficient 

measurements is that of Fejes et al., (1961). They derived diffusion equations useful in 

frontal analysis. Doing frontal GC studies on equilibria and kinetic relationships 

concerning adsorption, they needed a better knowledge of diffusion in open and filled 

tubes. A four-way valve, permitting to switch from a stream of one gas to another, 

making a step-function injection was included in the experimental setup of a typical gas 

chromatograph. Their data agreed well with the literature values, but their equations, 

derived for the case of frontal analysis, are not directly usable for the more generally 

used elution analysis technique.  

In 1962, Giddings et al., (1962) published their second paper on diffusion coefficient 

measurement. It was more detailed and included more data. The speed of the method 

was very high, permitting 200 separate determinations in 36 hours, while the precision 



22 
 

was about 1%. Such number of measurements would be quite difficult with the older, 

more time-consuming methods.  

A year later, Knox et al., (1963) determined the discussion coefficient of nitrogen–

ethylene system in order to verify a new equation proposed by them, relating H with υ’. 

In the same year, Seager et al., (1963) published a paper concerning the temperature 

dependence of gas–gas and gas–liquid vapor diffusion coefficients. Their method was 

applied for the first time to the measurement of gas–vapor diffusion coefficients. Such 

measurement can be achieved by using a sensitive detector, to range well above and 

below the boiling point of the mother liquid.  

2.3.1.1.2 Conventional techniques 

The conventional techniques, such as the evaporation-tube method employed by Stefan 

(1873) were considered as consuming procedures. The authors (Stefan, 1987) studied 

the temperature dependence of the diffusion coefficient on various binary gas mixtures 

containing He as one component and Ar, CO2, N2, O2, benzene, methanol, ethanol, 1-

propanol, 2-propanol, 1-butanol, 1 pentanol and 1-hexanol as the other component, over 

a 100–200°C temperature range. The readings for all gases and vapors yields an 

exponent value equal to 1.70. Knox et al., (1964), described in 1964 a new gas 

chromatographic elution method for measuring gaseous diffusion coefficients and 

obstructive factors. They called the new method as arrested elution method, and it was 

an improvement of the continuous elution method. The latter was much improved by 

Giddings et al., (1963) who had employed the full potentialities of the open tube. The 

difficulties associated with the use of very low flow-rates could thus be avoided. 

However, an inherent weakness of the continuous elution method was that some 

broadening factors such as racetrack, secondary flow, concentration effect, end effect, 
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and the buoyant effect of the solute–solvent pair, etc., could not be isolated in the same 

run of experiment. For the correction of the above extra zone broadening factors 

Giddings and Seager (1963) introduced the use of two columns different lengths in two 

experiments conducted under the same conditions. Unfortunately, identity of two 

separate sets of experiments is difficult to achieve, especially after the exchange of the 

columns. Therefore, the correction of extra zone broadening factors in the continuous 

elution method becomes a very difficult task for precision work.  

The arrested elution method as used by Knox and McLaren (1964) was basically the 

same as the continuous elution method, except the carrier gas flow was arrested when 

the solute zone had migrated about half-way along the column. The solute zone was 

then allowed free molecular diffusion for a time, and finally eluted from the column by 

resuming the carrier flow. The experiment was then repeated under the same velocity 

and different arrested times. The total variance measured was then plotted against the 

arrested time. This yielded a straight line whose slope was 2DAB/v2 (please refer to the 

Theoretical section-Chapter 3), and therefore by knowing the average carrier velocity, υ, 

the binary diffusion coefficient, DAB, can be calculated. The experiment was then 

repeated with packed columns. In that case DAB must be replaced with γDAB, and the 

obstructive factor, γ, can also be calculated. Using the arrested elution method, the 

authors determined DAB and γ for the system ethylene in nitrogen.  

The major advantage of the arrested elution method is that, band broadening due to flow 

irregularities is held constant throughout the experiment and is effectively canceled out. 

Also, the column can be very short and hence decrease the possible error introduced by 

the pressure drop between the inlet and outlet of a long, especially packed column. 

Moreover, no assumptions are made about the precise form of the flow profile, the 

smoothness of the column wall, or the accuracy with which the column diameter is 
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known. The authors stated that there was little difficulty in arresting the flow so long as 

the pressure drop across the column was small (≤2 cm Hg; 1 cm Hg = 1333.22 Pa). It 

also has to be recognized that the need for several runs, which may involve a period of 

2–5 hours, to get a DAB value with a precision of about 2%, may degrade the purpose of 

using GC as a rapid method in determining diffusion coefficient values.  

2.3.1.1.3 FSG Equation in RF-GC 

Fuller and Giddings (1965) compared the existing theoretical or empirical equations for 

predicting gaseous diffusion coefficients. Using experimental values for 38 binary gas 

systems they compared those with the respective values estimated by the different 

equations, and tabulated the percentage errors for each estimation. The method of Fuller 

et al., (1966) gave the best estimate. Average absolute percentage errors varied from 4.2 

to 20%, depending on the method employed. In both works of Fuller and Giddings 

(1965), no new experimental data were given, but their papers showed the difficulty in 

estimating theoretically the diffusion coefficients. Katsanos (1982) determined diffusion 

coefficients for nitrogen– helium systems using a gas chromatograph of his own design, 

at pressures ranging from atmospheric to 900 psig and temperatures from 244 to 311 K, 

as well as for trace amounts of ethane, propane and n-butane in methane at 1 atm and in 

the same temperature range. The found diffusivities compared well with the available 

literature values and their pressure variation compared well with kinetic theory 

predictions.  

Arnikar et al., (1967) illustrated the usefulness of an electrodeless discharge tube as a 

GC detector, measuring the diffusion coefficient of oxygen in nitrogen in a packed 

column. They based on the Van Deemter equation to calculate the diffusion coefficient. 

Their electrodeless discharge detector was used to obtain the peak profile. The findings 
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appeared from 2 to about 14% higher than the respective literature DAB values, that 

there was no real advantage of using packed columns. Their assumption of γ = 1 was 

probably not valid and could account for the large errors. Giddings and Mallik (1967) 

reviewed “unorthodox” applications of GC, among which the measurement of diffusion 

coefficients. They reported two new DAB values for nitrogen–ethylene and nitrogen–

butane systems. In the same year, Hargrove and Sawyer (1967) published DAB values of 

liquid carrier gas pairs at room temperature. In order to overcome the difficulty due to 

solute’s vapor tension to adsorb to the tubing walls at 298 K, they added a constant 

amount of the solute to the carrier gas, thereby saturating the adsorption sites. They used 

the Fuller-Schettler-Giddings equation for the calculation of DAB and a commercial gas 

chromatograph with syringe injection of vapor samples for their experiments.  

Two new chromatographic methods for measuring diffusion coefficients were proposed 

by Zhukhovskii et al., (1968). In the first method, saturation of a capillary column with 

helium was followed by connection of the capillary to another tube in which nitrogen is 

flowing. The estimation of DAB was done by Fuller-Schettler-Giddings equation.  

The main disadvantage of the technique is the extremely long analysis time (20–40 

hour). In their second method, a sample of weakly sorbed gas was allowed to diffuse 

into a carbon packed column. In 1969, Fuller et al. (1969) published a paper in which 

the diffusion characteristics of halogenated hydrocarbons in helium were studied. They 

improved the experimental apparatus by using a more spacious oven, permitting the use 

of a large coil diameter column, and hence less distortion of the sample profile was 

achieved. They also eliminated the use of the short corrector (second) column by using 

a gas-sampling valve permitting direct on column injection and a flame ionization 

detector with a minimum dead volume.  
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By using the above mentioned improved methodology they measured the diffusion 

coefficients for 31 halogenated hydrocarbons into helium (29 were for new binary gas 

systems). The relative standard deviation of their work for most systems was about 2%. 

However, the most important result of this publication is the measurement of collision 

cross-sections by using binary diffusion coefficients. What was previously known about 

collision cross-sections was determined mainly from viscosity data. Binary diffusion 

coefficient measurement provides a direct measurement of the interaction between 

dissimilar molecules. The authors argued that, the use of helium as one member of the 

diffusing pair gave a sensitive probe into the cross-section of a much larger molecule. 

Balenovic et al., (1970) modified the apparatus used in 1969, because of the extremely 

high pressures involved with diffusion measurements at pressures of up to 1360 atm, 

where the density approaches that of a liquid. The equipment was modified in order to 

measure diffusion coefficients of dense gases. This work indicates the versatility of GC 

approach to DAB measurements.  

Wasik and McCulloh (1969) solved the problem of finite injection volume by allowing 

the solute to pass through a column and a detector directly into the diffusion column and 

a second detector. They also developed equations describing the additional peak 

broadening in the second column. A disadvantage of their modification is that the 

measurement time is doubled, and the existence of a slight distortion of the peak caused 

by its passage through the first detector. Another method based on frontal analysis was 

developed by Lozgachev and Kancheeva (1972). Unfortunately, their method suffered 

from rather poor precision, about 20% for a three-component mixture. Extensive 

diffusion coefficient measurements by other GC methods were also done in the same 

period (Nagata et al., 1970).  
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Huang et al., (1972) studied the effect of temperature and pressure on gaseous diffusion. 

They also presented an equation for estimating DAB from known molar volumes VA and 

VB and molecular weights MA and MB, the pressure p, the temperature T, and a 

correlation factor A. They found the temperature dependence of DAB proportional to T 

1.75, which is in agreement with the results of Fuller et al. (1965), but they also found 

that in the pressure range of 750 to about 1700 mmHg the pressure dependence of DAB  

proportional to p1.286, in contrast with the assumption of the most workers about a 

simple inverse pressure dependence. The average error in that method was 3.5%. 

Grushka and Maynard (1972) used the GC technique in an instrumental analysis course, 

demonstrating both chromatographic theories and measurement of physicochemical 

parameters. Their presented results had a precision of about 5%. Grushka and Maynard 

(1973) using the GC continuous elution method determined the diffusion coefficients of 

seven octane isomers in helium in order to investigate the effect of molecular 

geometries. They built an extremely precise chromatographic system, incorporating a 

fast-switching injection valve, precise temperature control (±0.1 ◦C) and computer data 

reduction. The diffusion coefficients were calculated from the variances of Gaussian 

peaks, which were least-square fitted to the actual data. The least precise results had a 

relative standard deviation of about 1%, while the overall relative standard deviation 

was about 0.34%. They also found a linear dependence of DAB on critical volume, and 

modified the FSG equation (Fuller et al., 1965) to allow for estimation of isomers. 

Another important work was published by Young et al., (1976). A specially designed 

gas chromatograph was tested for the measurement of the diffusion coefficient of 

methane in helium at 25°C. Both the continuous elution and Knox’s arrested elution 

techniques were used. They also employed a computer for accurate data collection and 

for least-squares fitting of the theoretical zone dispersion equation.  
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The authors state that the advantage of both the continuous and arrested elution methods 

may only be appreciated if a single run of the experiment is sufficient for the 

measurement of a DAB value with high precision and accuracy. This was achieved by a 

direct least-squares fit of the experimental data to a theoretical equation of the eluted 

concentration profile and computing the best DAB value. Their approach may be adopted 

either to the arrested elution method or to the continuous elution method. Another 

advantage of their approach is that any deviation from the expected form of the 

concentration profiles gives warning of incorrect design of the experiment or 

malfunction of the equipment. They also found that the arrested elution technique is the 

most reliable. Most of the techniques based on chromatography have been reviewed by 

Choudhary (1974). Several other studies have also been reported by Pathak et al., 

(1981) using the arrested elution method of Knox for the measurement of diffusion 

coefficients. In 2006, Rashid et al., had reported the evaporation phenomenon of 

pollutant liquids under the influence of surfactant. In the study, the surfactant acted as a 

monolayer on the surface of ethanol and 1,1,1,-trichloroethane. The Fuller-Schettlar-

Giddings (FSG) equation (Katsanos, et al., 1982) was applied to determine the rate 

coefficients and diffusion coefficients of the analytes. The values of the experimentally 

determined vaporization rates for high volatility compounds are identified with the 

liquid film mass-transfer coefficients. Absolute temperature rates, which are 

independent of the carrier gas flow rate and, furthermore, related to the physical 

properties of the evaporating liquids, are determined simultaneously with the respective 

diffusion coefficients of the evaporation vapors into the carrier gas. After the above 

historical review of the gas chromatographic broadening techniques used till now for the 

measurement of gaseous diffusivity, it is shown that the Fuller-Schettlar-Giddings 

equation and reversed-flow gas chromatography techniques are the most important ones 
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and the following presentation of the theoretical and experimental information will be 

focused on these equation and technique. 

2.3.1.2  Empirical equation 

   The mass diffusivity or diffusion coefficients, DAB for a binary system is 

a function of temperature, pressure, and composition. The data available on DAB for 

most binary mixtures are, moreover, quite limited in range and accuracy. For binary gas 

mixtures at low pressure, DAB is inversely proportional to the pressure, increases with 

increasing temperature, and is almost independent of composition for a given gas-pair. 

For an n-component ideal-gas mixture, the mass diffusivity Dij of the pair i–j is 

concentration dependent. These variations are all described, with different degrees of 

precision, by the following empirical equations of the kinetic theory of gases, which are 

used for the prediction of the DAB values (Karaiskakis, et al., 2004). Fuller–Schettler 

and Giddings (1964) developed a successful equation in which atomic and structural 

volume increments and other parameters were obtained by a least-squares fit to over 

300 measurements. From the equation, one can determine the theoretical values of 

diffusion coefficients of analytes, A in carrier gas, B or vice versa. 

 

In the Fuller et al. method: 

 

 
 
 
 
 
 
 
 
where v is determined by summing the atomic contributions shown in Table 2.2 
 
 
 

DBA =  0.001 T1.75 √(Mr) 
     P(V1/3

A + V1/3
B)2 
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Table 2.2: List of various elements and compounds for FSG equation 

Element VA 

C 16.5 

H 1.98 

O 5.48 

N2 17.9 

H2 7.07 

O2 16.6 

Source: Fuller, E.N., Schettler, P.D., & Giddings, J.C.  (1966). A new method for 

prediction of binary gas-phase diffusion coefficients Industrial & Engineering 

Chemistry, 58, 18-27 

 

The Fuller–Schettler–Giddings (FSG) equation provides the best practical combination 

of simplicity and accuracy. It is easily applied equation for predicting binary gas-phase 

diffusivities is based on the use of special diffusion volumes coupled with extensive 

experiment and least squares analysis of the data. The present equation has the 

advantage of being able to overcome the general lack of accuracy associated with other 

category of equation, and it is still simple to use. The additional advantage of wide 

applicability is a major one (Fuller, et al., 1966). In this study, the FSG equation is 

applied to determine the theoretical values of diffusion coefficient. Once the value is 

obtained, it will be compared to the experimental values. With this simple application, 

precision, accuracy and wide functionality, this equation is best suited for this research.  

 

 

 



31 
 

2.3.1.3 The methodology potential of RF-GC 

  By mentioning only some of the quantities measured one can determine the 

following from the functions of physicochemical quantities pertaining to the various 

phenomena taking place in the stationary phase bed.  

1. Chemical kinetics parameters in heterogeneous and homogeneous catalysis 

(Katsanos, et al., 1982) 

2. Diffusion coefficients in gases and liquids (Katsanos, et al., 1983) 

3. Rates of evaporation of pure liquids (Karaiskakis, et al., 1984). 

4. Activity coefficients in liquid mixtures (Roth, et al., 1992). 

5. Mass transfer and partition coefficients across gas–liquid and gas–solid 

boundaries (Karaiskakis, et al., 1986). 

6. Obstructive factors and external porosities in solid beds (Katsanos, et al., 1989). 

7. Influence of surfactants on gases transfer into liquids (Rashid, et al., 2003) 

8. Surface heterogeneity and lateral interactions in the adsorption of volatile 

organic compounds on rutile surface (Metaxa, et al., 2009) 

9. Relation between adsorption and catalysis in the case of NiO and Co3O4 

(Arvaniti, et al., 2010) 

10. Determination of collision cross-sectional parameters from experimentally 

measured gas diffusion coefficients (Gavril, et al., 2004) 

11. Evaporation of pollutant liquids under the influence of surfactants (Rashid, et 

al., 2006) 

12. Rate constants in bimolecular gaseous reactions (Sotiropoulou, et al., 1996) 

13. Overall and differential experimental isotherms (Sotiropoulou, et al., 1995). 

 In (9) it contains only the reacting gases, and in (10) it is a diffusion denuder tube 

having its internal wall. 
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CHAPTER 3 

THEORY 

3.1 Mathematical Theory  

The following derivation is made by reference to Figure 3.1, which depicts only the 

sampling column of the cell. The assumptions under which the sampling equation is 

derived are: 

• The adsorption isotherms in the sampling columns are linear and axial diffusion 

of the gases along coordinate x or x’ and other phenomena leading to nonideality 

(such as mass-transfer resistance in the stationary phase) are negligible. 

• The rate process is taking place in sufficiently short section of the total column 

length. 

The common chromatographic sampling equation, describing the elution curves which 

follow the carrier gas flow reversals is : 

c=c1(l’,t0+t’+τ) u(τ) + c2(l’,t0+t’-τ)[1-u(τ-t’)]x [u(τ)-u(τ-tM’)]+c3(l’,t0-t’+τ)u (t0+τ-
t’){u(t-t’)[1-u(τ-tM’)]-u(τ-t’)[u(τ)-u(τ-tM’)]}      (1) 

where c is the concentration of vapor at the detector, c1 (l’,…), c2(l’,...), and c3(l’,…) are 

concentrations at the point x=l’ (Figure 3.1) for the times shown (t0=total time from 

placing the liquid in column L to the last backward reversal of gas flow, t’=time interval 

of backward flow, τ= t-tM, t being the time from the last restoration of the carrier gas 

flow, and tM the gas hold-up time of column section l; finally the various u’s are unit 

step functions for the arguments shown in parentheses and tM’ is the gas hold-up time in 

the section l’. 
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Figure 3.1: Schematic arrangement showing the diffusion column L connected to the 

chromatographic column l’+ l through which carrier gas flows from D2 

to D1 or vice versa. 

For t’ smaller than both tM and tM’, each sample peak produced by two successive 

reversals is symmetrical and its maximum height h from the ending baseline is given by 

h ≅ 2c(l’,to)      (2) 

 
where c(l’,t0) is the vapor concentration at x=l’ and time t0. The concentration of the 

liquid can be found from the diffusion equation in the column L (see Figure 3.1): 

     ∂cz/∂t0 = D∂2cz/∂z2      (3) 

where D is the diffusion coefficient of the vapor into the carrier gas. The solution of Eq. 

3 is sought under the initial condition: 

cz(z,0) = 0       (4) 

 

L 

 

 z 
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the boundary conditions at z = L 
 

cz(L,t0)=c(l,t0)      (5) 

 

-D(∂cz/∂z)z=L = vc(l’,t0)           (6) 

 
where v is the linear velocity of carrier gas, and the boundary condition at z= 0: 
 

-D(∂cz/∂z)z=0 = kc(c0-cz(0))             (7) 

 
where cz(0) is the actual concentration at the liquid interface at time t0, c0 the 

concentration of the vapor which would be in equilibrium with the bulk liquid phase, 

and kc is the rate coefficient for the evaporation process. Equation 7 expresses the 

equality of the diffusion flux for removal of vapors from the liquid surface and the 

evaporation flux due to departure of cz at the surface from the equilibrium value c0. 

When the Laplace transform of Eq 3 is taken with respect to t0, a linear second-order 

differential equation results. It can be solved by using z Laplace transformation yielding 

 
Cz = Cz(0) cosh qz + Cz’(0)

and Cz(0) and Cz’(0) are the t0 Laplace transform of cz(0) and (∂cz/∂z)z=0 respectively. If 

one combines eq 8 with the t0 transforms of the boundary conditions (5), (6) and (7), the 

Laplace transform of c(l’,t0), denoted as C(l’,p0), is found: 

 sinh qz     (8) 
                                                         q 

where 

q = (p0/D0)1/2      (9) 
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C(l’,p0) = kcc0 _______________1___________________    (10) 
                  p0      (Dq + vkc / Dq) sinh qL + (v + kc) cosh qL 

 

Inverse Laplace transformation of this equation to find c(l’,t0) is difficult. It can be 

achieved by using certain approximations which are different for small or for long 

times. In the first case qL is large, allowing both sinh qL and cosh qL to be 

approximated by exp (qL)/2. Then Eq.10 becomes 

 
C(l’,p0) = _kcc0__  ____    2exp(-qL)____      (11) 
       p0Dq      (1 + kc/Dq)(1 + v/Dq) 

 

Which, for high enough flow rates, furthur reduces to 

C(l’,p0)=  2kcc0_  _ exp(-qL)_

Taking now the inverse Laplace transform of this equation, one finds 

        (12) 
      vD         q(q + kc/D)         

 

 
c(l’,t0)= 2kcc0 exp    kcL + kc2t0                erfc             ____L_____
      v                  D D                                                                                                                                        2(Dt0)1/2 

 + (t0)1/2                       

 
 
 

Finally, if one uses the relation erfc x ≅ exp (-x2)/ (τπ1/2), which is a good approximation 

for large values of x, Eq 13 becomes  

 
 
 
c(l’,t0) =       
  (14) 
 

(13) 

                    
2kcc0      (D)   1/2 exp _-L2          L_ + kct0

1/2   -1 
   v          π                  4Dt0      2t01/2 
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Coming now to the other extreme, i.e. long time approximations, qL is small and the 

functions sinh qL and cosh qL of Eq 10 can be expanded in Mc Laurin series, retaining 

only the first three terms in each of them. Then, from Eq. 10 one obtains 

 
C(l’,p0) = kcc0  ___________      1 ________________    (15) 
       p0    (Dq + vkc/Dq)qL + (v+kc)(1 +q2L2/2) 
 

and by using Eq. 9 and rearranging this becomes 

 
C(l’,p0) = kcc0  _______________1     ______________    (16) 
                 Lp0     p0[1 + (v + kc)L/2D + vkc/D + (v+kc)/L 
 

For high enough flow rates kc can be neglected compared to v and 1 can be neglected in 

comparison with vL/2D. For instance, in a usual experimental situation it was calculated 

that vL/2D = 420. Adopting these approximations, Eq. 16 reduces, after some 

rearrangement, to: 

 
C(l’,p0) = 2kcDc0  _________1____________     (17) 
                 vL2p0           p0 + 2(kcL + D)/L2 
 

Finally, inverse Laplace transformation of this relation yields 

 
C(l’,t0) = __kcDc0_ {1-exp[-2(kcL+D)t0/L2]}      (18) 
     v(kcL+D) 
 

by considering maximum height h of the sample peaks in Eq 2 and substituting it in the 

right hand side of Eq 18 for c(l’,t0), one obtains h as an explicit function of time t0. In 

order to linearize the resulting relation, an infinite value h∞ for the peak height is 

required: 
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h∞ = 2kcDc0/[v(kcL+D)]     (19) 

Using this expression, we obtain 

ln(h∞-h)=ln h∞ - [2(kcL+D)/L2]t0    (20) 

Thus for the long enough times, for which Eq. 18 was derived, a plot of ln (h∞ - h) vs. t0 

is expected to be linear, and from the slope –2(kcL+D)/L2 a first approximate value of kc 

can be calculated from the known value of L and a literature or theoretically calculated 

value of D. This value of kc can now be used to plot small time data according to Eq 14 

which is substituted now for c(l’,t0) in Eq 2. After rearrangement, logarithms are taken 

as:  

 
ln[h(L/2t01/2 + kct0

1/2)] = ln[4kcc0/v(D/π)1/2] – (L2/4D)( 1/t0)    (21) 

Now a plot of the left hand side of this relation vs 1/t0 will yield a first approximation of 

experimental value for D from the slope –L2/4D of this new linear plot. This D value 

can be reused in the slope found from the plot of Eq 20 to calculate a more accurate 

value for kc. In turn, the latter is utilized to report Eq 21, so that a more accurate value 

for D is found. These iterations can be continued until no significant changes in the kc 

and D values result. 

By using this chromatographic sampling equation, one can determine the experimental 

diffusion coefficients and rate coefficients of the interest analytes based on the 

perturbation of reversed-flow gas chromatographic methodologies. The application of 

the sampling equation also contributes to analytical approach for determining 

physicochemical properties of the sample. 
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CHAPTER 4 

EXPERIMENTAL SETUP 

 4.1 Chemicals  

  Methanol, ethanol, 1-propanol, 1-butanol, n-pentane, n-hexane, n-heptane and n-

hexadecane from Merck-AR grade, were used as evaporating liquids (stationary phase).  

Nitrogen of 99.99% purity from MOX (Malaysia) was used as the carrier gas (mobile 

phase). 

4.2 Experimental arrangement  

The experimental arrangement consists of a small modification of a commercial 

gas chromatograph (Figure 4.1), so that it includes a six-port gas-sampling valve, and a 

simple cell placed inside the chromatographic oven. This cell suppresses the effects of 

the carrier gas flow on the physicochemical phenomena-taking place in the stationary 

phase.  

 

Figure 4.1: Shimadzu GC-14B 
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The apparatus used is a conventional gas chromatograph (Shimadzu GC-14B) 

with a flame ionization detector contained in its oven (Figure 4.2) with two sections of 

lengths l’ and l of a stainless-steel chromatographic column containing no 

chromatographic material. The empty stainless steel is a ¼ inch chromatographic tube 

with 4 mm internal diameter and length, L= 28.5 cm and l=l’=57 cm. They are 

connected at the junction x=l’ by a ¼ inch Swagelok tee union. Another sample ¼ inch 

union is used to connect a short tube (2 cm) containing 4 ml of liquid at the end of 

diffusion column L. 

 
 

Figure 4.2:  Instrumentation of the reversed flow gas chromatography technique for 

the simultaneous measurement of the diffusion coefficients and rate 

transfer coefficients of the evaporating liquids. 

A stainless-steel diffusion column, consisted of the section z, was connected 

perpendicularly at its upper end to the middle of the column l’+l (57 cm+57 cm). The 

reactant (AR Grade) was injected at a middle point of the column as the stationary 

phase, and the direction of carrier gas flow was reversed from time to time instead of 

stopping it. This created extra chromatographic peaks ‘sited’ on the continuous signal. 
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At the end of section z is located a container, in which the liquid was contained. The end 

D1 of the sampling column l’+l was connected, via a six-port valve, to the carrier gas 

(nitrogen) supply, while the other end D2 was connected to the flame ionization 

detection (FID) system. After waiting for the monotonously rising concentration– time 

curve to appear in the detector signal, we started the chromatographic sampling 

procedure by reversing the direction of the carrier gas flow for 6 s, which is a shorter 

time period than the gas hold-up time in both column sections l and l’. When the gas 

flow was restored to its original direction, sample peaks were recorded. The pressure 

drop along l+l’ was negligible and the pressure inside the whole cell was 1 atm. The 

carrier gas flow-rate was kept constant (1.0 cm3 s -1). 

 
 

 
 
 
 

Figure 4.3: Internal close-up of the RF-GC system 
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CHAPTER 5 

RESULTS AND DISCUSSION 

5.1 Determination of theoretical diffusion coefficient, Dtheory values. 

The theoretical values of diffusion coefficients, Dtheory obtained were compared to the 

experimental values of diffusion coefficient, Dexp. The deviations of experimental from 

theoretical values were assumed in the context of accuracy. Fuller-Schettlar-Giddings 

equation was selected based on its suitability and giving a small deviation compared to 

other equations such as Stefan-Maxwell equation, Chapman-Enskog equation, Gilliland 

equation, Arnold equation, Hirschfelder-Bird-Spotz equation, Chen and Othmer 

equation (Karaiskakis, et al., 2004).  

5.1.1 Application of Fuller-Schettlar-Giddings equation 

The theoretical values of respective diffusion coefficients were based on the equation 

developed by Fuller–Schettlar and Giddings (Fuller, et al., 1964). This equation resulted 

in which atomic and structural volume increments and other parameters were obtained 

by a least-squares fit method and provide the best practical combination of simplicity 

and accuracy. The equation is dependent on molar volume of the solutes, the absolute 

temperature at which the evaporation is taking place, the molecular weight of the 

compound and the pressure of the atmosphere. The equation of Fuller-Schettlar-

Giddings (FSG) is shown in the following page. 
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In the Fuller et al. method: 

 

 
(22) 

 

or 

 

 

 

where 

 DBA = diffusion coefficient of compound B in compound A in cm2/s                                                             

 T =    temperature in Kelvin (K) (xCº+ 273.15K)   

Mr =  the relative molecular weight where  MA+MB 
        MAMB 

   MA = molecular weight of compound A   

  MB = molecular weight of compound B   

  VA = molar volume of compound A   

  VB = molar volume of compound B   

 P =  pressure in atm 

Once the value is obtained, it will be compared to the experimental values. The 

comparison will give the value of precision percentage. 

 

 

DBA =  0.001 T1.75 √(Mr) 
     P(V1/3

A + V1/3
B)2 

DBA =  0.001 T1.75 (1/MA+1/MB)1/2 

        P[(∑AVί)1/3 + (∑BVί)1/3]2 
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5.1.1.1 Molar volume 

The molar volumes were determined by summing the atomic contributions as shown in 

Table 5.1. 

 
Table 5.1: Atomic volumes, VA (cm3 mol−1) of various elements and compounds 

Element V 

C 16.5 

H 1.98 

O 5.48 

N2 17.9 

H2 7.07 

O2 16.6 

Source: Fuller, E.N., Schettler, P.D., & Giddings, J.C.  (1966). A new method for 

prediction of binary gas-phase diffusion coefficients Industrial & Engineering 

Chemistry, 58, 18-27 

5.1.1.2 Atomic weights 

The atomic weights are as shown in Table 5.2 

Table 5.2: Atomic weights of various elements 
Element M 

C 12.011 

H 1.008 

O 15.999 

N 14.007 
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5.1.2 Theoretical diffusion coefficients 

The values of respective components were inserted in the FSG equation (p= 1 atm). The 

individual theoretical diffusion coefficients values were obtained as follows: 

 
 

Table 5.3: Theoretical diffusion coefficients values for methanol using FSG 

Equation at various temperatures 

Compound Temperature (ºC) DBA (cm2/s) 

methanol (CH3OH) 40 0.1843 

50 0.1947 

60 0.2054 

 

 

Table 5.4: Theoretical diffusion coefficients values for ethanol using FSG Equation 

at various temperatures 

Compound Temperature (ºC) DBA (cm2/s) 

ethanol (C2H5OH) 40 0.1403 

50 0.1483 

60 0.1564 

70 0.1647 
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Table 5.5: Theoretical diffusion coefficients values for propanol using FSG 

Equation at various temperatures 

Compound Temperature (ºC) DBA (cm2/s) 

1-propanol (C3H7OH) 40 0.1169 

50 0.1236 

60 0.1303 

70 0.1372 

80 0.1443 

90 0.1515 

 

 

Table 5.6: Theoretical diffusion coefficients values for butanol using FSG Equation 

at various temperatures 

Compound Temperature (ºC) DBA (cm2/s) 

1-butanol (C6H9OH) 40 0.1020 

50 0.1078 

60 0.1137 

70 0.1197 

80 0.1259 

90 0.1322 

100 0.1387 
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Table 5.7: Theoretical diffusion coefficients value for n-pentane using FSG 

Equation at selected temperature 

Compound Temperature (ºC) DBA (cm2/s) 

*n-pentane (C5H12) 25 0.0855 

 

 

*Measurement for n-pentane was performed at room temperature as a result of non-

constant and fluctuating baseline during the performance of respective liquid at various 

temperatures. The situation happened because the temperature in the oven was not 

constant for a long period of time. The temperature fluctuated from 1ºC to 2 ºC. After a 

few adjustment of temperature tuning, the optimum temperature was subjected to the 

specified liquid was 25ºC.  

 

Table 5.8: Theoretical diffusion coefficients values for n-hexane using FSG 

Equation at various temperatures 

Compound Temperature (ºC) DBA (cm2/s) 

n-hexane (C6H14) 40 0.0869 

50 0.0918 

60 0.0968 
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Table 5.9: Theoretical diffusion coefficients values for n-heptane using FSG 

Equation at various temperatures 

Compound Temperature (ºC) DBA (cm2/s) 

n-heptane (C7H16) 40 0.0799 

50 0.0844 

60 0.0890 

70 0.0937 

80 0.0986 

90 0.1035 

 

Table 5.10: Theoretical diffusion coefficients values for n-hexadecane using FSG 

Equation at various temperatures 

Compound Temperature (ºC) DBA (cm2/s) 

n-hexadecane (C16H14) 40 0.0513 

50 0.0542 

60 0.0572 

70 0.0603 

80 0.0634 

90 0.0665 

100 0.0698 

 

The above theoretical values later were compared with the experimental values. The 

purpose of comparing those values is to define the accuracy of the readings obtained. 

From the trend of theoretical diffusion coefficients for each sample performed at various 
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temperatures indicates that the diffusion coefficients for the experimental values will 

increase as the temperature is increased.  

5.1.3 Relation between temperature and diffusion coefficients 

Graphs of temperature versus diffusion coefficients for the various pollutants were 

drawn and given from Fig. 5.1 to Fig. 5.7. From the graphs, one can estimate and 

determine the trend of the data for the present study and future research. The graph 

depicts the rise of theoretical diffusion values of liquid pollutants at various 

temperatures starting from 40°C to the respective temperatures as given in the previous 

tables. 

 

 

Figure 5.1: The rise of theoretical diffusion coefficient values of methanol at various  

temperatures 
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Figure 5.2: The rise of theoretical diffusion coefficient values of ethanol at various  

temperature 

 

 

Figure 5.3: The rise of theoretical diffusion coefficient values of propanol at various  

temperatures 
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Figure 5.4: The rise of theoretical diffusion coefficient values of butanol at various  

temperatures 

 

 

Figure 5.5: The rise of theoretical diffusion coefficient values of n-hexane at various  

temperatures  
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Figure 5.6: The rise of theoretical diffusion coefficient values of n-heptane at various  

temperatures 

 

 

Figure 5.7: The rise of theoretical diffusion coefficient values of n-hexadecane at  

various temperatures  
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When the temperature is increased, the molecules vibrate at a higher rate, therefore the 

temperature is directly proportional to the diffusion coefficient.  

It can be defined as: 

T∞D 

The theory was proven by the graphs plotted for selected liquids temperatures versus 

diffusion coefficients values.   

5.2 Determination of experimental diffusion coefficient values. 

The experimental rate coefficients and diffusion coefficient values were obtained by 

performing a laboratory research scale work. The equation of sampling columns as 

describe in Theoretical Section (Chapter 3) is implied to determine the experimental 

coefficient values whereby the equations of  

 

ln(h∞-h)=ln h∞ - [2(kcL+D)/L2]t0       (20) 

 

and 

 

ln[h(L/2t01/2 + kct0
1/2)] = ln[4kcc0/v(D/π)1/2] – (L2/4D)( 1/t0)    (21) 

 

were used. Estimated diffusion coefficient values from the equations are compared with 

the diffusion coefficient values obtained from FSG equation. 
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The experimental values of diffusion coefficients were obtained by analyzing the 

analytes by reversed-flow gas chromatography instrument which has been slightly 

modified. The selected liquid pollutants mentioned were analyzed as given in the 

experimental section (refer to page of 38 to 40). 

The results of reversed-flow gas chromatography experiment (refer to the attachments) 

were then analyzed using the software known as Origin 8 (CHEMOPHARM). The 

software was selected for its capability of analyzing the results using multiple regression 

analysis. 

Example of sample peaks obtained experimentally with gas diffusion rate as a rate 

process taking place within the sampling cell is shown in Figure 5.8. The result was a 

sharp symmetrical and narrow peak, its width at half height being exactly equal to the 

duration of the flow reversal. The example in Figure 5.8 shows the peaks corresponding 

to various times from the beginning. The pressure drop along l+l’ was negligible and the 

pressure inside the whole cell was 1 atm. The carrier gas flow-rate was kept constant 

(1.0 cm3 s -1). 

 

Figure 5.8: Reversed flow gas chromatogram showing two sample peaks for the 

adsorption of liquid pollutant at 312.15K and 1atm (V=1.0cm3 s-1) 
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height (h) 

t0(minutes) 

5.2.1 Plotting height (h) versus time (minutes) 

Figure 5.9 shows the rise of the sample peak height with time for the diffusion of liquid 

vapor. In the analysis, the height, h of the sample peaks is used as a function of time t0, 

when the flow reversal was made, which is plotted on the semilogarithmic scale. It 

shows the steep rise and then leveling off with time when peaks height (h) are plotted 

against time (t0).  

 

  

Figure 5.9: The rise of the sample peak height with time for the diffusion of liquid 

vapor into nitrogen (v=cm3 s-1) at 1 atm. 

The rise of the peaks stops at respective time and becomes stagnant for the whole period 

of experiment. The phenomenon happened because the diffusion column was fully 

diffused by evaporated molecules. Each of the experiment is performed for more than 

300 minutes. 
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t0(minutes) 

ln(h∞-h) 

5.2.2 Plotting ln(h∞-h) versus time (minutes) 

From the plot of Figure 5.8, the highest peak value is taken for plotting ln(h∞-h) vs t0 

(cf. Figure 5.9). The height deviation which is taken as ln(h∞-h) of the sample peaks is 

used as a function of time t0,  The results from Figure 5.9 are iterated, leaving 3 to 4 

points, which correspond to small times, and the rest of the experimental points are 

plotted according to Eq. 20, as shown in Figure 5.10. 

 

 

Figure 5.10:  Example of plotting Eq. 20 for the diffusion of liquid vapor (ethanol) 

into carrier gas at 313.15K and 1atm (v=1.0cm3 s-1) 

 

The iteration process is performed to eliminate the ‘bad’ points and reduced the 

variance gap between the points. From the plot, a linear graph with a negative slope is 

obtained. The process is performed to all liquid pollutants samples at experimental 

temperature. The slope also showed the preliminary indicator for the correctness of the 

result, based on the negativity of the plotted slope. For example, negative slope is 

considered the analysis is in the right track in comparison to the positive slope.  
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1/t (min-1) 

ln[h(l/2t01/2+kct0
1/2)] 

From the slope of this plot (Figure 5.10), which is equal to –2(kcL+D)/L2, according to 

Eq. 20, using the theoretically calculated value for diffusion coefficient, Dtheory from 

Fuller-Schettler-Giddings equation, and the actual value of L, the theoretical value of 

rate coefficient, kc for the evaporation process is calculated. This approximate value is 

now used to be plotted according to Eq. 21 as shown in Figure 5.11 

 

 

 

 

 

 

 

 

Figure 5.11: Data from evaporation of liquid vapor (ethanol) into carrier gas at 

313.15K and 1atm (v=1.0 cm3 s-1), plotted according to Eq 21. 

 
 
From the slope of this plot (Figure 5.11), which equals to –L2/4D, as shown in 

Theoretical Section, a value for experimental diffusion coefficient, Dexp of vapors into 

carrier gas, N2 is found. The value is combined with the slope of the previous plot 

(Figure 5.10) and a experimental value of kc is calculated. The values are further used to 

replot the data according to Eq. 21. When the value for experimental diffusion 

coefficient, Dexp is found to coincide with the theoretical diffusion coefficient, Dtheory, 

the iteration procedure is stopped.  
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Table 5.11: Binary gaseous diffusion coefficients, DAB (cm2s-1) of alcohols (A: trace 

solute, B: carrier gas), measured by the reversed flow-gas 

chromatographic techniques (v = 1cm3s-1) 

 
  D, cm2 s-1 
Binary  
system  
A-B 

T, K 102 kc, cm s-1 
 

This work 
Dexp 

Theory 
Dtheory 

Ref. 
Dlit 

Precisionb  
(%) 

Accuracyc 
(%) 

CH3OH 313.15 140.87±0.11a 0.1843±0.0007a 0.1843 - 0 - 
-N2 323.15 148.59±0.17a 0.1947±0.0003a 0.1947 - 0 - 
 333.15 156.99±0.13a 0.2054±0.0006a 0.2054 0.2448 0 19 
        
C2H5OH 313.15 175.58±0.07a 0.1404±0.0009a 0.1403 0.1300 0.06 7 
-N2 323.15 185.02±0.09a 0.1483±0.0006a 0.1483 - 0.03 - 
 333.15 195.11±0.05a 0.1563±0.0003a 0.1564 - 0 - 
 343.15 206.08±0.04a 0.1648±0.0009a 0.1647 - 0.07 - 

 
C3H7OH
-N2 
 
 

313.15 190.94±0.15a 0.1169±0.0002a 0.1169 - 0 - 
323.15 200.50±0.14a 0.1234±0.0001a 0.1234 - 0 - 
333.15 210.84±0.13a 0.1303±0.0001a 0.1303 - 0 - 
343.15 222.04±0.11a 0.1372±0.0001a 0.1372 - 0 - 
353.15 234.31±0.15a 0.1443±0.0001a 0.1443 - 0 - 
363.15 247.45±0.14a 0.1515±0.0001a 0.1515 0.1530 0 1 

        
C4H9OH
-N2 

313.15 208.68±0.08a 0.1020±0.0005a 0.1020 - 0.01 - 
323.15 218.75±0.04a 0.1079±0.0015a 0.1078 - 0.13 - 
333.15 229.80±0.12a 0.1137±0.0004a 0.1137 - 0.04 - 
343.15 241.65±0.05a 0.1197±0.0002a 0.1197 - 0 - 
353.15 254.39±0.10a 0.1259±0.0001a 0.1259 - 0 - 
363.15 268.08±0.07a 0.1322±0.0008a 0.1322 - 0.04 - 

 373.15 283.57±0.02a 0.1386±0.0002a 0.1387 - 0.07 - 
 

 

aUncertainty based on standard error value 

bPrecision has been defined as ( Dexp  - Dtheory  / Dexp ) x 100 (Karaiskakis, et. al., 2004) 

cAccuracy has been defined as ( Dexp  - Dlit  / Dexp ) x 100 (Karaiskakis, et. al., 2004) 
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Table 5.12 Binary gaseous diffusion coefficients, DAB (cm2s-1) of hydrocarbons (A: 

trace solute, B: carrier gas), measured by the reversed flow-gas 

chromatographic techniques (v = 1cm3s-1) 

  D, cm2 s-1 
Binary  
system  
A-B 

T, K 102 kc, cm s-1 
 

This work 
Dexp 

Theory 
Dtheory 

Ref. 
Dlit 

Precisionb  
(%) 

Accuracyc 
(%) 

C5H12-
N2 
 

298.15 338.27±0.20a 0.0854±0.0004 0.0855 - 0.04 - 

C6H14- 313.15 298.84±0.08 a 0.0871±0.0005 0.0886 - 0.26 - 
N2 323.15 315.19±0.15 a 0.0918±0.0007 0.0918 - 0 - 
 333.15 332.17±0.13 a 0.0968±0.0010 0.0968 - 0 - 
        
C7H16-
N2 
 
 

313.15 279.40±0.16 a 0.0798±0.0009 0.0799 - 0.04 - 
323.15 293.39±0.17 a 0.0846±0.0004 0.0844 - 0.20 - 
333.15 308.57±0.12 a 0.0890±0.0004 0.0890 - 0 - 
343.15 324.94±0.17 a 0.0937±0.0007 0.0937 - 0 - 
353.15 342.01±0.18 a 0.0986±0.0003 0.0986 - 0 - 
363.15 362.22±0.12 a 0.1035±0.0016 0.1035 - 0 - 

        
C16H14
-N2 

313.15 414.66±0.05 a 0.0513±0.0009 0.0513 - 0 - 
323.15 434.87±0.07 a 0.0542±0.0007 0.0542 - 0 - 
333.15 456.63±0.09 a 0.0574±0.0008 0.0572 - 0.05 - 
343.15 480.11±0.04 a 0.0603±0.0012 0.0602 - 0.01 - 
353.15 505.40±0.15 a 0.0633±0.0007 0.0633 - 0 - 
363.15 533.37±0.07 a 0.0665±0.0008 0.0665 - 0 - 

 373.15 563.54±0.04 a 0.0697±0.0014 0.0697 - 0 - 
 

 

aUncertainty based on standard error value 

bPrecision has been defined as ( Dexp  - Dtheory  / Dexp ) x 100 (Karaiskakis, et al., 2004) 

cAccuracy has been defined as ( Dexp  - Dlit  / Dexp ) x 100 (Karaiskakis, et al., 2004) 
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The diffusion coefficients of selected liquid pollutants vapor in carrier gas N2 were 

determined by the reversed-flow gas chromatography technique with the aid of 

Equation (21) at various temperatures which has been compiled in Table 5.11 and 5.12 

respectively.  

The precision of the method, defined as the relative standard deviation (%), can be 

judged from the data of the theoretical values. The experimental values of diffusion 

coefficient given in Table 5.11 and 5.12 were compared with those calculated 

theoretically by the Equation of FSG (Equation (22)). Some literature values of 

diffusion coefficients are also given in the same table.  

The precision given in the column of Table 5.11 and 5.12 was a measure of the 

deviation of the values found by the RF-GC method from the calculated ones, defined 

as: 

Precision (%) = U DAB
found-DAB

calcd  x 100 
              DAB

found 
 

The precisions of the present values can be compared with the accuracies of the 

respective literature values (if any), given in parentheses in Table 5.11 and 5.12.  

The precision values between the experimental and theoretical values were less than 

1%. This verifies the low deviation values between theoretical and experimental 

diffusion coefficients which are obtained from RF-GC methodologies for analyzing 

interest analytes. In comparing of literature and experimental values of diffusion 

coefficients to find the accuracies of the data, the assessment is difficult because limited 

literatures were reported for the temperatures ranging from 40°C to the respective 

boiling points. In addition, correlative studies with past literature are impossible for the 
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reason that earlier papers have used different liquid pollutants samples, temperatures 

and carrier gas flow rate. 

5.3 Determination of activation energy 

The evaporation rates of liquid pollutants over the temperature range from 40°C to the 

respective boiling points are measured in order to obtain the activation energy of the 

respective liquid evaporation. The evaporation rates in the units of cm s-1 were 

calculated from Equation 20. The activation energy of liquid evaporation from the 

surface can be calculated from the temperature dependence of the evaporation rate 

employing the Arrhenius equation, 

 
 

ln k = ln A – 

By means of Arrhenius equation, the activation energy for the evaporation is easily 

determined. Equation 25 shows the Arrhenius equation, which is easily implied in 

enormous areas of research namely environment, pharmaceutical, catalyst and catalysis 

studies. From the estimation of activation energy, one can determine the minimum 

amount of energy required to initiate the evaporation process. Activation energy also 

provides the data for determining the most easily evaporated liquid based on the 

tendency of the sample to evaporate.  

Ea 
                             RT    (25) 
 
 

where k is the evaporation rate per unit area (cm s-1), Ea is the activation energy (J 

mol−1), T is absolute temperature (Kelvin), R is the gas constant taken as 8.3145 J mol-1 

K-1, and A is an arbitrary constant. Thus, Ea can be obtained by analyzing the 

evaporation rates according to Eq. (25). This definition applies regardless of whether the 

Arrhenius plot is linear or not; if it is not, the activation energy changes with 

temperature. 
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Table 5.13: The activation energy values of respective samples calculated using 

Arrhenius equation and measured by the reversed flow-gas 

chromatography technique (v = 1cm3s-1) 

Sample Activation Energy (J mol−1) 

CH3OH-N2 
 

4697.925 
 

C2H5OH-N2 
 

4766.189 
 

C3H7OH-N2 
 

4904.346 
 

C4H9OH-N2 
 

4958.178 
 

C5H12-N2 
 
 

4432.657 

C6H14-N2 
 

4583.339 
 

C7H16-N2 
 

4889.463 
 

C16H14-N2 
 

4964.504 
 

 

The activation energy calculated for respective samples at various temperatures showed 

about the same (stagnant) values. In this experiment, the reaction can be defined as the 

evaporation process, where the liquid pollutants were transformed into gaseous vapors. 

Therefore, the above mentioned activation energy is the minimum amount of energy 

required for liquid molecules to evaporate to the gaseous phase.  
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CHAPTER 6 

CONCLUSION 

6.1 Conclusion 

The work is concerned with the evaluation of activation energy, the 

determination of diffusion coefficient, DAB and rate coefficient, kc for theoretical and 

experimental values of liquid pollutants, which constitute a new and significant 

scientific basis for the references and solution of any problem concerning physical 

science and environmental pollution control and monitoring research. 

The activation energy values lead to the conclusion that n-pentane is the most volatile 

liquid among the liquid pollutants selected. It also suggests that n-pentane has the 

highest potential pollution effects towards the environment based on the minimum 

amount of energy required to initiate the evaporation process. From the values obtained 

the samples show a small increment of activation energy as the number of carbon 

increases for the respective groups of liquids pollutants (alkanes and alcohols). It can be 

concluded that, as the number of carbon increases, higher activation energy values are 

obtained. 

The most interesting finding is the precision values of the liquid pollutants. The 

precision values between the experimental and theoretical values are less than 1%. This 

verifies the low deviation values between theoretical and experimental diffusion 

coefficients which are obtained from RF-GC methodologies for analyzing analytes 



63 
 

interest. This is a new evidence that shows a profound agreement between the 

theoretical values of diffusion coefficients with the experimental values. 

Our research group findings contributed to the new references for the liquid pollutants 

within the temperature range from 40°C to the respective liquid pollutants boiling 

points. As regard to the comparison of the kc values, two tentative conclusions can be 

drawn. Firstly, the kc is independent of the carrier gas flow, in accord with the 

presupposition that it is a rate coefficient, and secondly, that these coefficients of 

evaporation increase with increasing temperature. Obviously, one can see from the steep 

rise of the kc values for respective liquid pollutants as the temperature increases (refer to 

Table 5.11 and 5.12). On the other hand, a comparison of the kc values determined in 

this work with others in the literature is impossible, because such values could not be 

found.  

The presented methodology of reversed-flow gas chromatography can be used to 

concurrently determine accurate absolute evaporation rates and vapors diffusivities of 

pure liquids. The use of RF-GC can be clearly extended to the topics that are related to 

processes of significant environmental interest, such as: (i) Studies from dilute aqueous 

solutions of organic and inorganic pollutant compounds; (ii) Investigation of water 

evaporation (sea, lake, river water bodies); (iii) Effects of ionic and zwitterionic 

surfactants; (iv) Experiments with a longer duration (more than 6 hours) in order to 

examine the change of the evaporation rate in a broader time scale (determination of 

evaporation rates at a time resolved procedure) and, moreover, the life span of the 

studied liquid pollutants; and (v) Experiments with surfactants under steering conditions 

in order to investigate their durability. The application of RF-GC methodologies 

contributed to a long list of significant environmental interest (as mentioned above) 

which is not exhaustive. 
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More work is well under way concerning the application of the RF-GC version for the 

future research in this field. From the findings, one observed a free surface influence of 

surfactant where the molecules of the analytes evaporated in absence of layer thickness. 

However, the idea of the influence of surfactant on the surface of liquid body has the 

potential to contribute to environmental pollution controls. The multilayer thickness of 

surfactant has the capabilities of reducing the evaporation rate of liquid pollutants 

resulting in low concentration of evaporated pollutants in atmosphere which has not 

been reported yet or cited in any research papers. The method can also be used to study 

the evaporation rate of liquid pollutants under the influence of other liquids. The rate of 

evaporation of liquid molecules can be compared to the studies on the competency of 

diffusion coefficients and rate coefficients of the liquid pollutants presence in a liquid 

body. The findings may reveal the evaporation rate of liquid pollutants and the effects 

of activation energy of respective liquid pollutants in the presence of other liquids. As 

much as the ideas are concerned, the current findings may contribute to the references in 

later studies. 

Concerning the findings of this research, it can be concluded that the RF-GC 

methodologies can be considered as a wise instrumental approach to study the 

physicochemical phenomenon of liquid pollutants. It can be used to determine the rate 

coefficients, diffusion coefficients and activation energy values of liquid pollutants at 

various temperatures for the studies of environmental science and physical chemistry 

research areas. However, the methodologies are not restricted to the current fields of 

research. It is also relevant in the area of food chemistry, geochemistry, material 

science, nanotechnology, biological science and chemical technology. It is precise and 

applicable to be extended for future research with slight modification of the GC 

instrument (where applicable). 
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Analysis of Diffusion Coefficient using  

Reversed-Flow Gas Chromatography-A Review 
 

Khalisanni Khalid, Rashid Atta Khan 
 and Sharifuddin Mohd. Zain 

Department of Chemistry, Faculty of Science, 
University of Malaya, 50603 Kuala Lumpur, Malaysia 

 
Abstract: Problem statement: Since the earliest publication on the technique, Reversed-Flow Gas 
Chromatography (RF-GC) has been used to determine physicochemical properties by measuring the value 
of one in the presence of another. The method is precise, accurate and simple compared to other 
conventional techniques. Approach: The experimental setup consists of a small modification of a 
commercial gas chromatograph, so that it includes a four- or six-port gas sampling valve and a simple cell 
placed inside the chromatographic oven. Results: This cell suppresses the effects of the carrier gas flow on 
the physicochemical occurrence taking place in the stationary phase. These phenomena pertain to rate 
coefficients and diffusion coefficients. Conclusion: The RF-GC methodologies can be considered as a wise 
instrumental approach to study the physicochemical phenomenon of liquid pollutants. It can be used to 
determine the rate coefficients and diffusion coefficients values of samples at various temperatures for the 
studies of environmental science and physical chemistry research areas. However, the methodologies are 
not restricted to the current fields of research. It is also relevant in the area of food chemistry, 
geochemistry, material science, nanotechnology, biological science and chemical technology. 
 
Key words: Reversed-Flow Gas Chromatography (RF-GC), diffusion coefficients, rate coefficients, air-

liquid, Flame Ionization Detection (FID), Fuller-Shettlar-Giddings (FSG), gas 
chromatographic 

 
INTRODUCTION 

 
 The air-liquid interface is a region of intense 
gradients that impose interesting constraints on the lives 
and productivity of microorganisms (Ahmed et al., 
2010). Research in this area requires working at scales 
far smaller than those normally associated with the bulk 
processes on either side of the interface and requires 
new experimental and theoretical approaches 
(Colakoglu, 2009). Kouchakzadeh  (2011) has reported 
various methods for estimating volatilization or 
evaporation rates of organic chemicals from liquid 
bodies. In later years, Pekar (2002) reported that gas 
chromatography was used to obtain insight of 
intermolecular interaction capabilities of liquid 
polybutadienes, which underlie their phase behavior. 
Mahdi et al. (2010) also reported the importance by 
applying the Gas Chromatography (GC) technique to 
study the metabolic fingerprinting of Malaysian plant. 
 Reversed flow gas chromatography is first 
proposed for kinetic studies in heterogenous catalysis 
(Karaiskakis et al., 1982a; Karaiskakis et al., 1982b) 

applied to the dehydration of alcohols and the 

deamination of primary amines (Kotinoupulus et al., 
1982). The first idea on this differential aspect was that 
of Phillips et al. (Katsanos, 2002) who stopped the flow 
of the carrier gas for a short time period repeatedly, 
producing each time extra narrow peaks. By this 
method, he measured the differential rate (Zahim et al., 
2009) of a catalytic reaction taking place on the 
stationary phase in a gas chromatographic column. The 
method permitted a direct determination of reaction 
rates, not only for small conversions to products, or for 
reaction times around zero, but in the whole range of 
conversions covering an extended period of time 
(Katsanos and Karaiskakis, 1982). The method has 
been extended to the determination of diffusion 
coefficients (Li et al., 2010) in binary (Karaiskakis et 
al., 1983a) and in multicomponent (Katsanos and 
Karaiskakis, 1983) gas mixtures, the variation of these 
coefficients with the temperature (Katsanos, 1982), as 
well as to other measurements like those of adsorption 
equilibrium constant (Karaiskakis et al., 1982a) and of 
rate constants for removal of solvents from impregnated 
porous solids (Katsanos and Georgiadou, 1980). 
Finally, the method was used to study the heterogenous 
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kinetics of a complicated reaction with two gaseous 
reactants, namely the oxidation of carbon monoxide 
with oxygen over CO3O4- containing catalysts. 
(Karaiskakis et al., 1983b). 
 In the recent decades, the application of the 
technique has captured significance attention from the 
researcher. The technique of Reversed-Flow Gas 
Chromatography (RF-GC) has been used for various 
physicochemical measurements, such as of rate 
coefficients and diffusion coefficients for the 
evaporation of pollutant liquids under the influence of 
surfactants, (Rashid et al., 2004) mass transfer 
coefficients of gases into the liquids, (Rashid et al., 
2001) activity coefficients and mass transfer 
coefficients and diffusion coefficients in 
multicomponent gaseous mixtures (Gavril et al., 2004) 

as well as for the estimation of the solubility and 
interaction parameters in binary liquid mixtures 
(Gavril et al., 2006). 
 The application of the method implies continuously 
switches the system under study from a flow dynamic 
one to a static system and vice versa, by repeatedly 
closing and opening the carrier-gas flows. Diffusion and 
other related phenomena, which are usually negligible 
during the gas flow, may become important when the 
flow is stopped. As mentioned above, the technique of 
RF-GC is applicable and relevant for diverse research 
areas such as environment, pharmaceutical, medicine, 
food, physical and biological sciences. 
 

MATERIALS AND METHODS 
 
 The experimental arrangement consists of a small 
modification of a commercial gas chromatograph, so 
that it includes a six-port gas-sampling valve and a 
simple cell placed inside the chromatographic oven. 
This cell suppresses the effects of the carrier gas flow 
on the physicochemical phenomena-taking place in the 
stationary phase.  
 The apparatus used is a conventional Gas 
Chromatograph (Shimadzu GC-14B) with a flame 
ionization detector contained in its oven (Fig. 1) with 
two columns of lengths l’ and l of a stainless-steel 
chromatographic column containing no 
chromatographic material. The empty stainless steel is 
¼ inch chromatographic tubes with 4mm internal 
diameter and length, L = 28.5 cm and l = l’= 57cm. they 
are connected at the junction x = l’ by a ¼ inch 
Swagelok tee union. Another sample ¼ inch union is 
used to connect a short tube (2cm) containing 4ml of 
liquid at the end of diffusion column L. 
 A stainless-steel diffusion column, consisted of the 
section z, was connected perpendicularly at its upper 
end   to the middle  of  the  column  l’+l (57cm+57 cm).  

  
Fig. 1: Instrumentation of the reversed flow gas 

chromatography technique for the simultaneous 
measurement of the diffusion coefficients and rate 
transfer coefficients of the evaporating liquids 

 
The reactant (AR Grade) was injected at a middle point 
of the column as the stationary phase and the direction 
of carrier gas flow was reversed from time to time 
instead of stopping it. This also created extra 
chromatographic peaks ‘sited’ on the continuous signal. 
At the end of column z is located a container, in which 
the liquid was contained. The end D1 of the sampling 
column l’+l was connected, via a four-port valve, to the 
carrier gas (nitrogen) supply, while the other end D2 
was connected to the Flame Ionization Detection (FID) 
system. After waiting for the monotonously rising 
concentration-time curve to appear in the detector 
signal, we started the chromatographic sampling 
procedure by reversing the direction of the carrier gas 
flow for 6 s, which is a shorter time period than the gas 
hold-up time in both column l and l’. When the gas 
flow was restored to its original direction, sample peaks 
were recorded. The pressure drop along l+l’ was 
negligible and the pressure inside the whole cell was 1 
atm. The carrier gas flow-rate was kept constant (1.0 
cm3 sec−1). 
 

RESULTS 
 
 The following derivation was made by referenced 
to Fig. 2, which depicts only the sampling column of 
the cell. The assumptions under which the sampling 
equation was derived were the adsorption isotherms in 
the sampling columns were linear and axial diffusion of 
the gases along coordinated x or x’ and other 
phenomena leading to nonideality (such as mass-
transfer resistance in the stationary phase) were 
negligible and the rate process which was taking place 
in sufficiently short column of the total column length. 
(Nicholas, 1988) Thus, the common chromatographic 
sampling equation, describing the elution curves which 
follow the carrier gas flow reversals was: 
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1 2

3 0

c c (1 , to t )u( ) c (1 , to t )
[1 u( t )]x[u( ) u( tM )]

c (1 , to t )u( t ){u(t t )
[1 u( tM )] u( t )[u( tM )]

′ ′ ′ ′= + + τ τ + + − τ
′ ′− τ − τ − τ −

′ ′ ′ ′+ − + τ τ + τ − −
′ ′ ′− τ − − τ − τ −

  (1) 

 
where, c was the concentration of vapor at the detector, 
c1 (l’,…), c2(l’,...) and c3(l’,…) were concentrations at 
the point x=l’ (Fig. 2) for the times shown (t0=total time 
from placing the liquid in column L to the last 
backward reversal of gas flow, t’= time interval of 
backward flow, τ = t-tM, t being the time from the last 
restoration of the carrier gas flow and tM the gas hold-
up time of column column l); finally the various u’s 
were the unit step functions for the arguments shown in 
parentheses and tM’ is the gas hold-up time in the 
column l’. 
 For t’ smaller than both tM and tM’, each sample 
peak produced by two successive reversals was 
symmetrical and its maximum height h from the ending 
baseline was given by: 
 

0h 2c(l , t )′≅   (2) 
 
where, c(l’,t0) was the vapor concentration at x=l’ and 
time t0. The concentration of the liquid can be found 
from the diffusion equation in the column L (Fig. 2): 
 

2
z

2
o

c D c
t z

∂ ∂
=

∂ ∂
  (3) 

 
where, D was the diffusion coefficient of the vapor into 
the carrier gas. The solution of Eq. 3 was sought under 
the initial condition: 
 

zc (z,0) 0=   (4) 
 
the boundary conditions at z = L: 
 

z 0 0c (L, t ) c(l, t )=   (5) 
 

z z L 0D( c / z) vc(l , t )= ′− ∂ ∂ =   (6) 
 
where, v was the linear velocity of carrier gas and the 
boundary condition at  z = 0: 
 

z z 0 o zD( c / z) kc(c c (0))=− ∂ ∂ = −   (7) 
 
where, cz(0) was the actual concentration at the liquid 
interface at time t0, c0 the concentration of the vapor 
which would be in equilibrium with the bulk liquid 
phase and kc was a rate coefficient for the evaporation 
process. Equation 7 expresses the equality of the 

diffusion flux for removal of vapors from the liquid 
surface and the evaporation flux due to departure of cz 
at the surface from the equilibrium value c0. 
 When the Laplace transform of Eq. 3 is taken with 
respect to t0, a linear second-order differential equation 
results. It can be solved by using z Laplace 
transformation yielding: 
 

z z zC C (0)cosh qz C (0) / qsinh qh′= +   (8)  
 
Where: 
 

1/ 2
0Q (p / DO)=   (9) 

 
and Cz(0) and Cz’(0) were the t0 Laplace transform of 
cz(0) and (∂cz/∂z)z=0 respectively. If one combines eq 8 
with the t0 transforms of the boundary conditions (5), 
(6) and (7), the Laplace transform of c(l’,t0), denoted as 
C(l’,p0), is found: 
 

o cC(1 ,p ) (k co / po)(1 / (Dq vkc / Dq)
sinh qL (v kc)cosh qL)

′ = +
+ +

  (10) 

 
 Inverse Laplace transformation of this equation to 
find c(l’,t0) was difficult. It can be achieved by using 
certain approximations which are different for small or 
for long times. In the first case qL was large, allowing 
both sinh qL and cosh qL to be approximated by exp 
(qL)/2. Then Eq. 10 became: 
 

o cC(1 ,p ) (k co / poDq)(2exp
( qL) / (1 kc / Dq)(1 v / Dq))

′ =

− + +
  (11) 

 

 
 
Fig. 2: Schematic arrangement showing the diffusion 

column L connected to the chromatographic 
column l’+ l through which carrier gas flows 
from D2 to D1 or vice versa 
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which, for high enough flow rates, further reduced to: 
 

o cC(1 ,p ) (2k co / vD)(exp( qL) / q(q kc / D))′ = − +  (12) 
 
 Taking now the inverse Laplace transform of this 
equation, one found: 
 

c
o c c

1/2
1
2

2k coC(1 , t ) exp[(k L / D) (k 2to / D)]
v

Lerfc (to)
2(Dto)

′ = +

⎡ ⎤⎛ ⎞
⎢ ⎥⎜ ⎟ +⎢ ⎥⎜ ⎟⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦

  (13) 

 
 Finally, if one uses the relation erfc x ≅ exp (-x2)/ 
(τπ1/2), which was a good approximation for large 
values of x, Eq. 13 became: 
 

1/2c
o

2 1/2 1/2 1
c

2k coC(1 , t ) (D / ) exp
v

[( L / 4Dto)((L / 2to ) K to )−

′ = π

− +
  (14) 

 
 Coming now to the other extreme, i.e., long time 
approximations, qL was small and the functions sinh qL 
and cosh qL of Eq. 10 can be expanded in Mc Laurin 
series (Ford, 1960), retaining only the first three terms 
in each of them. Then, from Eq. 10 one obtained: 
 

c c

2 2

C(1 ,po) (k co / po)(1 / ((Dq vk / Dq)

qL ((v kc)(1 q L / 2)))

′ = +

+ + +
  (15) 

 
and by using Eq. 9 and rearranging this became: 
 

c

c c c

k co
C(1 ,po)

Lpo
1

po[1 (v k )L / 2D] vk / D (v k ) / L

′ =

+ + + + +

  (16) 

 
 For high enough flow rates kc can be neglected 
compared to v and 1 can be neglected in comparison 
with vL/2D. For instance, in a usual experimental 
situation it was calculated that vL/2D = 420. Adopting 
these approximations, Eq. 16 reduces, after some 
rearrangement, to: 
 

c

2 2
c

2k Dco 1C(1 ,po)
vL po po 2(k L D) / L

′ =
+ +

  (17) 

 
 Finally, inverse Laplace transformation of this 
relation yielded: 

c 2
c

c

k Dco
C(1 , to) {1 exp[2(k L D)to / L ]}

v(k L D)
⎛ ⎞

′ = − +⎜ ⎟⎜ ⎟+⎝ ⎠
  (18) 

 
 by considering maximum height h of the sample 
peaks in Eq. 2 and substituting in it the right hand side 
of Eq. 18 for c(l’,t0), one obtains h as an explicit 
function of time t0. In order to linearize the resulting 
relation, an infinity value h� for the peak height was 
required: 
 

c ch 2k Dco / [v(k L D)]∞ = +   (19) 
 
 Using this expression, we obtained: 
 

c
2ln(h h) ln h [2(k L D) / L ]to∞ ∞− = − +   (20) 

 
 Thus, the long enough times, for which Eq. 18 was 
derived, a plot of ln (h∞ - h) vs. t0 was expected to be 
linear and from the slope –2(kcL+D)/L2 a first 
approximate value of kc can be calculated from the 
known value of L and a literature or theoretically 
calculated value of D. This value of kc can now be used 
to plot small time data according to Eq. 14 which was 
substituted now for c(l’,t0) in Eq. 2. After rearrangement 
logarithms were taken and there resulted: 
 

c

c

1/ 2 1/ 2

1/ 2 2

ln h(L / 2to k to ) ln

4k co / v(D / ) (L / 4D)(1 / to)

⎡ ⎤+ =⎢ ⎥
⎡ ⎤π −⎢ ⎥

  (21) 

 
 Now a plot of the left hand side of this relation vs 
1/t0 will yield a first approximation of experimental 
value for D from the slope-L2/4D of this new linear 
plot. This D value can be reused in the slope found 
from the plot of Eq 20 to calculate a more accurate 
value for kc. In turn, the latter is utilized to report Eq 
21, so that a more accurate value for D was found. 
These iterations can be continued until no significant 
changes in the kc and D values results. 
 The experimental rate coefficients and diffusion 
coefficient values were obtained by performing a 
laboratory research scale work. The equation of 
sampling columns as describe in Eq. 1 was implied to 
determine the experimental coefficient values where the 
Eq. 20 and 21. Estimated diffusion coefficient values 
from the equations are compared with the diffusion 
coefficient values obtained from Fuller-Shettlar-
Giddings (FSG) equation (Fuller et al., 1966). 
 Example of   sample peaks obtained experimentally 
with gas   diffusion rate   as   a rate process taking   
place  within the   sampling   cell   is   shown   in Fig. 3.  
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Fig. 3: Reversed flow gas chromatogram showing two 

sample peaks for the adsorption of liquid 
pollutant at 312.15K and 1atm (v = 1.0cm3 sec−1) 

 
The result was a sharp symmetrical and narrow peak, its 
width at half height being exactly equal to the duration 
of the flow reversal. The example in Fig. 3 showed the 
peaks were corresponding to various times from the 
beginning. The pressure drop along l+l’ was negligible 
and the pressure inside the whole cell was 1 atm. The 
carrier gas flow-rate was kept constant (1.0 cm3 sEC−1). 
 

DISCUSSION 
 
 Figure 4 shows the rise of the sample peak height 
with time for the diffusion of liquid vapor. In the 
analysis, the height, h of the sample peaks was used as 
a function of time t0, when the flow reversal was made, 
which is plotted on the semilogarithmic scale. It 
showed the steep rise and then leveling off with time 
when peaks height (h) were plotted against time (t0).  
 The rise of the peaks has stop at respective time 
and become stagnant for the whole period of 
experiment. The phenomenon happened because the 
diffusion column was fully diffused by evaporated 
molecules. Each of the experiment was performed for 
more than 300 minutes. From the plot of Fig. 4, the 
highest peak value was taken for plotting ln(h∞-h) Vs t0 
(Fig. 5). The height deviation which was taken as ln(h∞-
h) of the sample peaks was used as a function of time t0,  
 The result from Fig. 5 was iterated, leaving 3-4 
points, which corresponded to small times and the 
rest of the experimental points were plotted 
according to Eq. 20, as shown in Fig. 6. The iteration 
process  was  performed  to   reduce  the variance 
gap  between  the points. From the plot, a linear 
graph  with  negative  slope   will   be    obtained. 
The   process   was   performed to all liquid 
pollutants   samples  and  experimental temperatures.  

 
 
Fig. 4: The rise of the sample peak height with time for 

the diffusion of liquid vapor into nitrogen (v = 
cm3 sec−1) at 1 atm 

 

 
 
Fig. 5: Example of plotting Eq. 20 for the diffusion of 

liquid vapor (ethanol) into carrier gas at 313.15K 
and 1atm (v = 1.0cm3 sec−1) 

 

 
 
Fig. 6: Data from evaporation of liquid vapor (ethanol) 

into carrier gas at 313.15K and 1atm (v = 1.0 
cm3 sec−1), plotted according to Eq 21 

 
The slope also showed the preliminary indicator for the 
correctness of the research, based on the plotted graphs. 
For example, negative slope was considered the 
analysis is in the rights track in comparison to the 
positive slope. From the slope of this plot (Fig. 5), 
which is equal to -2(kcL+D)/L2, according to Eq. 20, 
using the theoretically calculated value for diffusion 
coefficient, Dtheory from FSG equation and the actual 
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value of L, the theoretical value of rate coefficient, kc 
for the evaporation process was calculated. This 
approximate value was now used to be plotted 
according to Eq. 21 as shown in Fig. 6. 
 From the slope of this plot (Fig. 6), which equals to 
–L2/4D, as shown previously, a value for experimental 
diffusion coefficient, Dexp of vapors into carrier gas, N2 
was found. The value was combined with the slope of 
the previous plot (Fig. 5) and the experimental value of 
kc was calculated. The values were further used to 
replot the data according to Eq. 21. When the value for 
experimental diffusion coefficient, Dexp found coincides 
with theoretical diffusion coefficient, Dtheory, the 
iteration procedure stopped.  
 By using this chromatographic sampling equation, 
one can simply determine the experimental diffusion 
coefficients and rate coefficients of the interest analytes 
based on the perturbation of reversed-flow gas 
chromatographic methodologies. The application of the 
sampling equation also contributes to analytical 
approach for determining physicochemical properties of 
the sample (Karaiskakis and Gavril, 2004). The 
precision of the method, defined as the relative standard 
deviation (%), can be judged from the data of the 
theoretical values. The experimental values of diffusion 
coefficient compared with those calculated theoretically 
by the Equation of FSG. The precision was a measure 
of the deviation of the values found by the RF-GC 
method from the calculated ones, defined as: 
 

exp theory
AB AB

exp
AB

D D
Pr ecision(%) 100

D

−
= ×  

 
 The precision values between the experimental and 
theoretical values were less than 3% (Karaiskakis et al., 
1986). This verifies the low deviation values between 
theoretical and experimental diffusion coefficients 
which obtained from RF-GC methodologies for 
analyzing interest analytes. In comparison of literature 
and experimental values of diffusion coefficients to find 
the accuracies of the data, the assessment are difficult 
because limited literatures were reported for the 
temperatures ranged from 40-100°C (Fuller et al., 1966; 
Karaiskakis and Gavril, 2004; Karaiskakis et al., 1986; 
Hoffman, 1932). In addition, correlative studies with 
previous literature are impossible for the reason that 
earlier papers have used different temperatures, liquid 
pollutants samples and carrier gas flow rate. However, 
the precision of the technique is undeniably amazing 
(Karaiskakis et al., 1982b; Fuller et al., 1966; 
Karaiskakis and Gavril, 2004; Karaiskakis et al., 1986; 
Hoffman, 1932). 

CONCLUSION 
 
 The presented methodology of reversed-flow gas 
chromatography can be used to concurrently determine 
accurate absolute evaporation rates and vapors 
diffusivities of pure liquids. The use of RF-GC can be 
clearly extended in the topics that are related to 
processes of significant environmental interest, such as: 
(i) Studies from dilute aqueous solutions of organic and 
inorganic pollutant compounds; (ii) Investigation of 
water evaporation (sea, lake, river water bodies); (iii) 
Effects of ionic and zwitterionic surfactants; (iv) 
Experiments with a longer duration (more than 6 hours) 
in order to examine the change of the evaporation rate 
in a broader time scale (determination of evaporation 
rates at a time resolved procedure) and  moreover, the 
life span of the studied liquid pollutants; and (v) 
Experiments with surfactants under steering conditions 
in order to investigate their durability. The application 
of RF-GC methodologies contributed to a long list of 
significant environmental interest (as mentioned above) 
which is not exhaustive.  
 More work is well under way concerning the 
application of the RF-GC version for the future research 
in this field. From the findings, one observed a free 
surface influenced of surfactant where the molecules of 
the analytes evaporated in absence of layer thickness. 
However, the idea of the influence of surfactant on the 
surface of liquid body has the potential to contribute to 
environmental pollution controls. The multilayer 
thickness of surfactant has the capabilities of reducing 
the evaporation rate of liquid pollutants resulting in low 
concentration of evaporated pollutants in atmosphere 
which has not been reported yet or cited in any research 
papers. The method can also be used to study the 
evaporation rate of liquid pollutants under the influenced 
of other liquids. The rate of evaporation of liquid 
molecules can be compared to the studies on the 
competency of diffusion coefficients and rate coefficients 
of the liquid pollutants presence in a liquid body. The 
findings may reveal the evaporation rate of liquid 
pollutants and the effects of activation energy of 
respective liquid pollutants in the presence of other 
liquids. As much as the ideas are concerned, the current 
findings will contribute to the references for later studies. 
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Khalisanni Khalid, Rashid Atta Khan, and Sharifuddin Mohd. Zain

Department of Chemistry
University of Malaya, 50603 Kuala Lumpur, Malaysia

Abstract. The investigation of liquid pollutants using reversed-flow gas chromatography (RF-GC) is of 
great significance in environmental science. Evaporation of chemicals from water bodies to the atmosphere 
can be an important environmental pathway for certain pollutant liquids. The transfer rate of pollutants from 
the air onto the sea surface depends on rate coefficients and diffusion coefficients in the gas phase. The 
chemical interaction involves measurement of the rate of liquid loss into a gas stream flowing horizontally 
across the liquid surface. In the majority of these techniques relative evaporation rates, which cannot be 
related to the physical properties of the evaporating species, as well as evaporation halftimes are measured. 
The novel technique of reversed-flow gas chromatography (RF-GC) has been used for various 
physicochemical measurements, such as of rate coefficients and diffusion coefficients for the evaporation of 
pure liquid.

Keywords: Chromatography, Evaporation, Diffusion Coefficient, Rate Coefficient

1. Introduction
Evaporation is a vital ecological fate for compounds introduced into both freshwater and marine 

environments by accidental spills, industrial effluents, or introduced directly into the air from industrial unit 
processes such as bioreactors and cooling towers. Atmosphere contains many gases that homogeneously 
distributed such as, carbon monoxide, nitrogen oxides, sulphur oxides, petroleum hydrocarbons and 
pesticides. These pollutants attack solids; including historical buildings and monuments that are finally 
malformed to permanently damaged products. Gases also pollute seawater, transferred from the atmosphere 
to the water surface and then dissolved into the liquid phase. The transfer rate of pollutants from the air onto 
the sea surface depends on rate coefficients and diffusion coefficients in the gas phase.

The first idea on RF-GC differential aspect was that of Phillips et al., who stopped the flow of the carrier 
gas for a short time period repeatedly, producing each time extra narrow peaks. By this method, he measured 
the differential rate of a catalytic reaction-taking place on the stationary phase in a gas chromatographic 
column. The method permitted a direct determination of reaction rates, not only for small conversions to 
products, or for reaction times around zero, but in the whole range of conversions covering an extended 
period of time.

2. Methodology
In this type of chromatography, the column is unfilled with any material and sampling process is carried 

out by reversing of the carrier gas from time to time producing sample peaks. Selected liquid pollutants of 
99.99% purity (MERCK) will be used as solute, while carrier gas was nitrogen of 99.99% purity. After the 
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injection of 1 cm3 s-1 of liquid pollutant at atmospheric pressure and selected temperature, a continuous 
concentration–time curve is record passing through a maximum and then declining with time. By means of a 
six-port valve, the carrier gas flow direction is reversed for 5 s, which is a shorter time period than the gas 
hold-up time in both column sections l and l’, and then the gas is again turned to its original direction. This 
procedure creates extra chromatographic peaks (sample peaks) superimposed on the continuous elution curve. 
This is repeated many times during the experiment lasting a few hours. The height, h of the sample peaks 
from the continuous signal, taken as baseline, to their maximum is plotted as ln (h-h) versus time, giving a 
diffusion band, whose shape and slope both depend on vessel L which is empty, as well as on the geometric 
characteristics of the vessel and the temperature. In all experiments, the pressure drop along l + l’ will 
negligible, while the carrier gas flow-rate will keep constant (1.0 cm3 s-1).

3. Results and Discussion
The results obtained from the preliminary experiments were evaluated for physicochemical quantities of 

liquid pollutant.

Figure 1 The rise of the sample peak height with time for the diffusion of ethanol vapor into 
nitrogen (V=cm3 s-1), 313.15K and 1 atm.

In Figure 1, the height, h of the sample peaks as a function of the time t0, when the flow reversal was made, 
is plotted on a semilogarithmatic scale. It shows the steep rise and then the leveling off with time of the 
sample peak height. As an example using equation,

ln(h-h)=ln h - [2(kcL+D)/L2]t0 Equation 1

ln[h(L/2t0
1/2 + kct0

1/2)] = ln[4kcc0/v(D/)1/2] – (L2/4D)( 1/t0) Equation 2

which derived from N. A Katsanos et. al., 2001, to analyze the experimental findings, the data on Figure 1 
are treated as follows. Iterated some points, which correspond to small times, the rest of the experimental 
points are plotted according to Equation 1, as shown in Figure 2. 



Figure 2 Diffusion of ethanol vapor into nitrogen (V=1cm3 s-1), at 313.15K and 1atm.
As infinity value h was taken the mean of the values found in the time interval, which differed little from 
one another. From the slope of this plot, which is equal to  - 2(kcL+D)/L2, according to Equation 1, using the 
theoretically calculated value of 0.1403 cm2 s-1, and the actual value of L (28.5cm), a value of 20608.8787 
cm s-1 for kc, is calculated. This approximate value is now used to plot all but the few point closed to h

according to Equation 2 as shown in Figure 3

Figure 3 Data from evaporation of ethanol into nitrogen (V=1cm3 s-1), at 313.15K and 1atm.
From the slope of this latter plot, a value of 0.1404 cm2 s-1 for D is found. If this is combined with the slope 
of the previous plot (Figure 2), a second value for kc= 20608.8787 cm s-1 is calculated and further used to 
replot the data according to Equation 2. The new value for D found coincides with the previous one (0.1403 
cm2 s-1), and thus the iteration procedure must be stopped. 
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Table 1 Rate Coefficients for Evaporation of Pure Liquid and Diffusion Coefficients of Vapors 
Into Nitrogen at 1atm

D, cm2 s-1

Liquid T, K kc, cm s-1 This work Theoretical Deviation (%)

Ethanol 313.15 20608.8787 0.1404 0.1403 0.0552
323.15 19511.3493 0.1483 0.1482 0.0268
333.15 18502.9405 0.1563 0.1563 0.0001
343.15 17558.3516 0.1648 0.1646 0.0645

Table 1 summarizes the results obtained with the pure liquid studied. In the same table, the diffusion 
coefficients determined here are compared with those calculated theoretically. As one can see from the Table 
1, the D values determined in this work are very close to the theoretical ones. The deviation given in the last 
column is the accuracy of the experimental values from those calculated theoretically:

Deviation (%) = 100[(Dfound-Dtheory)/Dfound]

With no exception, this accuracy is better than 0.5% in all cases.

4. Conclusion
The uniqueness of the method is its accuracy and simplicity. The presented style of reversed-flow gas 

chromatography can be used to simultaneously determine correct absolute evaporation rates and vapours 
diffusivities of pure liquids. 
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Abstract 

Atmosphere contains many gases that homogeneously distributed such as, 
carbon monoxide, nitrogen oxides, sulfur oxides, petroleum hydrocarbons and 
pesticides. Gases also pollute seawater, transferred from the atmosphere to the 
water surface and then dissolved into the bulk liquid phase. The transfer rate of 
pollutants from the air onto the sea surface depends on rate coefficients and 
diffusion coefficients in the gas phase. The chemical interaction involves 
measurement of the rate of liquid loss into a gas stream flowing horizontally 
across the liquid surface. In the majority of these techniques relative 
evaporation rates, which cannot be related to the physical properties of the 
evaporating species, as well as evaporation halftimes are measured. The novel 
technique of reversed-flow gas chromatography (RF-GC) has been used for 
various physicochemical measurements, such as of rate coefficients and 
diffusion coefficients for the evaporation of pure liquid. 
 
INTRODUCTION 

 
 Since the first publication on the method, reversed-flow gas 

chromatography has been used to ‘‘separate’’ physicochemical quantities by 
measuring the value of one in the presence of another. The first idea on this 
differential aspect was that of Phillips (1967), who stopped the flow of the carrier 
gas for a short time period repeatedly, producing each time extra narrow peaks. 
By this procedure, he measured the differential rate of a catalytic reaction taking 
place on the stationary phase in a gas chromatographic column. The method 
permitted a direct determination of reaction rates, not only for small conversions 
to products, or for reaction times around zero, but in the whole range of 
conversions covering an extended period of time. Probably the main drawback of 
the method is that it continuously switches the system under study from a flow 
dynamic one to a static system and vice versa, by repeatedly closing and opening 
the carrier-gas flows. Diffusion and other related phenomena, which are usually 
negligible during the gas flow, may become important when the flow is stopped. 



It was to cure this that the RF-GC version of inverse gas chromatography (IGC) 
was invented. 

Reversed-flow gas chromatography (RF-GC) does not depend on retention 
times, broadening factors, and statistical moments of the elution bands, due 
mainly to non-linear isotherms, non-negligible axial diffusion in the column, 
non-instantaneous equilibration between the mobile and the stationary phase, 
non-sharp input distribution of the analyte, etc. Also, the results of RF-GC do 
not need extrapolation to infinite dilution and zero carrier gas flow-rate to 
approximate true physicochemical parameters. This is because it is not an 
integration method, like those measuring concentrations as functions of time in 
chemical kinetics. It is a differential method measuring rates of physicochemical 
phenomena, not only initially, like initial rates of chemical reactions, but over an 
extended period of time, thus constituting a time-resolved chromatography. 
 
METHODOLOGY 

 
In this type of chromatography, the column is unfilled with any material and 

sampling process is carried out by reversing of the carrier gas from time to time 
producing sample peaks. Selected liquid pollutants of 99.99% purity (MERCK) 
will be used as solute, while carrier gas was nitrogen of 99.99% purity. After the 
injection of 1 cm3 s-1 of liquid pollutant at atmospheric pressure and selected 
temperature, a continuous concentration–time curve is record passing through a 
maximum and then declining with time. By means of a six-port valve, the carrier 
gas flow direction is reversed for 5 s, which is a shorter time period than the gas 
hold-up time in both column sections l and l’, and then the gas is again turned to 
its original direction. This procedure creates extra chromatographic peaks 
(sample peaks) superimposed on the continuous elution curve. This is repeated 
many times during the experiment lasting a few hours. The height, h of the 
sample peaks from the continuous signal, taken as baseline, to their maximum is 
plotted as ln (h∞-h) versus time, giving a diffusion band, whose shape and slope 
both depend on vessel L which is empty, as well as on the geometric 
characteristics of the vessel and the temperature. In all experiments, the pressure 
drop along l + l’ will negligible, while the carrier gas flow-rate will keep 
constant (1.0 cm3 s-1). 
 
RESULTS OF THE STUDY 

 
The results obtained from the preliminary experiments were evaluated for 

physicochemical quantities of liquid pollutant. 



 
 

 
 

 
 
 
 
 
 
 

 
 
 
 
 
Figure 1  The rise of the sample peak height with time for the 

diffusion of propanol vapor into nitrogen (V=cm3 s-1), 
313.15K and 1 atm. 

 
In Figure 1, the height, h of the sample peaks as a function of the time t0, when 
the flow reversal was made, is plotted on a semilogarithmatic scale. It shows the 
steep rise and then the leveling off with time of the sample peak height.  
As an example using equation, 
  
ln(h∞-h)=ln h∞ - [2(kcL+D)/L2]t0    Equation 1 
 
where, 
h∞ = Infinity value of peak height 
h  = Peak height  
kc  = Rate coefficient 
L = Length of diffusion column 
D = Diffusion coefficient 
t0  = Total time from placing the liquid in column L to the last backward reversal     
       of gas flow 
 
ln[h(L/2t0

1/2 + kct0
1/2)] = ln[4kcc0/v(D/π)1/2] – (L2/4D)( 1/t0) Equation 2 

 
where, 
c0 = The concentration of the vapor which would be in equilibrium with the bulk  
       of liquid phase 
v  = Velocity of liquid along the column L 
 



which derived from elsewhere (N. A Katsanos et. al., 2001), to analyze the 
experimental findings, the data on Figure 1 are treated as follows. Iterated some 
points, which correspond to small times, the rest of the experimental points are 
plotted according to Equation 1, as shown in Figure 2.  
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Figure 2 Diffusion of propanol vapor into nitrogen (V=1cm3 s-1), at 

313.15K and 1atm. 
 
As infinity value h∞ was taken the mean of the values found in the time interval, 
which differed little from one another. From the slope of this plot, which is equal 
to  - 2(kcL+D)/L2, according to Equation 1, using the theoretically calculated (N. 
A. Katsanos, 2001) value of 0.117cm2 s-1, and the actual value of L (28.5cm), a 
value of 24745.406cm s-1 for kc, is calculated. This approximate value is now 
used to plot all but the few point closed to h∞ according to Equation 2 as shown 
in Figure 3. 
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Figure 3 Data from evaporation of propanol into nitrogen (V=1cm3 

s-1), at 313.15K and 1atm.  
 
From the slope of this latter plot, a value of 0.117cm2 s-1 for D is found. If this is 
combined with the slope of the previous plot (Figure 2), a second value for kc= 
24745.406cm s-1 is calculated and further used to replot the data according to 
Equation 2. The new value for D found coincides with the previous one 
(0.117cm2 s-1), and thus the iteration procedure must be stopped.  
 
TABLE 1: Rate Coefficients for Evaporation of Pure Liquid and Diffusion 
Coefficients of Vapors into Nitrogen at 1atm 
 

 D, cm2 s-1 
Liquid  T, K kc, cm s-1 This work Theoretical Deviation (%) 

Propanol 313.15 24745.405 0.117 0.117 1.150x10-6 
323.15 23431.230 0.123 0.123 6.100x10-8 
333.15 22204.502 0.130 0.130 1.529x10-7 
343.15 21084.522 0.137 0.137 3.179x10-8 
353.15 20050.821 0.144 0.144 0 
363.15 19094.583 0.152 0.152 1.772x10-8 

 
Table 1 summarizes the results obtained with the pure liquid studied. In the same 
table, the diffusion coefficients determined here are compared with those 
calculated theoretically. As one can see from the Table 1, the D values 
determined in this work are very close to the theoretical ones. The deviation 
given in the last column is the accuracy of the experimental values from those 
calculated theoretically: 



 
Deviation (%) = 100[(Dfound-Dtheory)/Dfound] 

  
With no exception, this accuracy is better than 0.05% in all cases.  
 
CONCLUSION 
 

The basic advantage of the technique is its accuracy and experimental 
simplicity. The presented methodology of reversed-flow gas chromatography can 
be used to concurrently find out correct absolute evaporation rates and vapors 
diffusivities of pure liquids.  
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Abstract 

The pollution has a great impact on the social and economic aspects all over the world. 
The interaction of materials with the atmosphere has received increased great attention 
nowadays. In order to account the human interaction with the atmospheric environment, a 
suitable scientific basis is needed. Inverse gas chromatography is one of the few techniques 
able to estimate the transport properties and evaporation studies of volatile compounds 
especially polluting agents at very low volatile concentrations. The objectives of the studies 
are to determine the respective evaporation rates and from their temperature variation, the 
activation energy of vaporization of pollutant liquids and the effect of second liquid in the 
evaporation of first liquid as well as the role of the evaporating liquid solution composition 
both in the evaporation and vaporization of activation energy. In this type of chromatography, 
the column is unfilled with any material and sampling process is carried out by reversing of 
the carrier gas from time to time producing sample peaks. These peaks are symmetrical and 
are used to determine the diffusion coefficients, rate coefficients, etc. 

1. Introduction 
Transport of chemicals from liquid bodies to the atmosphere (volatization or evaporation) 

can be important environmental pathway for certain chemicals. In the study of benzene and 
toluene influence with or without nitrogen dioxide on inorganic pigments of works of art, 
Agelakopoulou et. al., [1] described gas chromatography is a promising meeting place of 
surface science and atmospheric chemistry. The gas chromatographic method with periodic 
change (reversal) of the carrier gas glow (RFGC) was proposed in 1980 by Katsanos [2]. 
Other versions of the RFGC method were designed for the measurement of the kinetic 
parameters of chemical reactions on the surface of the adsorbent-catalyst in chromatographic 
column-reactors (a simple single stage first order reaction processes including two 
consecutive stages). However, subsequently the applications of the method were greatly 
extended and RFGC was used to investigate the dynamics of adsorption and desorption, to 
measure the diffusion coefficients of volatile compounds in different gases, and to determine 
the activity coefficients of components of solutions [3]. The relative molar responses of the 
thermal conductivity detector and hence the molecular diameters and the critical volumes of 
different gases, the Lennard-Jones parameters, and the coefficients of the mass transfer of n-
alkanes from the surface of materials to a mobile gas phase have been measured recently by 
the Reversed-flow gas chromatography method. Reversed-flow gas chromatography does not 
depend on retention times, broadening factors, and statistical moments of the elution bands, 
due mainly to non-linear isotherms, non-negligible axial diffusion in the column, non-
instantaneous equilibration between the mobile and the stationary phase, non-sharp input 
distribution of the analyte, etc. Also, the results of RF-GC do not need extrapolation to 
infinite dilution and zero carrier gas flow-rate to approximate true physicochemical 
parameters. This is because it is not an integration method, like those measuring 
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concentrations as functions of time in chemical kinetics. It is a differential method measuring 
rates of physicochemical phenomena, not only initially, like initial rates of chemical 
reactions, but over an extended period of time, thus constituting a time-resolved 
chromatography [4]. 

 

2. Experimental Design 
In this type of chromatography, the column is unfilled with any material and sampling 

process is carried out by reversing of the carrier gas from time to time producing sample 
peaks. Selected liquid pollutants of 99.99% purity (Merck) will be used as solute, while 
carrier gas was nitrogen of 99.99% purity. After the injection of 1 cm3 of liquid pollutant at 
atmospheric pressure and selected temperature, a continuous concentration–time curve is 
record passing through a maximum and then declining with time. By means of a six-port 
valve, the carrier gas flow direction is reversed for 5 s, which is a shorter time period than the 
gas hold-up time in both column sections l and l’, and then the gas is again turned to its 
original direction. This procedure creates extra chromatographic peaks (sample peaks) 
superimposed on the continuous elution curve. This is repeated many times during the 
experiment lasting a few hours. The height H of the sample peaks from the continuous signal, 
taken as baseline, to their maximum is plotted as ln H versus time, giving a diffusion band, 
whose shape and slope both depend on vessel L which is empty, as well as on the geometric 
characteristics of the vessel and the temperature. In all experiments, the pressure drop along l 
+ l’ will negligible, while the carrier gas flow-rate will keep constant (1.0 cm3 s-1). 

 

3. Results 
The results obtained from the preliminary experiments were evaluated for 

physicochemical quantities of liquid pollutant. 

 
 

 
 

Figure 1 Diffusion band (plot of sample peak height, h, against time, t0, from the beginning  
of the experiment) for the evaporation of propanol, at 333.16K and 101325 Pa. 
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4. Conclusions 
The basic advantage of the technique is its precision and experimental simplicity. The 

presented methodology of reversed-flow gas chromatography can be used to simultaneously 
determine accurate absolute evaporation rates and vapors diffusivities of pure liquids.  

 

5. Acknowledgements 
This work was supported by University Malaya Grant. 

 

6. References 
1. Agelakopoulou, T., Bassiotis, I., Metaxa, E., and Roubani-Kalantzopoulou, F. (2007) 

Atmospheric Environment, 41. 
2. Katsanos, N. A., and Georgiadou, I. (1980) Chemical Communication, 242, p. 640. 
3. Katsanos, N. A., and Karaiskaki, G. (1984) Advances in Chromatography, 24, Edited 

by J.C.Giddings, A.Grushka, J.Cazes, and R.P.Brown, M.Dekker, New York, p. 125. 
4. N. A. Katsanos (2002) Journal of Chromatography A, 966, pp. 3–8 

 


	INTRODUCTION baru1
	Table 2.1:  List of alkanes (but not restricted as listed)
	An expanding role for gas chromatography: measurement of physical and chemical parameters. Industrial & Engineering Chemistry, 59, 4, 18

	1-appendices
	methanol40-1
	methanol40-2
	methanol50-1
	methanol50-2
	methanol60-1
	methanol60-2
	ethanol40-1
	ethanol40-2
	ethanol50-1
	ethanol50-2
	ethanol60-1
	ethanol60-2
	ethanol70-1
	ethanol70-2
	propanol40-1
	propanol40-2
	propanol50-1
	propanol50-2
	propanol60-1
	propanol60-2
	propanol70-1
	propanol70-2
	propanol80-1
	propanol80-2
	propanol90-1
	propanol90-2
	butanol40-1
	butanol40-2
	butanol50-1
	butanol50-2
	butanol60-1
	butanol60-2
	butanol70-1
	butanol70-2
	butanol80-1
	butanol80-2
	butanol90-1
	butanol90-2
	butanol100-1
	butanol100-2
	6-pentane1
	6-pentane2
	hexane40-1
	hexane40-2
	hexane50-1
	hexane50-2
	hexane60-1
	hexane60-2
	heptane40-1
	heptane40-2
	heptane50-1
	heptane50-2
	heptane60-1
	heptane60-2
	heptane70-1
	heptane70-2
	heptane80-1
	heptane80-2
	heptane90-1
	heptane90-2
	n-hexadecane40-1
	n-hexadecane40-2
	n-hexadecane50-1
	n-hexadecane50-2
	n-hexadecane60-1
	n-hexadecane60-2
	n-hexadecane70-1
	n-hexadecane70-2
	n-hexadecane80-1
	n-hexadecane80-2
	n-hexadecane90-1
	n-hexadecane90-2
	n-hexadecane100-1
	n-hexadecane100-2
	10-LIST OF PUBLICATIONS
	11-ajassp.2011.428.435
	12-4114R-letter
	13-singapore1
	13-singapore2
	14-bangla1
	14-bangla2
	Univ. of Malaya, 50603 Kuala Lumpur, Malaysia
	Abstract
	INTRODUCTION
	RESULTS OF THE STUDY
	CONCLUSION
	REFERENCES


	15-isfe1
	16-Thai1
	16-Thai2


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


