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ABSTRACT 

Soils with pollution-induced water repellency from the Ellerslie, Devon, and 

Stettler sites (Alberta, Canada) have been characterized by Solid-State Nuclear Magnetic 

Resonance spectroscopy in comparison with the adjacent readily wettable soils. Changes 

in the relative quantities of carbon functional groups in the water repellent soils are 

correlated with the history of the samples. All three water repellent soils are found to 

have a higher relative percentage of aliphatic carbons, and a lower percentage of 

carbohydrate and carboxyl carbons, than the corresponding readily wettable soils. 

Fractions of soils organic matter, obtained by extraction with a range of 

solvents have been characterized by Liquid and Solid-State Nuclear Magnetic Resonance 

spectroscopy, Gas Chromatography, and Fourier Transform Infrared spectroscopy. Water 

repellent soils under study contain significant amount of petroleum diagenesis products, 

extractable with methylene chloride (in the range of 8 -13 g/kg ). 

Gas Chromatography and Fourier Transform Infrared spectroscopy revealed 

that the main contribution in soil water repellency (as measured by the Molarity of 

Ethanol Droplet Test) is made by a more polar fraction of soil organic matter, which 

contains both petroleum diagenesis products and natural soil organic matter components, 

presumably intimately associated with each other. This fraction was extracted by a polar 

amphiphilic solvent z'sopropanol/aqueous ammonia. Water repellency in soils is 

completely and irreversibly eliminated by a sequence of extractions, alternating between 

methylene chloride and z'sopropanol/aqueous ammonia. 

The water repellent soils organic matter fractions extractable by methylene 

chloride were investigated by Fourier Transform Infrared spectroscopy and is shown to 

contain hydrocarbons with a higher content of polar functional groups than in the crude 

oil contaminant. These hydrocarbons consist mostly of saturated alkanes, including long-

chain alkyl moieties with more than 60 carbon atoms, the maximum of the distribution 

being shifted to the higher boiling points, compared to the crude oil hydrocarbons, as 

revealed by Gas Chromatography. 

A plausible mechanism of interactions between soil natural organic matter and the 

diagenetic products of petroleum origin is proposed as a result of the present study. 
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CHAPTER 1 
INTRODUCTION 

1 

1.1 The phenomenon of soil water repellency 

1.1.1 Introduction 

A role of the soil as not only a source of nutrients, but also as a crucial factor in the 

stability and sustainability of the world ecosystem is well recognized'. With the 

industrialization of society soil systems became, among other things, a repository of 

chemical wastes and contaminants, and major research efforts focused on a comprehensive 

study of contaminated soils including a mechanism of soil-contaminant interaction, are 

needed in order to facilitate successful soil remediation. Water repellent soils contaminated 

with crude oil represent a part of the contaminated soil problem. 

Water repellent soils are those exhibiting poor wettability and uneven water 

infiltration. Such soils have been found in many countries: Australia, USA, New Zealand, 

Italy, Netherlands, Canada 2"7, and in some cases they occupy large areas: in Australia 

water repellency was stated to affect several million hectares of agricultural land 6. 

Naturally occurring water repellent soil are found under variety of climatic 

conditions and environments: in citrus groves, pastures, golf sand greens, sand dunes, and 

forested soils. Beside naturally-occurring, there are also fire- and pollution-induced soil 

water repellency " . 

Water repellency usually is found in the upper 10-15 cm of the soil 1 3 ' 1 4 , but also 

was reported for the soils at more than 100 cm depth 1 5" 1 7. Although the more severe water 

repellency occurs in sandy soils, it is found also in the other types of soil: sever repellency 
r I D 

was reported in heavy textured soil with 40% clay , and in soil with 20% of clay , in the 

latter case clay aggregates being covered with hydrophobic material. 



1.1.2 Properties of water repellent soil 

The extent of water repellency in soil varies considerably from site to site from 

slight to severe water repellency, the latter being relatively uncommon. Some soils were 

reported to remain unwetted even during the rainy season 1 6 . Soil water repellency is 

reported to exist either temporarily or permanently. The degree of water repellency was 

found to depend among other things, on soil moisture content 6 ' 1 9 ' 2 0 , a very dry soil 

repelling water the most. 

Water repellent soils are characterized by a reduced rate of water infiltration 

compared to the readily wettable soils. While in wettable soils infiltration rates decline 

during water penetration, in water repellent soil water infiltration rate is initially slow, but 

increases with time 4 . Reduced water infiltration affects the available soil water for plant 

growth 1 6 ' 2 1 ' 2 2 . Since water repellent soils do not retain enough water, they can not 

properly support vegetation, which makes these soils unproductive and susceptible to 

erosion ' ' ' ' . Erosion of water repellent soil may be also caused by increased surface 

water redistribution, particularly following heavy rainfalls 4 . Water repellency also affects 
20 25 27 

water movement within soil, causing development of preferential flow pathways ' " , 

which leads to accelerated transport of water and solutes to the groundwater, so that such 

soils may have a grater potential for groundwater contamination 2 8 ' 2 . 

1.1.3 Organic matter in water repellent soils 

Though the findings about the causes of soil water repellency are not entirely 

consistent, and a number of causes are considered to be site-specific 1 6 , several factors 

were pointed out to be common to most repellent soils. Water repellency occurs only in 

the presence of organic matter. It should be noted that the inorganic surfaces in soil are 

hydrophilic, except for the siloxane groups on dehydroxylated quartz 3 0 ' 3 1 , so it is organic 

matter that possesses hydrophobic properties. The presence of hydrophobic organic 

compounds, such as fatty acids, along with humic and fulvic acids were found and 

considered to be responsible for water repellency in many naturally-occurring repellent 



soils , 4 ^- j b .The origin of these hydrophobic organics can be derived from the remnants of 

vegetation cover l 6 ' 3 7 " 3 9 (such as citrus, coniferous plants, and eucalyptus); and fungi or 

microorganism metabolites in the soil 4 ' 4 1 ) , since they are the main source of hydrophobic 

organic compounds for naturally occurring soils. 

It was also found that application of a wide range of synthetic compounds with 

amphiphilic character, as well as particulate organic matter or extracts from water repellent 

soils, impart water repellency to previously readily wettable soils 1 6 ' 3 9 ' 4 0 . The authors 

suggested that the hydrophilic moieties of these compounds are adsorbed by the soil 

hydrophilic surface, while their hydrophobic moieties create new hydrophobic surface of 

the soil particle. The existence of natural organic matter in sandy soils increased the degree 

of water repellency induced to the soil, compared to the water repellency induced to 

organic-free sand 3 . 

In some cases organic coating on the soil sand grains was observed both for 

naturally occurring and pollution induced water repellent soils in microscope studies, 

though non-repellent soil did not have such a coating 4 1 _ 4 3 . 

The amount of organic matter sufficient for imparting severe repellency in soil is 

very small. Sands with total organic carbon content as small as <0.1% and even 0.02% 

exhibited water repellency 1 6. There is no simple dependence between total organic matter 

content and the degree of water repellency in different soils. At the same time, the severity 

of soil repellency was found to correlate with the quantity of organic matter within a soil 

profile: a decrease of water repellency with depth corresponding to a decrease in organic 

matter was reported ' ' . 

Soil water repellency was shown to be strongly affected by thermal treatments, the 

relationship between them being not straightforward 6 ' 1 6 ' 3 9 . Temperatures higher than 

425°C were reported to destroy water repellency, but other authors reported the water 

repellency being destroyed at temperatures of 200° to 315°C. It was found that the organic 

material of fungal sand cultures responsible for soil repellency was not extractable after 

heating, while being extractable under the same conditions before heating, which indicates 

a chemical change in the substance caused by heating. Heating at temperatures <200°C 

increased water repellency 6 ' 1 6 , 3 9 . 



Air-dried particulate organic matter isolated by sedimentation in aqueous 

suspension from repellent sand, after heating to 105°C induced water repellency to the 

acid-washed sand . Water repellency was also induced after two cycles of wetting/heating 

(70°C). The authors postulated that heating caused re-distribution of hydrophobic organic 

compounds in water repellent soil particulate organic matter, which could provide more 

uniform coating of soil surface. 

1.1.4 Isolation and identification of organic components 

A wide range of solvents and extraction techniques (a Soxhlet apparatus, soaking, 

boiling and shaking) have been used for extracting different fractions of organic matter 

from water repellent soils. Methanol, ethanol, propanol, diethyl ether, and benzene, as 

well as aqueous sodium hydroxide, have had varying effectiveness under different 

conditions 5 ' 3 2 ' 3 5 ' 3 6 ' 4 0 ' 4 5 ' 4 6 ; acetone, tetrachloroethylene and chloroform were ineffective 

in reducing water repellency in soils. Chloroform and hexane were found to increase water 

repellency I 8 ' 3 5 ' 3 9 ' 4 6 ' 4 1 . This increase in water repellency was attributed by the authors 

mostly to either molecular reorientation of hydrophobic organic moieties, such as 

polymethylene chains, or a redistribution of these substances on the soil surface. Mixtures 

of z'sopropanol/aqueous ammonia under Soxhlet conditions were shown to be effective in 

the removal of water repellency in soils 3 6 . After extraction the soil was rendered wettable 

(MED index 0)*, and the extracted material imparted water repellency on the acid-washed 

sand to level close to the original water repellent soil. 

Unlike cold water, boiling water, as well as stirring with heated water, was found to 

remove soil water repellency 1 8 ' 3 2 . This effect could be ascribed to physical disturbance of 

boiling and stirring 1 4 ' 3 5 , but must also reflect some temperature dependent changes of 

solubility. 

In general, removal of water repellent materials was pointed out to be controlled 

by the polarity of the solvents, their H-bonding and amphiphilic properties35. 

defined in Chapter 1.1.5. 
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The nature of the organic matter of repellent soils has been analyzed by a variety of 

analytical methods, such as Gas Chromatography-Mass Spectrometry, Nuclear Magnetic 

Resonance, Fourier Transform Infra Red, and Ultra Violet/Visible spectroscopy, as well as 

Thin Layer and Adsorption Chromatography, and Differential Thermal Analysis. 

The organic matter extracted from water repellent soils is a complex mixture, and 

only a small number of individual components have been identified so far. Indications of 

esters between phenolic acids and polysaccharide-like substances, aliphatic hydrocarbons, 

aromatic compounds, and methoxyl groups in these extracts were reported 4 1 ' 4 8 . Both free 

and esterified long-chain fatty acids with 16-32 carbon atoms with bimodal distribution at 

Ci6 and C22 were determined in z'sopropanol/ammonia extract by GC-MS . Long-chain 

fatty acids, n-alkanes, and cycloalkanes, steranes and hopanes were detected by GC-MS in 

z'sopropanol/ammonia extract from a pollution-induced water repellent soil in Alberta, 

Canada 4 9 . The author considered those to be of petroleum origin. The components of the 

naturally occurring water repellent soils, identified so far, do not differ qualitatively from 

the components found in the wettable soils. Moreover, wettable soils include a wide range 

of components which are capable of inducing water repellency when added to soil. In 

some cases the same degree of water repellency in soil can be induced by adding the 

z'sopropanol/ammonia extract from wettable or water repellent soil 5 0 . 

1.1.5 Measurement of water repellency in soil 

A soil water repellency study has to employ the proper tool for its measurement. A 

simple and inexpensive technique, capable of providing a rapid quantitative measure of 

practical significance is necessary for soil field studies 1 . Several techniques were 

proposed to measure soil water repellency: water drop penetration time (WDPT) - for 

slightly water repellent soils, and molarity of ethanol droplet (MED) - for severely water 

repellent soils tests being the most common because of their simplicity and rapidity. The 

WDPT test measures the time taken for a water drop placed on the smoothed surface of the 

soil to penetrate the sample 5 1 . Soil is considered to be water repellent if this time exceeds 

5 s 1 9 . In the MED test the minimum molarity of aqueous ethanol droplet which penetrates 
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the soil in 10 s is taken as a measure of soil water repellency52. The MED test is based on 

the ability of ethanol to reduce water surface tension, thus decreasing a contact angle 

between liquid and solid surface. 

The review of the literature on water repellent soil can be summarized as follows: 

• Water repellency in soil occurs in a wide range of environments, with various degrees 

of severity; it can be naturally occurring or pollution-induced 

• Water repellency is ascribed to a hydrophobic fraction of organic matter in the soil, but 

the mechanism of the phenomenon is yet to be determined 

• Substances, which were considered to cause water repellency in soil also occur in 

readily wettable soils 

• Identification of the components of extracted soil organic matter presents an analytical 

challenge 

• Water repellency can be measured by the semi-empirical MED test, based on water 

surface tension reduction by ethanol 

1.1.6 The Alberta case 

The soils studied in the present work were collected in Alberta, Canada. These soils 

have been contaminated by crude oil several years ago, and have developed water 

repellency despite the remediation measures taken. The surface layer of these soils became 

water repellent to a depth of about 15 cm, and they are devoid of vegetation. A picture of a 

water repellent soil patch near the town of Devon, Alberta is shown in Figure 1.1. This site 

was contaminated with crude oil from an oil rig explosion, followed by a fire about 60 

years ago, and the first signs of water repellency were reported 30 years later. Another site 

of water repellent soil is located near the town of Ellerslie, and belongs to the University of 

Alberta. The history of this site is well documented, since it was experimentally 

contaminated in order to test reclamation techniques in 1973 5 3 . These techniques included 

different fertilization and tillage regimes. 

The results of previous studies of these soils are reported in several publications 7 ' 
17,43,46,49, 54 



Figure 1.1. Water repellent soil patch near the town of Devon, Alberta. 

Summer 1999. 
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1.2 Soil natural organic matter 

1.2.1 Introduction 

The structure and properties of natural organic matter in soil has to be considered 

for understanding of causes and mechanism of soil water repellency, since the role of 

organic matter with hydrophobic properties in this phenomenon is widely accepted. 

The major organic fraction in soils is humic substances , which are considered to 

arise from decay of plant and animal remains through a variety of processes in the 

environment. Although these substances have been studied by many scientists for two 

centuries, there is still a seriously incomplete fundamental understanding of the nature, 

origin, and geo-chemical role of humic substances. The reason is the extreme complexity 

of the matter. Humic substances cannot be defined in unambiguous structural or functional 

terms, but only in operational terms, because of extreme diversity of structural 

components and biochemical functions. A useful concept popularized by M.Kononova 5 5 

in the 1960's views the various fractions of humic substances as a system of polymers that 

vary in a systematic way in elemental content, acidity, degree of polymerization, and 

molecular weight56. 

One of the definitions of humic substances is: a general category of naturally 

occurring biogenic, heterogeneous organic substances in terrestrial and aquatic 

environments, that can generally be characterized as being yellow to black in color, of high 

molecular weight, and refractory. This definition reflects the fact that humic substances are 

not pure compounds, but rather complex polymeric mixtures with structural diversity, 

capable of aggregation and conformational change 5 8 . 

Polidispersity, i.e. the wide distribution of molecular weights values, of humic 

substances can be illustrated by the detailed investigation of fractionated humic substances, 

employing a combination of size exclusion chromatography, membrane ultrafiltration, and 

preparative ultracentrifugation, carried out by Cameron et al. 5 9 . These authors found the 

range of molecular weights from a relatively low value of 2400 to a very high value of 

1 360 000 Daltons. It was shown that approximately 75% of the soil-derived humic 



substances had molecular weights from about 2500 to 100 000 Daltons, and 25% had 

molecular weights less than 10 000 Daltons. 

Soil organic matter consists of humic and nonhumic substances60, the latter being 

materials that can be identified as a discrete compounds, such as saccharides, proteins, 

fatty acids , etc. Humic substances can contain some identifiable compounds covalently 

linked to them. Three major fractions of humic substances, each of those being also 

heterogeneous mixture, are operationally defined in terms of their solubilities in water at 

different pH: fulvic acid is soluble in water under all pH; humic acid is not soluble at pH 

below 1; and humin is insoluble in water at any pH. 

1.2.2 Composition, structure and properties 

For better understanding of processes and functions which involve humic 

substances their structure needs to be known. Because of heterogeneity of these substances 

accurate structural formulae are not attainable 6 1 , and the knowledge of the details of the 

structure still is not complete. Nevertheless, the structural units or building blocks of 

macromolecules and mixture components can be successfully determined. A wide range of 

analytical techniques, including liquid- and solid state 'H and 1 C NMR, Electron spin 

resonance, pyrolysis-MS, FTIR, Electrophoresis, Gel Chromatography, etc., have been 

employed for elucidating structural characteristics of humic substances and the products of 

their degradation 6 1 . 

The investigations of humic substances structure, including 1 3 C CP-MAS NMR 

data, indicate the presence of aromatic and aliphatic structures with carbonyl, carboxyl, 

and phenolic functional groups, and C-0 linkages that can represent alcoholic, ether or 

ester groups 6 1 . It is also suggested that carbohydrates and, perhaps, peptides could be 

associated with these substances. Humic substances from different environments differ 

considerably in their structure and composition 6 2 . Humic acids are characterized by a 

greater carbon and a smaller oxygen content, as well as a higher molecular weight, than 

fulvic acids. 
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The water insoluble humin has been shown by solid-state 1 3 C NMR to contain 

paraffinic carbons, thought to be derived from microbial sources, as one of the major 

components 6 3 . 

Soil organic matter has considerable water-holding, cation-exchange, and pH 

buffering capacities, and exists under natural conditions in the form of a water-swollen gel. 

Representing only about 2 to 6% by weight of a typical agriculture soil, it contributes 

about a half of the abovementioned capacities to the soil . The main counterions 

neutralizing the negative charge on humic substances in the soil are Ca 2 + , Mg 2 + , and H + , 

K + , N a + , A l 3 + , and Fe 3 +. 

Being polydisperse polyelectrolytes, in aqueous solution humic substances have 

negative surface charge at natural pH, which arises from deprotonated carboxyl and, to a 

lesser extent, hydroxyl groups. The literature data indicate that the acidity of fulvic acids 

from various environments (890-1420 meq/lOOg) is higher than that of humic acids (485-

870 meq/100g)63. 

In most mineral soils humic materials exist in association with clay, bound to it by 

di- and trivalent cations, such as Ca + , Fe + and A l 3 + (since both clay and humic colloid 

are negatively charged), hydrogen bonding, van der Waal's forces, etc. Unlike C a 2 + , Fe 3 + 

and A l 3 + are strongly bound to humic organic molecules through coordination complexes, 

which may be those of the polyoxo cations of the metals in most cases. Humic substances 

are capable of significant inter- and intramolecular hydrogen bonding, producing cross 

linking-type effects. Moreover, the di- and polyvalent cations can form bridges between 

adjacent charges of organic molecules 6 3 , thus a strong chelating agent or alkali solution is 

needed for humics extraction in this case. 

1.2.3 Conformation and aggregation of humic substances 

Humic substances in aqueous solution exist as a macro-ion or polyelectrolyte 

mixtures. The amount and distribution of charge on the molecule is the dominant effect 

influencing its conformation and behavior ' 6 4 . The presence of deprotonated acidic 

groups provides charges to the humic molecules. Electrostatic interactions play 
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determining roles in the conformational changes of humic macro-ions, as well as in the 

aggregations of individual molecules 6 5 . Both intra- and intermolecular forces are of 

importance for the behavior of the dissolved humic mixtures. 

At neutral or slightly basic pH part of carboxyl and hydroxyl groups are 

deprotonated, and electrostatic repulsion between negative charges makes molecules 

expand. Consequently, the molecules will become more flexible M . However, the 

expansion of humic molecules is expected to be smaller than that of a linear 

polyelectrolyte, because of the limiting effect of cross-linkage 6 6 . A decrease in 

intramolecular electrostatic repulsion results in molecular shrinkage. Such shrinkage, or 

coiling up can be achieved by protonation of the acidic groups, as well as by the addition 

of electrolyte. The addition of more strongly bound di- or polyvalent metal ions, which are 

considered to engage in bridging interactions between negatively charged carboxyl and 

hydroxyl groups, also causes shrinkage of the humic molecules. When all the charges are 

neutralized, a molecule collapses to its most condensed state, showing maximum 

participation in hydrogen bonding. 

Similar factors control intermolecular behavior of humic substances. Two 

molecules with negatively charged acidic groups are kept apart by electrostatic repulsion 
6 4 . Neutralization of the charge enables the molecules to approach each other and, with 

increasing concentration cause association, aggregation, and finally precipitation. 

In the precipitated state, when freely dissociated ions are replaced by strongly 

bound ones, inter- and intramolecular charges largely disappear. At the same time, weaker 

forces, such as hydrogen bonding, dipole interactions, and van der Waal's forces, now play 

a significant role in determining molecular interactions. 

It is likely, that during precipitation the molecules are capable of rearrangement in 

order to accommodate hydrophobic and hydrophilic sites, forming hydrophobic surfaces 

and hydrophilic interiors 3 0 ' 6 4 . This may be a factor in the fact that dry humic acids are 

difficult to rewet6j. Under normal field conditions, in the absence of extreme drying events 

the molecules of humic substances are unlikely to be in fully condensed conformations, 

and are considered to contain a significant amount of water. 
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The size range of dissolved humic substances determines their colloidal character 

(systems are considered to exhibit colloidal properties when the dimensions of particles are 
67 

in the range of 1-1000 nm ). The colloidal behavior of humic substances in aqueous 

media is essentially electrostatically controlled. The main external factors that influence 

the colloidal state are pH, ionic strength, and the presence of di- or polyvalent cations, and 

solid particles 6 5* 6 8 . 

The colloidal stability of humic substances depends on the stabilization of the 

electrostatic field inside and around each particle, and was found to increase with 

increasing pH, whereas precipitation can be induced by addition of electrolyte and 

polyvalent metal ions 6 5 . 

Humic substances are known to contain along with significant amount of 

hydrophilic moieties, some hydrophobic ones, such as long alkyl side-chains. The presence 

of two types of moieties provides amphiphilic character for humic molecules. In solution 

humic substances exhibit surface activity 6 6 ' 6 9" 7 1 . Humic substances accumulate in 

interfacial layers, decreasing the surface tension of an aqueous solution, and are thought to 

form self-assembly systems, such as oriented bilayers in membrane-like structures coating 

the mineral surfaces in soils 7 2 and micelles in solutions 7 3 ' 7 4 . Several models were applied 

to molecular conformational structure of humic substances. 

The authors 5 9 ' 6 4 determined the shape and size of the humic macromolecules on 

the basis of their frictional ratios (f/fo). This parameter is a ratio of the frictional 

coefficient of the molecule under investigation (f) divided by the frictional coefficient of a 

hypothetical molecule of the same volume, but having a condensed spherical conformation 

(fo). A frictional coefficient is a measure of the frictional interactions with solvent 

molecules, which a macromolecule undergoes while moving in the solution. The 

relationship obtained between the frictional ratios and molecular weights was very close to 

the theoretically derived one, which is characteristic of a random coil structure. 

Such conformation of humic acid in solution can be constructed of non-linear 

strands with charged and hydrated functional groups distributed along its length. The 

strand coils randomly with respect to time and space to produce a particle of fractal 

dimension between 2 and 3. At moderate to high molecular weights, this results in the 
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spherical shape, comprising the particle, the mass density being greatest at the center and 

decreasing to zero at the outer limits of the sphere. This random coil particle is readily 

penetrable for the solvent. However, at higher molecular weights, even though solvent still 

moves freely at the periphery, towards the center of the sphere its movement will be more 

and more restricted. It should be noted that in the model the molecules are not considered 

to be rigid or condensed: the nature of the mass distribution within the particle is 

considered to vary, depending on whether the system is tightly coiled, or more expanded, 

which depends on the nature of the solvent, the extent of solvent penetration, the charge 

density of the molecule, the pH of the solution, and the counterion. 

The proposed flexible, expanded, random coil conformation model was shown to 

fit well with such properties of humic substances, as random tertiary structure, high charge 

density, rapid ion exchange, and high water uptake 6 4 . This model considers covalent 

bonds to hold together the moieties of the macromolecule, which recent evidence 

questions. 

Beside a random coil model, the alternative structures with equally strong evidence 

have been proposed, based on aggregation or self-aggregation of humic molecules in 

solution. 

The micellar model was introduced by Rochus 7 5 and Wershaw 7 2 ' 7 6 . The authors 

considered humic substances to be mixtures that cannot be represented by conventional 

structures of functional groups held together by covalent bonds, but rather they suggested 

that humic substances exist in the form of aggregates which are made up of decomposed 

plant-derived compounds, held together by weak bonding forces, such as hydrogen 

bonding and hydrophobic interactions. It was proposed that micellar structures form 

spontaneously through aggregation of surface active molecules in solution, by analogy 

with the synthetic surfactants behavior, when the micelles with hydrophobic interior and 

hydrophilic surface are formed in aqueous solution. 

It was further suggested that humic substances can form membrane-like aggregates 

on soil mineral surfaces in the form of bilayers with hydrophobic interior and hydrophilic 

outer surfaces 7 7" 7 9 . The molecular moieties in the interior of the micelle or membrane 

possess some freedom of motion, which makes those interiors behave as a liquid-like 
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phase. The physical and chemical properties of these humic aggregates are suggested to be 

more a function of the structure of the aggregates than of the properties of the individual 

components. 

Engebretson, Wandruszka et al. proposed a pseudo-mi cellar structure for humic 

molecules in solution 8 0 . Taking into consideration, that compared to synthetic surfactants, 

humic substances present a far more complicated case due to their polydispersity and 

chemical complexity, the authors pointed out that the former property implies the presence 

of molecular and ionic fragments of many sizes, which can associate in different ways: 

whereas smaller constituents of humics may aggregate in the micellar manner of synthetic 

surfactants, the longer chains may undergo folding and coiling to form intramolecular 

pseudo-micelles or hydrophobic domains inside the polymer molecule 8 0" 8 4. The 

amphiphilic nature of humic molecules suggests that these intramolecular aggregates will 

have relatively polar exterior surfaces and nonpolar interior. This rearrangement precedes 

intermolecular aggregation when such factors, as heat, addition of electrolyte, or metal di-

or polyvalent cations are applied to humic acid solution. It was suggested that humic acid 

with higher average molecular size forms these structures more effectively than the one 

with lower molecular size. The authors successfully applied the pseudo-micellar model to 

the study of pyrene fluorescence quenching in the presence of dissolved humic acids. 

1.2.4 Interaction with hydrophobic organic compounds 

The fate, mobility, toxicity, and bioavailability of hydrophobic organic compounds 

(HOC) in the environment are controlled by their sorption on soil, which is in turn 

controlled by the soil natural organic matter 8 4" 8 6 . For example, bioavailability of HOC, 

which is the major limiting factor of the success of bioremediation, can be reduced by 
87 

sorption of hydrophobic contaminants . 

It also should be mentioned that a whole soil is about twice as effective as the 

humic acid isolated from it in uptake of relatively nonpolar organic compounds, which 

suggest lower polarity of the whole soil than that of humic acid. This lower polarity may 
85 i 88 

be ascribed to the humin fraction of soil and/or to clay minerals . 
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Despite the intensive exploration of the mechanism of HOC sorption to soil, no 

consensus has been reached to date 8 9 . Earlier studies often simplified sorption of HOC 

considering it to be a partitioning process, i.e. dissolution in an organic phase. In the case 

of soil organic matter, when an organic phase is solid, partitioning differs from adsorption 

by the homogeneous distribution of the partitioned material throughout the entire volume 

of the organic phase, while adsorbate does not penetrate its entire volume. Partitioning 

results in linear sorption isotherms and non-competitive sorption85. 

However, substantial experimental evidence inconsistent with this concept has been 

accumulated. It includes non-linear sorption 9 0 " I 0 2 , competitive sorption 9 3 ' 9 4 - 9 7 and energy 

distribution of sorption sites 1 0 3 . 

In order to explain these experimental results, several models for sorption of 

hydrophobic organic compounds in soil have been proposed, such as the complexation 

model 9 8 - 1 0 2 ' 1 0 4 and the polymer-based model 9 2 - 9 4 ' 9 5< 9 7 ' 1 0 5 - 1 0 7 . 

Complexation model 

As a result of the study of the binding of polar herbicide atrazine ((2-chloro-4-

(ethylamino)-6-(isopropylamino)s-triazine) and nonpolar insecticide lindane 

(polychlorinated cyclohexane) by the fractions of soil organic matter and by the whole soil, 

a model of binding involving hydrogen bonding and/or charge-transfer complexation to 
98 

specific sites created dynamically by the conformational equilibria has been proposed 
101 

It has been demonstrated that the sorption isotherms of atrazine, as well as its 

hydrolytic product hydroxyatrazine, are non-linear, and there is a definite stoichiometric 

complexing capacity limit at each pH, this limit being higher for lower pH values. Binding 

required extensive carboxylate site protonation, but the number of atrazine binding sites 

represents only a very small fraction (less than 1 %) of the total carboxylates. The binding 

of atrazine with humic fractions, as well as with the whole soil is not demonstrably 

competitive with binding of hydroxyatrazine, which indicates that even though binding 

sites are few, two compounds have distinct independent binding sites. The higher 
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molecular weight humic acid has both lower carboxylate content and higher binding 

capacity for atrazine, than fulvic acid. Factors connected with increased fulvic and humic 

acids aggregation (increased ionic strength and strongly bound cations) tend to suppress 

atrazine binding to fulvic acid and humic acid, this tendency being less pronounced for the 

whole soil, since it is already interacting with clay and metal oxides. 

It was found that smaller molecular weight fractions of the fulvic acid compete 

with atrazine for sites on the larger molecular weight fractions of humic acid. The more 

protonated carboxyl groups are, the greater the competition between fulvic acid fraction 

and atrazine for binding sites. It was found that hydrogen bonding is a main factor in 

aggregation of humic molecules. 

The model that emerged from this research takes into consideration two types of 

highly labile equilibria determining both overall particle size distribution and polymer 

conformation: hydrogen bonding of carboxyl and hydroxyl groups, and the donor-acceptor 

interactions, especially those of aromatic moieties. Two types of these weaker interactions 

are collectively able to determine the overall conformation and degree of intermolecular 

aggregation. Despite the largely hydrophilic character of humic substances, a small number 

of hydrophobic sites are created by the conformational equilibria when suitable groupings 

are brought together. These sites may be destroyed by the conformational changes 

associated with deprotonation of carboxyl groups or blocked by aggregation of smaller 

molecular weight fraction of the humic substances. 

Kinetics of atrazine sorption by a mineral soil can be analyzed using a dual-mode 

model 1 0 8 - 1 1 ' . The complexation model describes the labile sorption, whereas the nonlabile 

sorption, or bound residue uptake is described by a diffusion model. The rapid early uptake 

of atrazine by mineral soil was followed by a second stage, which is much slower and 

presumably irreversible: the second stage did not approach equilibrium even in 3 weeks. 

The calculated activation energies and enthalpy suggested that the labile uptake of atrazine 

may only involve weak physisorption, while the nonlabile intraparticle diffusion was 

controlled by an activated process. The latter can be associated with the nonlabile 

adsorption sites being special sites, which undergo chemical reorganization to accept 

atrazine. It was also found, that the intraparticle diffusion of water is necessary for the 
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intraparticle diffusion of a dissolved organic chemical, which form then a bound residue 
112,113 

Polymer-based model 

Another model proposed for HOC sorption on soil organic matter is a dual-mode 

polymer-based model (or distributed reactivity model) 9 2 , 9 4 ' 9 5 ' 9 7 ' i 0 5 " 1 0 7 . 

Soil natural organic matter is postulated to be a dual-mode sorbent, consisting of 

expanded and condensed domains, by analogy with glassy and rubbery states of polymers. 

Glassy polymers have more rigid structures and lower chain mobility, than rubbery 

polymers 8 9 . Sorption of HOC to rubbery and glassy polymers occurs by different 

mechanisms (partitioning to rubbery polymers and adsorption to glassy ones), hence in soil 

natural organic matter (dual sorbent) both solid-phase dissolution (partitioning) and hole 

(site)-filling (adsorption) mechanisms of HOC sorption take place . Partitioning occurs 

both in condensed (glassy) and expanded (rubbery) domains, whereas competitive sorption 

(producing non-liner isotherms) takes place only in the condensed domains. It is assumed 

that the less condensed fractions of soil organic matter - fulvic and humic acids have fewer 

adsorption (hole-filling) sites than the more condensed humin fraction. 

Humic substances are known to exhibit polymer-like behavior. Recently direct 
58 

experimental evidence of polymeric behavior is summarized , and a term 

"biogeopolymer" for humic substances has been proposed by the authors. A 

biogeopolymer was defined as an operationally definable substance composed from a set 

of "similar parts" which exhibits characteristic polymer behavior including properties 

dependent upon tertiary and quaternary structure. The authors 5 8 pointed out that humic 

substances were found to have such polymeric characteristics, as ordering of phase, and 

non-linear isotherms. 

Experimental evidence for existence of condensed domains in soil organic matter 

has been obtained by X-ray diffraction and solid-state NMR. The presence of condensed 

aromatic domains in humic substance from various locations were reported58' 8 6 . The 

increase of such ordering with aging of humic material was shown86. Recently crystalline 
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domains composed of poly(methylene) chains were reported to have been detected by 

solid-state NMR and wide-angle X-ray scattering in humins, soil and soil- and young coal-

derived humic acids. Nearly half of the overall 9% fraction of CH2 carbons in these 

materials was reported to be crystalline114. 

The heterogeneous nature of soil and soil organic matter was demonstrated by site-

energy distribution derived from non-linear isotherm model 1 0 3 . A dynamic "meso-

structural" model of a fulvic and humic biogeopolymer derived by the authors 1 1 5 based 

on solid-state NMR data suggests that fulvic acid consists of three elements: large 

relatively immobile units that are mainly aliphatic and unfunctionalized; more mobile 

units that are mainly aromatic and relatively unfunctionalized; and more mobile 

functionalized units that are mainly carbohydrate in nature. In contrast, the humic acid 

meso-structure consists of one major relatively immobile unit associated with slightly more 

mobile functionalized units that are mainly aromatic in nature. 

Effect of aging is another aspect of soil organic matter interactions with 

hydrophobic organic compounds. In recent years, evidence has accumulated that the 

bioavailability of certain organic compounds changes as the compounds reside in soil for 

some time, i.e. with aging . It was shown that some abiotic process makes organic 

compounds less readily available to microorganisms, as well as to chemical extraction. The 

impact of this process becomes greater as the residence time of the HOC increases 1 1 6 . The 

process of aging should not be confused with the reactions that alter the structure of the 

molecule of the HOC, such as polymerization, covalent binding to humic substances, or 

hydrolysis. 

Aging is thought to be associated with the second, slow stage of hydrophobic 

organic compounds uptake - continuous intraparticle diffusion, which was described above 
1 1 0 ' m . Some authors interpret the phenomenon of aging as slow sorption into the 

condensed or glassy fractions of soil organic matter 9 5 . As the most highly condensed soil 

organic fractions are accessed over extended time frames, the diffusion process becomes 

increasingly slower. The longer the contaminant is able to diffuse into a matrix, the more 

difficult it is to reverse its flow and to completely desorb it. The result of such diffusion is 

sequestration of the compound, and its inaccessibility to microorganisms and chemical 



19 
extraction. The environmental remediation practice of actively desorbing contaminants 

over a short period of time does not affect this sequestered fraction. 

In conclusion, it should be noted once again, that the aggregation and 

conformation (i.e. tertiary and quaternary structure) are critical to the behavior of 

unfractioned humic materials. The forces controlling this behavior can include H-bonding, 

van der Waal's interactions, and charge-transfer complexation 5 8 . The properties of soil 

humic substances as a whole system have to be considered for better understanding of their 

interactions with hydrophobic organic compounds. 

1.2.5 Isolation 

Some general criteria for a humic substances extractant were pointed out 1 1 7 , 

among them are a high polarity and a high dielectric constant to facilitate the dispersion of 

the charged molecules; a small molecular size to penetrate the structure; and the ability to 

undergo hydrogen bonding. It is also essential, that the extraction procedure does not alter 

the material, while representing fractions from the entire molecular weight range, and that 

the presence of inorganic impurities, such as clay or polyvalent cations, is minimized 3 1 . In 

general, the extraction of humic substances requires the expanded conformation of their 

macromolecules for solvation to take place. Such an expanded conformation in aqueous 

media can be achieved by dissociation of acid groups by base solution. 

The first attempt to isolate humic substances from soil probably was the one by 

Achard as early as 1786, who obtained a dark precipitate after alkali extraction of soil, 

followed by acidification 1 1 8 . Surprisingly, fundamentally the same procedure for the 

isolation of humic substances is still widely used at present *6 3. 

It was shown 1 1 7 that sodium hydroxide solution with concentration of 0.5 N yields 

a maximum of extracted humic substances in comparison with other solvents, such as 

ethylenediamine, Na2P2C>7, pyridine, and dimethylsulfoxide (DMSO). Because of the high 

pH of the NaOH solution all the acidic groups are deprotonated and the maximum 

expansion of the macromolecule takes place due to the repulsion of the negative charges. 

This conformation facilitates the solvation of polar sites of humic molecules by water 

molecules. Some oxidation and formation of artifacts is possible during extraction with 
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sodium hydroxide, but the negative effect of oxidation can be minimized when the humic 

solutions are handled under an atmosphere of nitrogen gas. 

Another solvent of choice for extraction of humic substances is DMSO. DMSO 

was proved to be the best organic solvent for such extraction among formamide, N -

methylformamide, and dimethylformamide. This dipolar aprotic solvent's ability to extract 

humics depends on the extent to which it can solvate macromolecules. The elemental 

analysis results for the humics isolated by NaOH and DMSO were found to be comparable 
6 1 ' 1 I 7 . DMSO is capable of solvating the exchangeable metal cations that neutralize 

negative charge on the humic substances in soil, while also strongly interacting with 

phenolic and carboxyl groups, thus breaking the intra- and intermolecular hydrogen bonds. 

The nonpolar moieties in the DMSO molecule might solvate the hydrophobic structures of 

humic substances, contributing to the dissolution process. The swelling in this organic 

solvent is slow, unlike in aqueous NaOH, so that more time and vigorous agitation should 

be allowed for complete extraction. 

1.2 Fate of crude oil in the soil 

1.3.1 Introduction 

The water repellent soils studied in this work, have developed water repellency 

several years after the crude oil spill occurred. Therefore, we thought it necessary to take 

into consideration the possible fate of the crude oil in soils. 

The biochemistry and ecology of petroleum components in soil have been studied 

and discussed by many authors. The diversity and complexity of petroleum composition 

determine the different fate of its components: for example, the values of petroleum 

components boiling points are in the range of- l° to >600°C 1 1 . 

Briefly, petroleum comprises normal and branched alkanes, and aliphatic acids; 

alicyclic hydrocarbons (saturated rings with paraffmic side chains), mono- and 

polyaromatics, which may be substituted, and heterocyclic components with S, and N 

atoms; O-containing ketones, esters, ethers, and anhydrides (polar compounds with N , O 
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and S atoms are referred to as resins). Organometallic complexes of V, Ni, Cu, and Fe, as 

well as some other metals, such as Zn, Ti, Ca, and Mg existing in the form of soaps, are 

found in crude oil. Generally, metals are found only in the nonvolatile portion of crude oil 
119-121 

Paraffmic crude oils are dominated by alkanes and cycloalkanes with the number of 

carbon atoms mostly less than 16, while the heavier oils have a greater proportion of 

aromatics and heterocyclic hydrocarbons with C number more than 20 1 2 2 . Normal alkanes 

can account for up to 25% of the total weight of the crude oil, C-5 to C-10 being the most 

common in the liquid phase, though hydrocarbons with C-35 being frequently found. 

The lighter fractions of crude oil are rapidly lost due to volatilization and flashing 

after an oil spill, comprising between 20 and 40% of the weight of most crude oils. Photo-

oxidation also takes place on the soil surface. Depending on such factors as temperature, 

viscosity, and chemical properties of the oil, as well as on site topography, soil moisture 

content, soil consistency, the ambient temperatures and wind condition, further physical 

movement of the spilled oil products over the surface and into the depth of the soil occurs. 

In the process of migrating into the soil the chromatographic separation of oil 

components takes place, depleting the moving fraction of aromatic and polar components, 

or in other words enriching the soil with those fractions. Some crude oil components can 

be dissolved in water and thus eliminated from the soil. 

Although, the solubility of hydrocarbons rapidly decreases with the increase of 

carbon atom number, a considerable amount can be solubilized by such processes, as 

interaction with soil natural surfactants of microbial origin or dissolved humic substances 
1 2 3 . The hydrocarbon concentration in solution usually is greatest after the spill, and 

decreases after evaporation of light components. A part of crude oil, which is not 

evaporated or dissolved, interacts with soil organic matter and its mineral constituents. 

1.3.2 Biodegradability of crude oil components 

The crude oil fraction left in the soil is attacked by microorganisms, such as 

bacteria, yeast, and mold. A wide variety of microorganisms, including anaerobes, has 
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been proven to be able to biodegrade all types of petroleum components even in colder 

climates 1 2 3 ' 1 2 9 . It was found that although aliphatic hydrocarbons with carbon number 

from 6 to 9 are more water- soluble, they are, at the same time, often toxic for bacteria. 

The fraction of n-alkanes with carbon numbers from 10 to 24 is more easily biodegradable 

due to the favorable balance of solubility and toxicity, but longer-chain alkanes are more 

resistant to degradation. Straight-chain alkanes are more readily biodegraded than 

branched ones, more complex branched chains decrease biodegradability considerably, 

and saturated aliphatics are degraded more easily than unsaturated ones. Cycloalkanes 

usually are degradable, presence of side alkyl chains facilitating the degradation. 

Generally, monocyclic aromatic hydrocarbons, as well as molecules with two and three 

rings, are readily degradable by soil bacteria and fungi, but aromatics with four or more 

rings, are significantly more resistant to biodegradation. Biodegradation of water insoluble 

crude oil organic components requires the attachment of microbial cells at the oil surface 

and the production of biosurfactants. 

1.3.3 Diagenetic products of crude oil in soil 

Oxidation of the n-alkanes mainly involves one or two terminal methyl groups with 

production of hydroxyl, then carbonyl, and finally, the carboxyl functional group. The 

monoterminal oxidation is the main pathway. Further oxidation can occur at the (3-carbon. 

Incomplete metabolism of long-chain alkanes yields corresponding esters and waxes. 

Cyclic alkanes are oxidized to dicarboxylic acid via formation of alcohol, ketone, and 

cycle cleavage. Oxidation of aromatic rings, including polyaromatic compounds, involves 

initial oxygenation (often with catechol formation), which can be followed by ring 

cleavage 

Along with biodegradation, transformation of petroleum components from one 

fraction into another takes place: it was shown, that bio-degraded oil is enriched with 

asphaltenes and resins 1 2 2 , 1 3 0 . Asphaltene is a multipolymer system, containing a variety of 

building blocks, such as flat sheets of condensed aromatics, interconnected by sulfide, 

ether, aliphatic chain, or naphthenic ring linkages, with associated metallo-complexes. 
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Being polar, asphaltenes are often operationally defined as a pentane-insoluble fraction of 

crude oil. It should be noted, that asphaltene is characterized by a surface activity and can 

be treated as a colloidal system with reversed micelles (hydrophobic exterior, and 

hydrophilic interior) in a crude oil. The center of such a micelle can be water, clay or 

metals. These micelles can be converted to a hydrophilic-exterior ones, which makes it 

possible for them to interact with the surfaces with polar sites. 

1.4 Solid-state 1 3 C CP-MAS NMR in the study of whole soil and humic 

substances 

1.4.1 Introduction 

Since both soil natural organic matter and the organic material of petroleum origin 

are considered to play an essential role in soils with pollution-induced water repellency, the 

investigation of the whole soil seems to be preferable. Such investigations can be 

performed by solid-state 1 3 C Cross Polarization Magic Angle Spinning Nuclear Magnetic 

Resonance(CP-MAS NMR) method. The advantages and limitations of solid-state 1 3 C CP-

MAS NMR technique are discussed in the next section. 

The first applications of NMR spectroscopy for structure characterization of humic 

substances are considered to be the ones reported by Barton and Schnitzer in 1963 and 

Neyroud and Schnitzer in 1972. Then 1 3 C CP-MAS NMR spectra of whole soil were 

reported by Wilson et al. in 1981. Since then, the developments in NMR spectroscopy have 

made it a major tool in investigation of soil organic matter 5 8 ' 1 1 4 ' l 1 5 ' I 3 4 ~ 1 3 9 . 

The organic matter in soils is a structurally complex, heterogeneous biopolymer 

material, which contains poorly soluble or insoluble fractions, and macromolecules with 

high molecular weight. The application of solution-state NMR to soil organic matter 

samples has certain limitations. First, not all fractions of soil organic matter are readily 

soluble. Second, some components of organic matter can be preferentially extracted by the 

solvent. Finally, the organic matter structure can be modified in the course of extraction. 

Those factors may result in NMR spectra being not representative of the actual 

composition of initial soil organic matter 1 3 4 . 
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1.4.2 Theoretical aspects 

The abovementioned limitations of solution-state NMR can be avoided by 

application of solid-state NMR to the intact whole soil samples. In order to use 1 3 C NMR 

spectroscopy for structural characterization of the whole soil, several factors should be 

considered. 

First, a low natural abundance of 1 3 C nuclei, and its low relative sensitivity (which 

is the ratio of the magnetic moment of the nucleus to that of the proton 14°) lead to low 

NMR signal intensity. 

Another problem of solid-state 1 3 C NMR is line-broadening caused by chemical 

shift anisotropy and dipolar-dipolar interactions 1 4 1 . The different orientations of the 

specific C functional groups in the magnetic field are not averaged in solids, as opposed to 

liquids. Thus, each specific functional group shows not a single, but a range of chemical 

shifts, causing line broadening in the NMR spectra. This is especially important for the 

functional groups with non-spherical electron density distribution, such as aromatic and 

carbonyl groups. Dipolar-dipolar interactions between nuclei cause localized differences in 

magnetic fields, and thus spread a particular I 3 C NMR frequency over a wide range in a 

solid-state spectrum. 

In our study we used a technique that allows one to overcome the abovementioned 

problems in solid-state 1 3 C NMR and obtain well-resolved spectra of soil organic matter 

and whole soil - Cross-Polarization Magic Angle Spinning (CP-MAS). 

The cross-polarization technique allows one to achieve a significant enhancement 

(up to 4 times) in signal intensity by transferring energy from abundant protons to sparse 
13 1 

carbons. Energy transfer can occur only when the energy levels of C and H in the 

applied magnetic field are equalized. This is achieved by application of two radio 

frequency fields (BJ)H and (Bi)c to proton and carbon spins, respectively, so, that the 

precession frequencies of the abundant protons and sparse carbons in the rotating frame of 

reference are equal: 
(yBOc = (YBI)H or (a>i)c = (O>I)H , 
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where Bi is a magnitude of the applied radio frequency field; y is a magnetogyric 

ratio of the nuclei, and CO] is a precession frequency of the nuclei in a rotating frame. 

This condition is referred to as the Hartmann-Hahn match 1 4 1 . When this match 

occurs, cross relaxation from protons to carbons will causes the 1 3 C magnetization to 

increase. 

The standard pulse sequence for a single-amplitude CP can be described as follows: 

application of a 90° pulse to the proton spin system is followed by a change of phase 

leading to spin-locking of the protons. Then the precession of protons and carbons are 

adjusted to satisfy the HH match for a period, referred to as contact time. A contact time is 

followed by the acquisition of carbon free induction decay, while the protons are 

decoupled 1 4 0 . The single amplitude CP-MAS pulse sequence is shown in Figure 1.2. 

H 

spin lock 
decouple 

Figure 1.2. Single amplitude cross-polarization pulse sequence. 

Besides the enhancement in signal intensity, yet another advantage of the technique 

is that in the case of cross-polarization the system relaxation depends on proton , rather 

than carbon relaxation rate - that is the system relaxes faster and more scans can be 

obtained in a given period of time 1 4°. 
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By rotating a solid sample about an axis tilted at the angle 54.7 ("magic" angle) to 

the static external field the molecular tumbling of liquid state can be simulated. This 

means that line broadening caused by dipolar interactions between 1 3 C nuclei and by 

chemical shift anisotropy is removed by Magic Angle Spinning. 

In order to reduce the line broadening effect of dipolar-dipolar interactions between 

'H and 1 3 C, and and 'H nuclei l 4 1 , high power proton decoupling is used, i.e. continuous 

radio frequency irradiation at close to 'H resonance frequency for the whole period of 

acquisition. As a result, H dipoles change their orientation with respect to the static 

external field. If this change occurs at a fast rate, 1 3 C nuclei are affected only by an average 

field from the protons. 

The improved sensitivity and reduced line broadening of the solid-state 1 3 C CP-

MAS technique makes it possible to obtain well-resolved 1 3 C spectra of whole soils and 

soil organic matter with sufficient signal-to-noise ratio and in a reasonable experiment 

time. 

1.4.3 Quantitative reliability 

The quantitative reliability of the 1 3 C CP-MAS technique for soil organic matter 

and whole soils has been widely discussed 1 1 5 ' 1 3 3 " 1 4 2 . 

At least three factors that affect the intensity of NMR signal for this technique 

were pointed out. First, carbons in different functional groups have varying efficiency of 

cross-polarization, because of non-uniform cross-polarization and proton spin-lattice 

relaxation time constants in heterogeneous organic matter. It means that in general carbons 

that are close to more protons gain energy faster. 

Second, carbons close to paramagnetic centers (such as Fe 3 + ) may not be 

observable because proton relaxation is so rapid, that the magnetization is not transferred 

to carbons. Still, if paramagnetic species are distributed homogeneously throughout the 

sample, they do not affect quantification. 

The third problem is the spinning sidebands. They appear in the spectrum as 

additional lines spaced at the spinning frequency on either side of the isotropic, true peak. 
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Part of the intensity thus is spread out in sidebands and is overlapped with other signals. 

This especially affects the nuclei with higher chemical shift anisotropy, such as aromatic 

and carboxyl carbon nuclei. It was shown that spinning the sample at higher spinning 

speed not only decrease the intensity of spinning sidebands, but also spread them farther 

from the centerband, eliminating sidebands from the chemical shift region of interest140. 

However, spinning the sample at high speed makes it more difficult to obtain and 

maintain the optimal Hartmann-Hahn (HH) matching condition 1 4 3 " 1 4 5 , since it becomes 

necessary to precisely satisfy the match. For the heterogeneous sample, which may have 

multiple HH match, it means that the efficiency of cross polarization will not be the same 

for all carbons. 

In order to resolve these problems and achieve reliable quantification several 

modifications of 1 3 C CP-MAS technique overcoming effect of spinning side bands and 

poor cross polarization at high spinning speeds were suggested. One technique now used 

for side band suppression, referred to as TOSS ("total suppression of spinning 

sidebands"), was suggested 1 4 6 . This technique removes all orders of spinning sidebands in 

a single experiment141, applying additional 180° pulses to carbons at carefully determined 

with respect to the rotor period delays following the contact time. 

Several techniques 1 4 4 ' I 4 7 ' 1 4 8 use amplitude or phase manipulations for cross 

polarization improvement at high spinning speed. Metz et. al 1 4 9 suggested a ramped-

amplitude CP-MAS technique, which allows for a wide range of matching conditions to be 

satisfied, providing efficient cross-polarization for all carbon types, and resulting in better-

resolved spectra without distortion of intensity. The Ramp-CP MAS technique was 

successfully applied to the investigation of functional group distribution and structure of 

humic substances 5 8 ' 1 1 5 ' I 3 7 , ! 3 8 . 

Beside employing special NMR techniques, sideband corrections can be applied to 
1 3 C CP-MAS NMR spectrum obtained by single amplitude CP-MAS technique as follows: 

the sideband of carboxyl carbons (which does not overlap with other bands) can be used as 

a reference for subtracting the appropriate sideband intensity when a sideband underlies a 

region of interest in the spectrum 1 3 7 . 
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The problems described above, however, do not diminish the possibility of 

obtaining the useful data with "basic" ! 3 C CP-MAS NMR technique, using proper 

experimental parameters. It was shown, that for better quantitative representation of humic 

substances to be obtained, one needs to spin a sample at higher than 7 KHz in a 300 MHz 
137 

solid-state NMR spectrometer . This spinning speed allows one to minimize the 

distortion of intensities caused by line broadening and spinning side bands. A contact time 

of 1 ms was found to give more reasonable representative intensity distribution in organics 

extracted from soils, and a 1 s recycle time was found to allow complete relaxation of the 

system 1 3 7 ' 1 5 0 . 

In the present study, using the above parameters, it was sufficient to compare the 

evolution of the relative intensities of the peaks over a series of similar samples, in order to 

correlate relative quantitaties of each functional group with the history of the soil sample. 

The intensity of each functional group can be expressed as an approximate percentage of 

the total observable carbons, taking into account the limit on quantitative determination of 

each carbon type discussed above. 

1.5 The study of pollution-induced water repellent soils: objectives and 

approach 

The objectives of the present study included the investigation of spectroscopic 

properties of pollution-induced water repellent soil, and characterization of the soil 

organic matter fraction responsible for water repellency. Taking into consideration the 

available body of reported data on the water repellency in soils, and particularly Alberta 

water repellent soils at the crude oil spill sites, the following approach was worked out. 

It can be expected that the variety of interactions between soil natural organic 

matter and the digenetic products of petroleum origin are of great importance in water 

repellency phenomenon. Therefore, it is preferable to study the intact soil sample, as the 

materials isolated by extraction can be altered in the course of extraction. The solid state 
1 3 C CP-MAS NMR technique capable of elucidating changes in the whole soil organic 

matter functional group distribution was employed at the first stage of the present study. 
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The second step of the work involved the extraction of target fractions of the water 

repellent soil organic matter. The goal of this part was to determine how each fraction of 

organic matter contributes to water repellency, and to characterize the extracted fractions. 

It should be noted, that the characterization of water repellent soil has to be performed in 

parallel with the characterization of the similar, adjacent normally wettable soil, used as 

the control. Such organic matter fractions, as petroleum hydrocarbons, base-soluble humic 

substances, and a fraction which contributes most to soil water repellency, were isolated 

from water repellent soils and analyzed by liquid-state ! H and 1 3 C NMR, Gas 

Chromatography (GC), and Fourier Transform Infrared spectroscopy (FTIR). 

As a result of review of the literature and the present work, a plausible mechanism 

of interaction between soil natural organic matter and the digenetic products of petroleum 

origin controlling soil water repellency is proposed. 
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CHAPTER 2 

EXPERIMENTAL 

2.1 Materials 

2.1.1 Introduction 

The samples of soils under study were provided by Imperial Oil Research Ltd. Soil 

samples were collected from the old crude oil spill sites in Alberta, Canada. Three sites 

with different soil types and management history were chosen: near the towns of Ellerslie, 

and Devon (Northern Alberta), and Stettler (South Central Alberta). Water repellent soils 

are indicated in our study as Water Repellent or Non-Wettable (NW). 

In order to make a comparison between the properties of water repellent and 

normal wettable soils, samples of adjacent, readily water absorbing soils, covered with 

vegetation, were collected. Probably, those soils either were not contaminated at all, or 

recovered from contamination. These samples are indicated as Control Wettable (CW) 

ones. A soil that definitely was not in the area of contamination was collected from 

Ellerslie site and is indicated as Pristine Wettable (PW) soil. 

Soil samples were collected from the upper 15 cm of soil horizon into plastic 

buckets. Field-moist soil samples were stored at 4°C before drying and sieving. In the 

laboratory samples were air-dried, crushed, sieved to pass through a 1.4 mm sieve, 

thoroughly mixed and stored in glass jars in the dark. 

Ellerslie site (Ell) 

The soil is classified as Eluviated Black Chernozemic soil that developed on 

glacio-lacustrine parent geological material 4 6 . The site is located at the University of 

Alberta Research Station and was experimentally treated with crude oil in 1973 being part 

of a research project on crude oil contaminated soil reclamation53. A crude paraffinic oil of 

specific gravity 0.85, fresh from a battery near Redwater (Alberta), was applied to the site 

at different rates. Now several patches of water repellent soil can be found at Ellerslie 
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experimental site. Water repellent soil was collected from the plots with the initial level of 

crude oil application of 24.9 kg/m2, with no further reclamation treatment (control plots), 

though considerable mixing of non-reclaimed and reclaimed soil has occurred after 5 years 

of the initial reclamation experiment. 

Devon site 

The soil is classified as a Gleyed Eluviated Black Chernozemic soil, developed on 

alluvial parent geological material. Its topography is level to inclined. The crude oil spill 

occurred at the site about 6 decades ago. After a spill much of the oil was burned in a fire 

or removed later, a significant amount of oil penetrated the soil surface, and it is still can 

be observed in the subsoil. Patches of water repellent soils were first reported to appear 

over 30 years ago46. 

Stettler site 

The soil is classified as Gleyed Black Chernozemic soil that developed on alluvial 

parent geological material, its topography is undulating. The site was contaminated with 

crude oil in the 1970's *. 

2.1.2 Characterization of soils 

In order to obtain background information some chemical properties of the 

selected soils were characterized. Total carbon, hydrogen and mineral nitrogen content, 

soils pH, concentration of base-forming exchangeable cations and iron, as well as extent of 

soil water repellency, were determined. 

2.1.2.1 Elemental and ICP analysis, soil pH 

All analyses were performed and concentrations of C, N, H and metals calculated 

for air-dried soil samples. In all cases deionized water with resistance of less than 18 M Q 

(Barnstead Nanopure system) was used for preparing solutions. 

* Dr. J.L.Roy of Imperial Oil Res. Ltd., personal comm 
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Total carbon, hydrogen and mineral nitrogen content was determined using a 

combustion elemental analyzer (440 CHN-O/S elemental analyser, Control Equipment 

Corp, MS, USA). Total carbon content can be attributed mostly to organic carbon content, 

since negligible amounts of carbonates are present in the top layer of Eluviated Black 

Chernozems 4 6 . It is noteworthy that carbon content is an essential factor determining 

possibility of application of solid-state 1 3 C CP-MAS NMR technique, as was discussed in 

Chapter I. 

The results for C, H, N , and iron content, and pH of the soils are presented in Table 

2.1. Both Ell-NW and Stettler-NW soils contain more C than corresponding control soils, 

that can be explained by carbon from oil contamination. Devon-CW soil in contrast 

contains more C than Devon-NW one. Devon-CW soil was collected underneath a crop of 

wheat, because the area adjacent to water repellent patch was under cultivation. It was in 

agricultural use for several decades after the oil spill. Thus, the higher C content can be 

attributed to the fertilizers added to control soil. 

Table 2.1. Total carbon, hydrogen, mineral nitrogen, and iron content (% wt/wt), 

and pH of water repellent and corresponding control and pristine wettable soils. 

SoU C H N Fe pH 

Devon-NW 4.5 0.5 0.2 1.4 6.4 

Devon-CW 5.7 0.6 0.4 - 7.2 

Ell-NW 5.6 0.5 0.4 1.3 5.0 

Ell-CW 4.8 0.8 0.4 - 5.6 

Ell-PW 4.7 0.8 0.4 - 5.4 

Stettler-NW 2.3 - - 0.5 5.1 

Stettler-CW 1.6 - - - 5.7 

The iron and exchangable cations content data were obtained using an Inductively 

Coupled Plasma (ICP) Atomic Emission Spectrometer Atom/Scan 16/25 (Thermo Jarrell 
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Ash Corp., MA, USA). For ICP analysis of iron 1.000 g of air-dried soil was heated in 10 

ml of concentrated HC1 for 30 min, and then filtered and made up to 100.00 ml with 

water. The solutions obtained were used for ICP analysis. 

Generally the soils with higher iron content (C/Fe <1 % wt/wt) 1 4 2 show 

significant line broadening in solid state 1 3 C NMR spectra. The iron content of all three 

water repellent soils was low enough to allow application of solid state 1 3 C NMR 

spectrometry in our study. 

For exchangeable cations determination soil cation exchange sites were saturated 

with N H 4

+ by 1 M NH 4

+CH 3COO (pH 7). The solution obtained was analyzed for Ca 2 + , 

Mg 2 + , K + , and Na + (Table 2.2). Analyses were performed on duplicate samples and data 

were not treated statistically. 

Soil pH was measured in water at soihwater ratio 1:2 after 30 min of mixing, using 

a Fisher Accumet pH Meter model 25. 

Table 2.2. Concentration of exchangable cations (cmol/kg) in soils as determined 

with 1 M NH4CH3COO (pH 7.0). 

SoU Ca 2 + Mg 2 + 

Na2+ K + 

Devon-NW 31.0 11.8 1.0 1.6 

Devon-CW 55.3 21.2 0.7 2.0 

Ell-NW 27.7 9.0 0.7 0.3 

Ell-CW 32.7 12.2 0.7 0.4 

Stettler-NW 5.3 2.4 0.7 0.3 

Stettler-CW 6.5 1.6 0.6 0.2 

2.1.2.2 Measurements of soil water repellency (MED test) 

Soil water repellency assessment was performed on the three sets of water repellent 

and corresponding control soils using the Molarity of Ethanol Droplet (MED) test 4 6 ' 5 2 . 
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The MED test is conceptually based on the reduction of the surface tension of water in 

ethanol solutions, but is essentially an "empirical" measure validated by correlation with 

field behavior. 

Molarity of Ethanol Droplet (MED) test 

Ethanol solutions with concentrations from 0 to 5 M with 0.2 M increments were 

prepared. Ethanol of HPLC grade purchased from Aldrich and distilled water with 

resistance of 18 Qm (Barnstead Nanopure system) were used. 

To assess soil water repellency droplets of ethanol solutions of different 

concentrations were placed on the flat soil surface. The molarity of the droplets of lowest 

ethanol concentration that are completely absorbed within 10 s is considered to be MED 

index of the soil. Soils with 0 < MED index < 1 M are considered to be slightly water 

repellent, and those with MED index >2.2 M are severely water repellent53. 

The test was performed on air-dried to constant mass soil samples. At higher soil 

moisture content (field-moist soil) cohesive forces between the water initially present in 

the soil and the water placed on the surface make MED indices values unreliable. At the 

same time it was shown that the MED indices are essentially the same for air-dried and 

oven-dried soils 4 6 . 

The results of MED test for water repellent and control soils (MED values and their 

standard deviations) are presented in Table 2.3. Al l water repellent soils under study are 

considered to be severely water repellent, with MED indices between 3.8 and 4.4 M. All 

three control soils have MED indices 0.0, thus being considered not water repellent. 
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Table 2.3. Water repellency assessment of three water repellent and corresponding control 

wettable soils. 

Soil MED 

Devon-NW 4.2 ±0.1 

Devon-CW 0.0+ 0.0 

Ell-NW 3.8+0.1 

Ell-CW O.OiO.O 

Stettler-NW 4.4± 0.1 

Stettler-CW 0.0±0.0 

2.1.3 NMR spectroscopy 

2.1.3.1 Solid state 1 3 C CP-MAS NMR 

Soil samples were air dried to constant mass before NMR analysis. Solid samples 

(soils and humic substances) were pulverized with an agate mortar and pestle before 

being packed into the rotor. Rotor packing was performed using a Bruker kit, so that a 

sample is uniformly and tightly packed. 

Samples were packed into a cylindrical 4/18mm zirconia rotor with Kel-F cap. 

Solid state NMR measurements were performed on a Bruker AMX-300 spectrometer with 

a BL4 probe, operating at 300 MHz for *H and 75.5 MHz for I 3 C under Magic Angle 

Spinning Cross Polarization (CP-MAS) conditions. Calibration was done on 1 3 C labeled 

glycine, using the ketonic signal at 176.32 ppm. Solid state spectra were obtained with 100 

000 scans (80 000 scans for Ell-NW soil). 
1 3 C CPMAS technique with contact time of 1 ms, recycle time of 1 s, and rotor 

spinning rate of 8 KHz was used. These parameters are reported to give reasonably 
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representative intensity distributions for soils with sufficient carbon content, and relative 

quantities of given functional groups can be compared as a function of soil history I 3 7 ' 1 5°. 

Processing of NMR spectra using Bruker ID WIN-NMR software included phasing 

and background correction. Solid-state spectra were processed with 100 Hz line 

broadening. 

In order to obtain functional group distribution data, the intensity was integrated 

within a region corresponding to a particular type of carbon. The integrated area of each 

region of the spectrum was expressed as a percentage of the total observable carbons. 

Chemical shift regions were assigned to carbon types as follows: 0-50 ppm -

Aliphatic; 50-96ppm - Carbohydrate; 96-108 ppm - carbon singly bonded to two O atoms; 

108-162 ppm - Aromatic; 162-190 ppm - Carboxyl, 190-220 ppm - Ketonic 6 2 . 

Spin-spin T2 relaxation time measurements 

Carbon-13 spin-spin T2 relaxation time measurements were performed using Hahn 

spin-echo method, adapted to CP-MAS technique M 0 . Briefly, an additional 180° pulse is 

applied to carbons after a delay time X. After a second delay time x, acquisition is started. 

At this moment part of the carbon magnetization which decayed due to inhomogeneous 

interactions is refocused. As a result of this, free induction decay reflects only the loss of 

magnetization due to natural spin-spin relaxation process. 

CP-MAS experiments with varying delay times were conducted. Each sample was 

run with delay times of 1 ms; 875 |is, 750 |is, 625 [is, 500 fis, 375 jis, 250 (is, 125 |is. 

Delay time values were determined as integral numbers of rotor rotation period ((8 KHz) ' 
1 = = 1.25X10"4 sec). For each carbon functional group peak intensities were integrated as 

described before. A plot of natural logarithm of carbon functional group intensity versus 

2 x yields a straight line with a slope 1112- The pulse sequence used for CP-MAS 1 3 C T2 

relaxation time measurements is stored as cp21evxt2.ry. 

NMR parameters for Carbon-13 spin-spin T2 relaxation time measurements were 

the same as for solid-state 1 3 C CP-MAS NMR, but the number of scans was reduced to 40 

000 due to experiment time constraints. 
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Liquid-state NMR spectra were acquired on a Bruker AMX-300 spectrometer with 

a BBI5 probe, operating at 300 MHz for *H and 75.5 MHz for 1 3 C, with a number of scans 

about 20 000 for 1 3 C spectra. Glass NMR tubes with 5 mm diameter were used. For NMR 

analysis, samples of crude oil and air-dried material extracted from soil were dissolved in 

deuterated chloroform CDCI3 (purchased from Aldrich company). An air-dried sample of 

DMSO-extracted material from Ell-NW soil was redissolved in DMSO-d6 (purchased 

from Aldrich company). 

2.1.4 Extractions 

For extractions under Soxhlet reflux conditions, an air-dried sample of soil 

(20-30 g) in a cellulose thimble was placed into a Soxhlet apparatus with a capacity of 50 

ml and extracted with 150 ml of reagent-grade solvent for 6 hours (unless otherwise 

stated) with approximate rate of 1 cycle per 3 min. It was possible to achieve this rate due 

to the small apparatus capacity (the maximum solvent volume accumulated in the sample 

compartment of an upper vessel before the solvent returns to the bottom heated vessel with 

bulk solvent). Polytetrafluoroethylene boiling chips (Teflon, Fisher Sci.) were placed into 

the heated vessel of the Soxhlet apparatus. 
• • 53 

The amount of extracted material was then determined gravimetrically . Solvent 

with extracted material was concentrated on a rotary evaporator and placed into pre-

weighted aluminum dishes. After air-drying to constant mass in the fume hood, the mass of 

extracted material was obtained and its concentration calculated. The extracted soil 

samples were air-dried in the fume hood for 7 days and then soil water repellency was 

assessed using the MED test. 

For extractions of base-soluble materials 100 g of soil was placed in a 

polyethylene flask and 1 L of 0.1 M NaOH was added. Air in the flask was displaced by 

N 2 , and the flask was stoppered and shaken for 15 min. The resulting soil suspension was 

left for 24 hours at room temperature. After that the insoluble fraction was separated by 
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centrifugation at 5 000 revolutions per minute for 30 min. The solid fraction was then 

placed on a glass filter and rinsed with deionized water using a vacuum pump, and allowed 

to air-dry to constant weight. For performing the MED test, the crust formed during air-

drying was crushed with a mortar and pestle. The basic solution separated by 

centrifugation was filtered through a glass filter and neutralized with 1 M HC1 to pH 7. 

Then it was placed into a polyethylene tray in the freeze-drier. The freeze-dried solid 

substance was used for 1 3 C CP-MAS NMR and elemental analysis. Results of elemental 

analysis of Ell-NW, Ell-CW and Ell-PW soil base extracts are presented in Table 2.4. 

Table 2.4. Elemental analysis of base extracts from Ell-NW, Ell-CW and 

Ell-PW soils (%wt/wt). 

Soil C H N C/H atom ratio 

Ell-NW 13.7 1.2 1.0 0.90 

Ell-CW 10.4 1.0 0.9 0.90 

Ell-PW 10.8 0.9 0.9 1.00 

For extraction with DMSO 150 ml of DMSO (reagent grade, purchased from BDH 

Company) were added to 40 g of air-dried soil, stirred and sonicated for 1 hour, and left 

overnight. The solution then was separated by centrifugation at 5 000 revolutions per 

minute for 30 min. The solid fraction was rinsed with water and supernatant separated 

again by centrifugation. Rinsing with water was repeated three times. The extract in 

DMSO was combined with water rinsings and solution pH was adjusted to 1.5 with 5 M 

HC1. This solution was left overnight and the flakes formed in it were separated by 

centrifugation at 5 000 revolutions per minute for 30 min. After washing with water and 

centrifugating on a micro-centrifuge the residue in a small glass beaker was placed into a 

desiccator for drying for three weeks. 

A chloroform and z'sopropanol/aqueous NH 3 treatment of soil consisted of 

saturating a sample with a corresponding solvent and vortexing the slurry until the solvent 
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is evaporated. The treated samples were air-dried for several days before soil water 

repellency was assessed using the MED test. 

2.1.5 Gas chromatographic analysis 

Soil extracts obtained by Soxhlet extraction with various solvents, as well as oil 

sample were analyzed using Gas Chromatography (GC). Analysis were performed on 

Hewlett -Packard Gas Chromatograph with autosampler, temperature programming, and 

Flame Ionization Detector (FID). A "Restek" Phenylsiloxane capillary column (length - 30 

m ), and on-column cool injection were used. Other chromatographic parameters used 

were: carrier gas He flow rate 3.5 ml/min, temperature gradient 40° - 350° C, injection 

volume 2(4.1. 

For GC analysis 30 g of soil was sequentially extracted with methylene chloride 

(DCM) and z'sopropanol/aqueous NH3. Methylene chloride extracts were brought to 2 ml 

volume. The wopropanol/aqueous N H 3 extracts were air-dried, redissolved in DCM, 

filtered, and then brought to 2 ml volume. The third-step DCM extracts from extraction 

sequence were brought to 1 ml volume. 

3.4 FTIR spectroscopy of soil extracts 

Fourier Transform Infrared spectra were obtained on a Nicolet Nexus-470 FTIR 

spectrometer. Extract from soil material was air-dried and redissolved in a small volume of 

DCM. This solution was placed drop by drop on a 4 mm thick KBr window and the 

solvent was evaporated under a flow of N2. After complete solvent evaporation the KBr 

window was covered with the second window and FTIR analysis of the film was 

performed. All sample solutions were dried with drying agent ( anhydrous l^SO*) before 

FTIR analysis. For FTIR analysis of the DMSO-extracted material a disposable KBr card 

(International Crystal Lab, NJ, USA) was used. 

The non-polar fractions of soil extracts were analyzed by FTIR spectroscopy. The 

DCM soil extract was sorbed on a cartridge (Varian Bond Elute PCB, Varian), which 
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contained a polar sorbent. Non-polar fraction of the extract was eluted from the cartridge 

by several ml of DCM, while a polar fraction was left in the cartridge. 

The wopropanol/aqueous ammonia soil extracts were air-dried, redissolved in 

DCM, filtered, and separated on the cartridge, as described above. 
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CHAPTER 3 

RESULTS AND DISCUSSION 

3.1 NMR spectroscopy 

Solid-State 1 3 C Cross Polarization Magic Angle Spinning, liquid state I 3 C and *H 

NMR spectroscopy were used for elucidating the structure of the organic matter of soils 

under study. 

3.1.1 Solid-State 1 3 C CP-MAS NMR spectroscopy 

3.1.1.1 Solid-State 1 3 C CP-MAS NMR Spectroscopy of Whole Soils 

Solid-State 1 3 C CP-MAS NMR spectra of three water repellent, and their adjacent 

control soils, and one pristine soil were obtained. The spectra are presented in Figures 3.1-

3.7. 

All soils spectra exhibit well resolved intense peaks for the main types of carbon 

functional groups (aliphatic at 0-50 ppm, carbohydrate-like at 50-96 ppm, O-C-O at 96-

108 ppm, aromatic at 108-162 ppm, and carboxyl carbon at 165-190 ppm). The phenolic 

region (140-162 ppm) is poorly resolved from the aromatic region. The chemical shift 

region attributed to ketonic carbon (190-220 ppm) has much lower intensity and signal-to-

noise ratio. 

The distribution of relative intensities are similar for Ell-PW and Ell-CW soils, but 

differs for the Ell-NW one. In the Ell-NW sample the relative intensity of carbohydrate 

peak is significantly lower and that of the aliphatic peak is higher, than those in Ell-CW 

and Ell-PW spectra. The relative distribution of aliphatic, carbohydrate, O-C-O, aromatic 

and carboxyl carbon, as determined by 1 3 C CP-MAS NMR spectroscopy, for Ellerslie soils 

is presented in Figure 3.8. These data were obtained by integrating the corresponding 

spectral regions, as described in Chapter 2. It can be seen, that relative amount of aliphatic 

and aromatic carbon increases from Ell-PW to Ell-NW soil, while carbohydrate and 

carboxyl carbon decreases. This corresponds to water repellent character of Ell-NW soil 
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and indicates residual petroleum contamination (which is supported by the DCM-

extractable hydrocarbons analysis ( see Table 3.4). 

A similar, but more prominent trend, is observed for the other two pairs of water 

repellent and control wettable soils: the relative intensity of aliphatic and aromatic peaks 

are significantly higher for water repellent, than for wettable soils (see Figure 3.4-3.7) in 

case of both Devon and Stettler soils. The difference between water repellent and wettable 

soil is especially striking for Stettler soil. The relative distributions of aliphatic, 

carbohydrate, O-C-O, aromatic and carboxyl carbon, determined by 1 3 C CP-MAS NMR 

spectroscopy, for Devon and Stettler soils, are presented in Figure 3.9 and 3.10, 

respectively. 

The presence of residual petroleum contamination is indicated by the 

dichloromethane-extractable hydrocarbons analysis results in case of Devon-NW and 

Stettler-NW soils as well (Table 3.4). For all three water repellent soils a higher percent of 

aliphatic carbon (compared to corresponding control wettable soil) revealed by Solid-State 
1 3 C CP-MAS NMR corresponds to severe water repellency in these soils. 

It also should be noted that the absolute signal intensity and signal-to-noise ratio of 

Stettler-CW soil NMR spectrum are very low, since this soil is characterized by the lowest 

carbon content among all soils under study (1.6 %). 

3.1.1.2 Solid-state 1 3 C CP-MAS NMR spectroscopy of extracts obtained by 

humic extraction procedure 

Base extracts from Ell-NW, Ell-CW, and Ell-PW soils were studied by solid-state 
1 3 C CP-MAS NMR spectroscopy. These substances were extracted with 0.1 N NaOH as 

described in Chapter 2 and should include humic material. 

Higher carbon content of humic substances (see Table 2.4 ) in comparison with the 

whole soil samples allowed to acquire smaller number of transients (80 000 scans as 

opposed to 100 000 scans for whole soils). 

Spectra of all three base extracts presented in Figure 3.11-3.13 show well resolved 

peaks for the main types of carbon functional groups, assigned the same way as for whole 
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soil samples. We refer to these as the humic substances spectra below. These humics 

spectra are characterized by a more prominent O-C-O peak at 102 ppm. 

The intensity distribution in the spectrum of Ell-PW humic substances is similar to 

that of the Ell-CW one. The relative intensity of aliphatic carbon peak increases from Ell-

PW to Ell-CW and to Ell-NW humics, while the relative intensity of carbohydrate 

decreases from Ell-PW to Ell-NW, exhibiting the same trend, as in solid-state I 3 C CP-

MAS NMR spectra of whole Ellerslie soils. There is no such consistent changes in the 

relative intensity of aromatic or carboxyl carbon peaks in Ell humics spectra. Still, of three 

samples, Ell-NW humics has the highest relative intensity of aromatic peak, and the lowest 

relative intensity of carboxyl one. Carbon functional group distribution data for Ellerslie 

site humic substances are shown in Figure 3.14. 

Comparison of the solid-state ! 3 C CP-MAS NMR spectrum of humics with the 

corresponding whole soil sample shows higher relative intensity of carbohydrate and 

aliphatic (the latter especially for Ell-PW humics) carbon peaks, and smaller relative 

intensity of aromatic peaks in all three humic substances. 

Comparison of carbon functional group distribution for Ellerslie site humic 

substances (Figure 3.14.) with the data in Figure 3.8 suggests that the extraction procedure 

used alters the composition of extracted matter so, that carbon functional group distribution 

for whole soil and corresponding base-extracted substances differs considerably. 
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»ure 3.2. Solid-State l 3 C CP-MAS NMR spectra of Ell-CW soil. 
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Figure 3.3. Solid-State 1 3 C CP-MAS NMR spectra of Ell-PW soil. 
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Figure 3.4. Solid-State l j C CP-MAS NMR spectra of Devon-NW soil. 
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Figure 3.5. Solid-State 1 3 C CP-MAS NMR spectra of Devon-CWsoil. 
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;ure 3.6. Solid-State C CP-MAS NMR spectra of Stettler-NW soil. 
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Figure 3.7. Solid-State l 3 C CP-MAS NMR spectra of Stettler-CW soil. 
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Ellerslie Site 
Carbon Functional Group Percentage Distribution, 

Solid-state 1 3C CP-MAS NMR Data 
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Figure 3.8. Percentage distribution of Carbon, determined by solid-state C CP-MAS 

NMR spectroscopy for Ell-PW, Ell-CW, and Ell-NW soils. 

Chemical shift assignment for Carbon functional groups: 

Aliphatic 0-50 ppm; Carbohydrate-like 50-96 ppm; O-C-O 96-108 ppm; 

Aromatic 108-162 ppm; Carboxyl 162-190 ppm; Ketonic 190-220 ppm. 
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Figure 3.9. Percentage distribution of Carbon, determined by solid-state C CP-MAS 

NMR spectroscopy for Devon-CW and Devon-NW soils. 

Chemical shift assignment for carbon functional groups: 

Aliphatic 0-50 ppm; Carbohydrate-like 50-96 ppm; O-C-O 96-108 ppm; 

Aromatic 108-162 ppm; Carboxyl 162-190 ppm; Ketonic 190-220 ppm. 



53 

Stettler site 
Carbon Functional Group Percentage Distribution, 

Solid-state 1 3 C CP-MAS NMR Data 
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Figure 3.10. Percentage distribution of Carbon, determined by solid-state 1 3 C CP-MAS 

NMR spectroscopy for StettlerCW and Stettler-NW soils. 

Chemical shift assignment for carbon functional groups: 

Aliphatic 0-50 ppm; Carbohydrate-like 50-96 ppm; O-C-O 96-108 ppm; 

Aromatic 108-162 ppm; Carboxyl 162-190 ppm; Ketonic 190-220 ppm. 
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Figure 3.11. Solid-State 1 3 C CP-MAS NMR spectra of humic substances from Ell-NW 

soil. 
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Figure 3.12. Solid-State 1 3 C CP-MAS NMR spectra of humic substances from Ell-CW 

soil. 
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Figure 3.13. Solid-State 1 3 C CP-MAS NMR spectra of humic substances from Ell-PW 

soil. 
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Figure 3.14. Percentage distribution of Carbon, determined by solid-state 1 3 C CP-MAS 

NMR spectroscopy for humic substances from Ell-NW, Ell-CW, and Ell-PW soils. 

Chemical shift assignment for carbon functional groups: 

Aliphatic 0-50 ppm; Carbohydrate-like 50-96 ppm; O-C-O 96-108 ppm; 

Aromatic 108-162 ppm; Carboxyl 162-190 ppm; Ketonic 190-220 ppm. 
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3.1.1.3 Solid-state 1 3 C CPMAS NMR spectroscopy of extracted whole soils 

Methylene chloride (DCM) is considered to be an effective solvent for petroleum 

hydrocarbons extraction 5 3 , and its low boiling point (39.5° C) makes it a convenient 

solvent for soil petroleum contamination analysis under Soxhlet reflux conditions. Sodium 

hydroxide is one of the most widely used extractants of natural soil organic matter (NOM), 

since it extracts the highest percent of NOM 6 3 . This was the reason to use the above 

solvents for extracting two different fractions of soil organic substance. To elucidate the 

composition of the organic matter of the soils under study, we performed solid-state 1 3 C 

CP-MAS NMR analysis of the organic matter left behind in whole soils by these solvents. 

For that purpose solid-state 1 3 C CP-MAS NMR spectra of whole Ellerslie and Stettler 

soils extracted with DCM and NaOH were acquired. 

Solid-state 1 3 C CP-MAS NMR spectra of Ell-NW soil extracted with DCM is 

presented in Figure 3.15. The intensity of NMR signal was much lower for extracted soil 

samples than for intact whole soils, so that the number of scans had to be increased to 100 

000 in order to obtain an acceptable signal-to-noise ratio. The main observed changes in 

relative intensities of carbon functional groups in extracted soil spectra are the following: 

the intensity of aliphatic peak diminished, and the intensity of the carbohydrate peak 

increased, so that the spectrum profile became closer to that of Ell-CW soil. However, it 

corresponds to a decrease of Ell-NW soil water repellency from a 3.8 to 3.6 MED index. 

The relative distributions of carbon functional groups, as determined by 1 3 C CP-MAS 

NMR spectroscopy for Ell-NW soil extracted with DCM, and for intact Ell-NW soil, are 

presented in Figure 3.16. The relative intensities in the spectrum of Ell-CW soil extracted 

with DCM (Appendix A) were not changed relative to unextracted soil, and soil 

wettability remained the same (MED index 0.0). 

The same trend was observed for Stettler-NW soil. Because the spectrum of intact 

whole soil shows extremely high intensity for aliphatic and aromatic carbon in comparison 

with carbohydrate and carboxyl ones, the change in relative intensities in DCM extracted 

soil is very prominent (Figure 3.17). After extraction with DCM the relative intensity of 

aliphatic carbon significantly decreased, and the relative intensity of carbohydrate 
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increased. The water repellency of Stettler-NW was changed from MED index of 4.4 to 

4.2. 

The extraction of Stettler-NW soil with DCM was performed not in a Soxlet 

apparatus, but by shaking and sonicating, because of the low carbon content of this soil. 

But even with less than exhaustive DCM extraction and 100 000 scans the signal-to-noise 

ratio of extracted soils spectra was low. Again, as for Ell-CW soil, relative intensities in 

the spectrum of Stettler-CW soil extracted with DCM (Appendix A), as well as soil water 

repellency, were not changed by extraction. 

These data suggest that DCM is not capable of extracting all the substances that 

cause water repellency in the water repellent soils under study, though such extraction 

significantly changes carbon functional group distribution and slightly decreases soil water 

repellency. The organic matter left in water repellent soil after DCM extraction has a 

carbon functional group distribution that now more resembles the control wettable soil. 

This can be explained by the assumption that some part of the residual petroleum 

hydrocarbons is tightly associated with natural organic matter of the soil and thus can not 

be completely extracted by a non polar solvent such as DCM. These unextracted 

hydrocarbons left behind by DCM can still cause significant water repellency in the soil. 

Solid-state 1 3 C CP-MAS NMR spectra of Ell-NW and Ell-CW soils extracted with 

0.1 N NaOH are shown in Figure 3.19 and 3.20. The relative distribution of carbon 

functional groups, as determined by 1 3 C CP-MAS NMR spectroscopy, for Ell-NW and 

Ell-CW soils before and after extraction with 0.1 N NaOH are presented in Figure 3.21. It 

can be seen, that the relative intensity of aliphatic carbon peak in Ell-NW soil extracted 

with NaOH increased, while relative intensity of carbohydrate carbon peak slightly 

decreased compared to the Ell-NW soil. There is almost no change in Ell-CW carbon 

functional group relative intensities after NaOH extraction. 

The absolute intensity of the NaOH extracted Ell-NW soil spectrum is much 

higher than of Ell-NW extracted with DCM, while the absolute intensity of NaOH 

extracted Ell-CW is lower than that of Ell-CW extracted with DCM. 

These data suggest that sodium hydroxide is not capable of extracting all the 

substances that cause water repellency in Ell-NW soil, though such extraction drastically 
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decreases soil water repellency (from MED index of 3.8 to 0.4). An important point is that 

a sodium hydroxide "extraction" is not exclusively an extraction process. NaOH can 

titrate soil acid groups (especially carboxyl acids) leaving Na'OOCR structures in the soil 

to replace HOOC-R structures, making the soil hydrophillic. Adsorption of Na + ions into 

soil particles also may contribute to the observed decrease in soil water repellency. Being a 

very polar solvent, aqueous sodium hydroxide can effectively extract natural soil organic 

matter, but not all highly hydrophobic substances, present in water repellent soils, thus 

being unable to completely eliminate soil water repellency. 

Solid-state 1 3 C CP-MAS NMR spectra of Stettler-NW soil extracted with 0.1 N 

NaOH was characterized by a low signal intensity and signal-to-noise ratio. The main 

feature is the aliphatic carbon peak in the region of 0-50 ppm. The spectrum of Stettler-CW 

soil extracted with sodium hydroxide did not exhibit any peaks but only noise given the 

NMR parameters used in our study. 
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;ure 3.15. Solid-state C CP-MAS NMR spectrum of Ell-NW soil extracted 
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Ellerslie Soils: Ell-NW, Ell-CW and Ell-NW, extracted with 
DCM 

Carbon Functional Group Percentage Distribution, 
Solid-state 1 3 C CP-MAS NMR Data 
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Figure 3.16. Percentage distribution of carbon functional groups, determined by 

Solid-state 1 3 C CP-MAS NMR spectroscopy for Ell-NW soil, extracted with DCM 

in a Soxhlet apparatus, and Ell-NW*, and Ell-CW* soils. 

* - from Figure 3.8. 
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Figure 3.17. Solid-state 1 3 C CP-MAS NMR spectrum of Stettler-NW soil 

extracted with DCM. 
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Stettler Soils: Stettler-NW, Stettler-CW, and Stettler-NW, 
extracted with DCM 

Carbon functional Group Percentage Distr ibution 
Solid-state 1 3 C CP-MAS NMR 
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Figure 3.18. Percentage distribution of carbon functional groups, determined by 

Solid-state 1 3 C CP-MAS NMR spectroscopy for Stettler-NW soil, extracted with 

DCM, Stettler-NW*, and Stettler-CW* soils. 

* - from Figure 3.8. 
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Figure 3.19. Solid-state I J C CP-MAS NMR spectra of Ell-NW soil extracted 

with 0.1 N NaOH. 
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Figure 3.20. Solid-state C CPMAS NMR spectra of Ell-CW soil extracted with 

0.1 N NaOH. 
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Ellerslie NW and CW Soils Before and After Extraction wi th 
0.1 N NaOH 
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Figure 3.21. Percentage distribution of carbon functional groups, determined by 

Solid-state 1 3 C CP-MAS NMR spectroscopy for Ell-NW and Ell-CW soils before* 

and after extraction with 0.1 N NaOH. 

* - from Figure 3.8. 
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3.1.1.4 Spin-spin T2 relaxation time measurements 

When a static magnetic field applied to a substance containing nuclei with a nuclear 

spin quantum number of Vi, at the equilibrium a net microscopic magnetic moment M is 

aligned along the axis of the static field B 0

 l 4 °. The spins precess at some angle about this 

static field axis B 0 with the Larmor frequency. When a sample is irradiated with a radio 

frequency pulse, the macroscopic magnetic moment M is not parallel to B 0 anymore and a 

component of M in the xy plane (perpendicular to Bo) is produced, since the nuclei are 

forced to precess in phase. After the initial excitation the nuclei start to diphase, 

decreasing the M component in xy plane. The carbon-13 spin-spin T2 relaxation time is the 

time required for this loss of phase coherence in the xy (transverse) plane. 

The carbon-13 spin-spin relaxation time T2 (13C) can provide valuable information 

on the structure of a solid substance in terms of its rigidity or mobility. Reduced mobility 

of a structure (three-dimensional macromolecular network) corresponds to shorter T2 

relaxation times H 0 , while the more mobile liquid-like structure is characterized by longer 

relaxation times. 

Carbon-13 spin-spin relaxation times measurements were performed for Ell-NW, 

Ell-CW, Devon-NW and Devon-CW soils. 
1 "K 

T2 ( C) values for four whole soil samples are presented in Table 3.1. Relaxation 

times for all carbon functional groups of Ell-NW soil (1-3 ms) are shorter than those for 

Ell-CW soil (2-5 ms), indicating less mobile structure of organic matter in Ell-NW soil 

relative to Ell-CW one. This provides evidence that organic matter in the water repellent 

soil at this site is more "condensed" and rigid, than one of a readily wettable soil. 

The opposite is true for Devon-NW soil - its relaxation times (>3 ms) are longer 

than those for Devon-CW (1-3 ms), indicating more mobile structure of Devon-NW soil, 

compared to Devon-CW. This may be explained by a higher amount of residual petroleum 

hydrocarbons (extractable by DCM) in Devon-NW soil (13.2 ± 0.4 g/kg), than in Ell-NW 

8.1 ± 0.5 g/kg). This "excess" of hydrocarbons could form liquid-like domains, 

characterized by higher mobility and thus by longer Carbon-13 spin-spin relaxation time. 

This "longer" relaxation time component may be masking a shorter one, which can be 
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observed in less petroleum contaminated Ell-NW soil. Unfortunately, it is not entirely 

sertain and a belief that structures in water repellent soils are less mobile cannot be 

supported rigorously. 

Table 3.1. Carbon-13 Spin-spin Relaxation Times T 2 (ms) Measured by Solid-state 
1 3 C CP-MAS NMR 

Region, ppm Devon-NW Devon-CW ELL-NW ELL-CW 
0-50 3 1 2 3 

50-96 3 1 1 2 

96-108 1 1 5 
108-162 10 3 3 5 

162-190 3 3 3 4 

3.1.2 Liquid state NMR spectroscopy 

A sample of the Redwater crude oil that has been used for experimental 

contamination of the Ellerslie site, was provided by the University of Alberta. The oil 

belongs to conventional paraffinic crude oil with a specific gravity 0.85 and the American 

Petroleum Institute (API) gravity of 35.3 5 3 , " 9 . A liquid-state 'H NMR spectrum of this 

oil in deuterated chloroform is presented in Figure 3.22. Chemical shift assignments for 

various types of protons were made as follows 6 2 ' 1 5 1 : 0.4-1.0 ppm - terminal methyl 

protons of methylene chains (y); 1.0-2.0 ppm - protons on aliphatic carbons which are two 

or more carbons removed from aromatic ring (p); 2.0-4.2 ppm - protons bound to aliphatic 

carbon (methyl and methylene groups) which are a to aromatic ring or electro-negative 

group; and 6.0-9.0 ppm - aromatic protons. The relative intensities of proton types were 

calculated by integrating spectrum intensity within a chemical shift region of a particular 

proton type and expressing it as a percent of total observable proton intensity. 
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It can be seen (Fig.3.22) that the oil spectrum is characterized by prominent peaks 

of (3 and y protons, but the intensity of aromatic protons (6.0-9.0 ppm), as well as 

a protons, is extremely low. This is the indication of a high level of alkyl and a low level 

of aromatic compounds in the oil. The relative intensities of a, P, and y protons are 3%, 

60%, and 33%, respectively. 

The liquid-state 1 3 C NMR spectra of the same oil sample support this conclusion 

(Figure 3.23). For 1 3 C NMR spectra, functional groups chemical shifts were assigned as 

follows: aliphatic carbons 0-50 ppm, unsubstituted and alkyl substituted aromatic carbons 

120-140 ppm , a triplet at 77 ppm belongs to CDCI3 solvent. The relative intensities of 

carbon types were calculated by integrating spectrum intensity within chemical shift 

region of particular carbon type and expressing it as a percent of total observable carbon 

intensity. The relative intensity of aromatic carbon in the spectrum is low (10%), while 

aliphatic carbon shows the higher relative intensity of 90%. 

The liquid-state J H NMR spectrum of the DCM extract of Ell-NW soil (Figire 

3.24) exhibits prominent peaks of p protons at 1.0-2.0 ppm and yprotons at 0.4-1.0 ppm. 

The intensity of a and especially aromatic protons (2.0-4.2 ppm and 6.0-9.0 ppm, 

respectively) is considerably lower. The relative intensities of a, P, and yprotons are 14%, 

62%, and 23%, respectively. The sharp peak at 5.32 ppm belongs to residual DCM. 

Comparison of the relative intensities of a, p, and y protons in Ell-NW spectrum with the 

Redwater oil shows a lower level of y protons (terminal methyl protons of methylene 

chains), and a higher level of a to aromatic ring or electro-negative group protons, the 

level of protons on aliphatic carbons which are two or more carbons removed from 

aromatic ring (P) being similar. This may be explained by a presence of longer methylene 

chains and a higher level of electronegative groups in Ell-NW DCM extract, compared to 

oil. 

A liquid-state 1 3 C NMR spectrum of the DCM extract of Ell-NW soil (Figure 3.25) 

shows a relative intensity of alkyl carbon of 81% and a lower intensity of aromatic carbon 

of 19%. A triplet at 77 ppm is a solvent peak. Relative intensity of aromatic carbon is 

higher in the DCM extract of Ell-NW soil, than in the oil contaminant sample. Since the 



71 

relative intensities of aromatic protons in the oil and the DCM extract of Ell-NW soil are 

close (about 3%), such increase in aromatic carbon relative intensity in the Ell-NW DCM 

extract may be an indication of less protonated, that is more functionalized aromatic 

moieties in the DCM-extracted water repellent soil organic matter fraction. 

A liquid-state 'H NMR spectrum of the DMSO extract of Ell-NW soil (Fig.3.36) 

consists of peaks of y protons (0.4-1.0 ppm), (3 protons (1.0-2.0 ppm) and aromatic protons 

at 6.0-9.0 ppm, as well as protons on carbons attached to oxygen (3.3-5.0 ppm) , with a 

maximum at 3.4 ppm. This latter peak appears only in the 'H spectrum of the DMSO 

extract, but not in ones of oil or DCM. The sharp peak at 2.50 ppm is a solvent peak. 

Comparison of the relative intensities of the proton types in the liquid-state 'H NMR 

spectra of the DMSO and the DCM extracts of Ell-NW soil (Table 3.2) reveals a 

substantially higher level of a and aromatic protons, and a lower level of f3 protons in the 

DMSO extract of Ell-NW soil. Relative intensities of y protons are the same for two 

samples. 

These data can be interpreted as follows: the DMSO extract of Ell-NW soil 

contains a higher fraction of aromatic and electronegative groups, especially oxygen 

containing ones, and a smaller fraction of methylene functionalities, than the DCM extract 

of the same soil. Since the levels of terminal methyl protons of methylene chains are 

similar for these extracts, the average length of methylene chains in the DMSO extract may 

be shorter, than in the DCM one. 



Figure 3.22. Liquid-state 'H NMR spectrum of the Redwater oil (Ellerslie site 
contaminant). 
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Figure 3.23. Liquid-state l 3 C NMR spectrum of the Redwater oil (Ellerslie site 

contaminant). 



Figure 3.24. Liquid-state 'H NMR spectrum of DCM extract from Ell-NW soil. 
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Figure 3.25. Liquid-state l 3 C NMR spectrum of DCM extract from Ell-NW soil. 
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Figure 3.26. Liquid-state !H NMR spectrum of DMSO extract of Ell-NW soil. 

Table 3.2. Relative intensities of different proton types in the DMSO and the DCM 

extracts of Ell-NW soil, determined by liquid-state 'H NMR spectroscopy. 

Chemical Shift 

Region, ppm Type of Protons 

Relative Intensity, % Chemical Shift 

Region, ppm Type of Protons DMSO extract DCM extract 

2.0-4.2 a 33* 14 

1.0-2.0 P 39 61 

0.4-1.0 Y 21 22 

6.0-9.0 aromatic 7 3 

* chemical shift region 3.0-4.2 ppm in order to exclude the solvent peak 
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3.2 Extractions 

3.2.1 Introduction 

This part of the present work was aimed at obtaining different fractions from water 

repellent and adjacent wettable soils in order to determine which fraction or fractions 

contains the substances causing soil water repellency. Solvents known to be effective 

extractants of oil hydrocarbons, soil natural organic matter, and those able to reduce soil 

water repellency drastically were used in our study for extracting different fractions of 

water repellent soils organic matter. Soil water repellency was measured by the MED test 

after single extractions and in the course of the successive extraction, when the soil was 

extracted sequentially with several solvents. 

3.2.2 Base extraction 

Soil organic matter is considered to be one of the main factors in organic 

substances sorption by soil, as it was discussed in section 1.2.4. Petroleum hydrocarbons 

interact with soil organic matter, including humic substances and with time become tightly 

bound to it by a variety of mechanisms, including hydrogen bonding, van der Waals forces, 

coordination, and dipole-dipole interaction. Aging of residual petroleum hydrocarbons 

increases the amount of more polar oxygen-containing groups in their molecules, which 

can lead to stronger "hydrocarbon-soil organic matter" interactions. Therefore, it can be 

expected that putative organic causative agents of soil water repellency can be removed 

along with humic substances. Sodium hydroxide solution is the commonly used and one of 

the most effective extractants for humic substances. It extracts the highest percent of 

humic substances, though the precautions against organic matter oxidation should be taken 
6 3 . Sodium hydroxide was chosen as a solvent for humic substances extraction in our 

work. 

After extraction of Ell-NW and Stettler-NW soils with 0.1 N NaOH their MED 

index was assessed. Sodium hydroxide failed to completely eliminate water repellency in 

these soils, though the MED index was significantly reduced (Table 3.3). MED indexes of 

Ell-CW and Stettler-CW soils were not changed by base extraction. 
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Considerable reduction of MED can be attributed not only to the extraction of 

water repellency causative agents, but also to another process. Sodium hydroxide can 

titrate the carboxylic acids of soil organic matter, forming sodium salts of these acids. Such 

salts facilitate water sorption onto soil particles, increasing "apparent" wettability of the 

soil. In order to eliminate this factor, the base-extracted Ell-NW soil was washed with 0.1 

N HC1. After several rinsing with deionized water the soil sample was air-dried and its 

MED index was measured. This treatment increased MED index of base extracted Ell-NW 

soil from 0.4 up to 1.0. It was found, that base extraction also did not provide irreversible 

decrease of water repellency, since chloroform treatment of sodium hydroxide-extracted 

and acid-treated Ell-NW soil increased its MED index back to 3.8. Chloroform provides a 

low dielectric solvent medium to affect organic conformations. 

From the inability of base extraction to eliminate water repellency in soils 

completely and irreversibly, we infer that at least part of water repellency causative agents 

are not associated with the organic matter extracted by sodium hydroxide. Therefore, part 

of these substances can be bound to base-insoluble soil fractions - humin and minerals, or 

normally base-soluble humic and fulvic acids that were modified and became insoluble 

because of association with water repellency causative agents, and thus are left in the soil 

after sodium hydroxide extraction. "Bulk" hydrophobic domains of residual petroleum 

hydrocarbons also would not be extracted by highly polar NaOH solution. 

3.2.3 Methylene chloride (DCM) extraction 

Since water repellency in soils under study occurred after they had been 

contaminated with crude oil, the level of residual oil contamination had to be evaluated. 

Methylene chloride was chosen for residual oil hydrocarbons extraction, since it is 

conventionally regarded to extract oil efficiently 5 3 and has a low boiling temperature 

(39.5° C), which allows use of a Soxhlet extraction apparatus. Soil water repellency was 

assessed after extractions. Elimination of hydrophobic oil compounds might be expected to 

decrease soil water repellency considerably. 
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The amount of DCM-extractable substances in three water repellent and 

corresponding wettable soils, and the soil MED indexes after DCM extraction are 

presented in Table 3.4. It can be seen that the level of residual oil in all three water 

repellent soils is sufficient to consider them being contaminated according to the Canadian 

Environmental Quality Guidelines, issued by the Canadian Council of Ministers of the 

Environment (CCME) 1 . The level of residual oil in Ell-CW soil, as well as in Devon-

CW and Stettler-CW, is the same as in Ell-PW soil, and one order of magnitude less than 

in the water repellent soils. The extracts of water repellent soils had a dark brown color, 

while the extracts of control wettable soils were colorless. 

In order to determine, whether six hours of extraction provides sufficient extent of 

extraction, a two-step extraction with DCM was performed. After the first six hours of 

extraction, the DCM extract was removed from a Soxhlet apparatus, and amount of 

extractable material was determined. An extracted soil was air-dried, and its MED index 

was measured. After that the soil was extracted with a fresh portion of DCM for another 

six hours. The MED index of the soil and the amount of extracted material were again 

measured. It was found, that the MED index of Ell-NW and Devon-NW soils were not 

changed by the second extraction with DCM (final MED values after 12 hours of 

extraction were: 3.6 for Ell-NW and 4.0 for Devon-NW). The amount of material extracted 

by the second DCM extraction was 0.3 g /kg for Ell-NW and 0.6 g/kg for Devon-NW soil. 

These experiments were performed in duplicate and were not subjected to statistical 

analysis. From the results of the two successive DCM extractions the extraction of six 

hours duration with DCM was found to be sufficient and was used for all further 

extractions. 

Remarkably, though appreciable amounts of DCM extractable substances were 

recovered from the water repellent soils, this extraction procedure just slightly decreased 

their water repellency (Table 3.4). A plausible explanation is that the "bulk" DCM-

extractable material is responsible for only a smaller part of soil water repellency, but the 

substances causing most water repellency are so tightly bound to the soil, that they cannot 

be extracted by a Soxhlet extraction with DCM under the conditions used. 
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3.2.4 /vopropanol (IPA)/aqueous NH3 extraction 

Another solvent used for extracting water repellent soils was an zsopropanol/ 

aqueous NH3 (7:3 v/v) mixture, prepared with 62% w/w ammonia (referred to as 

IPA/NH4OH). Extraction with this polar amphiphilic solvent was reported to effectively 

decrease water repellency in soils 3 6 , including oil contaminated ones 5 4 . 

Ell-NW, Ell-CW, and Ell-PW soils were extracted with IPA/NH4OH for 6 hours in 

a Soxhlet apparatus*. The Ell-NW and Ell-CW soils extracts were dark brown, while the 

Ell-PW soil extract was yellow. After the initial transparent extracts were left overnight, 

darker colloidal particles were observed in the solutions. The amount of extracted material 

for Ell-NW soil was 12.9 g/kg of air-dried soil, and the MED index of Ell-NW soil after 

extraction was equal to 0.2. For Ell-CW soil 1.8 g/kg was extracted (MED 0.0). In case of 

Ell-PW soil also 1.8 g/kg of material was extracted and MED index was not changed (0.0). 

This procedure was performed in duplicate and the results were not subjected to statistical 

analysis. The result on the Ell-PW sample makes it clear that this extraction recovers some 

natural organic matter. 

The results obtained show that even though IPA/NH4OH extracts some material 

from readily wettable soils (both non-contaminated and contaminated), it extracts a 

considerably higher amount of material from a water repellent one. Thus, it can be 

assumed that the main part of extracted material from Ell-NW soil belongs to contaminants 

and/or contaminants associated with soil natural organic matter. Since IPA/NH4OH is not 

expected to be an ideal hydrocarbon extractant, the focus is on complexes with natural 

organic matter or oxidized petroleum diagenesis products. The colloid formed in the 

IPA/NH4OH extracts also suggests the presence of large molecules of soil natural organic 

matter. 

Water repellency measured by MED could also be reduced by another process: 

IPA/NH4OH may enrich the soil with the ammonium ions. To test this possibility, soils 

extracted with DCM were treated with IPA/NH4OH: soil sample in a Petri dish was mixed 

with IPA/NH4OH so that the whole sample is wetted. After solvent evaporation the soil 

* N H 3 was still present in solution after 1 hour of extraction 
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subsamples were air- or oven-dried so as to volatilize NH3. The results of elemental 

analysis of the soils after treatment with IPA/NH4OH (Table 3.5) show, that this solvent 

enriches the soil with nitrogen predominantly in the form of NH4 salts. After oven-drying 

of IPA/NH4OH treated soils at 100 °C for 45 min, the amount of N in the soil remained the 

same for Devon-NW and almost the same for Ell-NW soil, thus indicating that N was 

present in the form of ammonium salts and was not just adsorbed on soil surface. These 

ammonium salts facilitate water sorption, thereby decreasing soil water repellency. 

The conformational change of soil organic matter, including long-chain 

hydrocarbons of petroleum origin may also contribute to such considerable decrease of the 

MED index after extraction with IPA/NH4OH. This solvent provides titration of soil 

organic matter acid groups, that could result in expanding of soil humic substances because 

of electrostatic repulsion of negatively charged groups. Such "opening up" of humic 

substances would facilitate an access for solvent to the hydrocarbons that penetrated them. 

At the same time, in the polar media such as IPA/NH4OH mixture, flexible hydrophobic 

moieties of residual petroleum hydrocarbons in water repellent soil may change their 

conformation - "coil up". After removal - evaporation - of the solvent the conformation of 

organic matter may be retained. Such expanded conformation of humic substances 

combined with condense oil hydrocarbons conformation exposes more hydrophilic groups 

on the soil particle surface, thus increasing soil wettability. This hypothesis is in agreement 

with those proposed earlier 3 6 ' . 

3.2.5 Successive extraction with D C M and IP A/aqueous NH3 

or IPA/CH3COOH 

In order to completely eliminate soil water repellency Ell-NW and Devon-NW soils 

were subjected to sequential extractions, alternating between DCM and IPA/NH4OH 

solvents. MED indexes of the soils and mass of extracted material after each step of this 

sequence are presented in Figure 3.27(a) and Table 3.6. It can be seen, that though 

extraction with IPA/NH4OH drastically reduces water repellency in DCM-extracted Ell-

NW and Devon-NW soils (from MED index 3.6 and 4.0 to 0.0 and 0.2, correspondingly), 



80 

water repellency in the soils is partially restored following the next extraction with DCM. 

Moreover, when Devon-NW soil extracted successively with DCM and IPA/NH4OH 

(MED 0.2) was treated with chloroform, its water repellency increased up to MED 0.8. 

Similar results for MED indexes of Ell-NW and Devon-NW soils were obtained using a 

mixture of z'5opropanol/5.2 M acetic acid (7:3 v/v) instead of IPA/NH4OH in the 

sequential extraction. 

These data are consistent with a reversible character of water repellency decrease 

caused by extraction with IPA/NH4OH previously reported by Roy 4 6 ' M . This author 

started the six-step extraction sequence alternating between IPA/NH4OH and DCM with a 

IPA/NH4OH extraction and observed a considerable restoration of water repellency in Ell-

NW soil after each extraction with DCM (Figure 3.27(b)). 

The comparison of extraction sequence 5 4 with the one used in our work shows 

that the elimination of the "bulk" residual oil by extraction with DCM in the beginning of 

the sequence permits achievement of a more efficient reduction of the soil water 

repellency. Extraction of the main part of the hydrophobic oil residue may provide 

IPA/NH4OH with an easier access to the water repellency causative agents. 

IPA/NH4OH is a more polar solvent than DCM, and at the same time, it has the 

hydrophobic moiety of zsopropanol as well. Thus it is capable of extracting amphiphilic 

molecules with polar functional groups, those that are too polar to be extracted with DCM. 

The change in soil water repellency in the course of this extraction sequence is 

consistent with the "conformational change" theory. Two parts of soil organic matter, 

natural organic matter and petroleum diagenesis products may exhibit opposite 

conformational behavior. A non-polar solvent DCM extracts a considerable amount of 

hydrophobic substances, but fails to decrease the soil water repellency index since this 

solvent does not promote extended conformation of natural organic matter, but promotes 

"uncoiled" conformation of flexible hydrophobic moieties of petroleum hydrocarbons left 

in the soil because of binding to the soil organic matter by their more polar moieties, such 

as hydroxyl, carboxyl, and carbonyl functional groups. These hydrocarbons left behind by 

DCM extraction are occupying some and blocking the other water sorption centers of the 

soil particle and retaining water repellency. 
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The more polar and amphiphilic solvent IPA/NH4OH or IPA/CH3COOH not only 

extracts some material including those water repellency causative agents with polar 

functional groups, releasing some sorption centers, but also facilitates expanded 

conformation of natural organic matter, as was discussed above, and condensed 

conformation of hydrophobic moieties of petroleum hydrocarbons left in the soil, thus 

exposing even more hydrophilic polar functional groups and decreasing soil water 

repellency. In the case of IPA/NH4OH the formation of NFLi+ salts of soil organic matter 

carboxylic acids can also contribute to water repellency reduction by the same mechanism. 

During the next sequential third-step extraction with DCM , though an additional 

amount of the residual petroleum hydrocarbons are extracted, soil natural organic matter 

molecules may resume a more condensed conformation, while petroleum hydrocarbons left 

in the soil resume an extended conformation, and the soil can exhibit slight water 

repellency, as it is in case of Devon-NW soil. It should be noted here that Devon-NW soil 

has a higher level of residual oil hydrocarbons and those are presumably more oxidized, 

since the Devon site was contaminated a longer time ago, than Ellerslie one. Moreover, in 

case of IPA/NH4OH the third-step extraction with a non-polar solvent DCM causes 

elimination of NH3 from the NfL;+ salts, which also increases soil water repellency. 

Assessment of the soil MED index in the course of sequential extractions showed 

that soil water repellency causative agents are highly resistant to extraction: only several 

steps of an extraction sequence completely and irreversibly eliminated water repellency in 

two water repellent soils, more extraction steps being needed for Devon-NW soil, than for 

Ell-NW one. Chloroform treatment of the Ell-NW and Devon-NW soils after the 5-th 

extraction did not increase their MED index (0.0), proving irreversible elimination of soil 

water repellency has occurred. 

3.2.6 Acetone/hexane and acetonitrile extractions 

A mixture of acetone/hexane (1:1 v/v) is recommended by the Canadian Council of 

Ministers of the Environment as a solvent for extraction of oil hydrocarbons (up to C50) 

from soil 1 3 - . It was of interest to apply this solvent to the water repellent soils under study. 
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Extraction with acetone/hexane (1:1 v/v) for 6 hours decreased Ell-NW soil water 

repellency to 2.2 M. The amount of extracted material was 10.48 g/kg. Thus, 

acetone/hexane extracts more material and decreases water repellency more effectively 

than DCM. This difference can be explained by a higher polarity of the acetone/hexane 

mixture, which enables extraction of more polar compounds, exposing more hydrophilic 

sites than after DCM extraction. Similar results were obtained for acetonitrile. After 4 

hours of extraction with acetonitrile in a Soxhlet apparatus the MED index of Ell-NW soil 

decreased to 2.0 M. 

Table 3.3. Soil water repellency after base extraction, acid rinsing and chloroform 

treatment, as determined by MED test (M). 

Soil Initial NaOH 
Extraction HC1 Rinsing CHC13 

Ell-NW 3.8 0.4 1.0 3.8 
Ell-CW 0.0 0.0 0.0 0.0 
Stettler-NW 4.4 2.0 n/d* n/d 
Stettler-CW 0.0 0.0 n/d n/d 

* - not determined 

Table 3.4. Mass of DCM-extractable material and water repellency of water repellent and 

control wettable soils. 

Extraction with Methylene Chloride 

Soil Extractable 
material, g/kg 

MED, M 
before extraction 

MED, M 
after extraction 

Ell-NW 8.1±0.5 3.8±0.1 3.6± 0.1 

Ell-CW 0.20± 0.06 0.0± 0.0 0.0± 0.0 

Dev-NW 13.2± 0.4 4.2±0.1 4.0± 0.2 

Dev-CW 0.26± 0.06 0.0± 0.0 0.0± 0.0 

Stettler-NW 11.4± 0.4 4.4± 0.1 4.2± 0.1 

Stettler-CW 0.23± 0.05 0.0± 0.0 0.0± 0.0 

Ell-PW 0.21±0.04 0.0± 0.0 0.0± 0.0 
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Table 3.5. Results of elemental analysis (% w/w) and water repellency assessment of 

water repellent soils after extraction with DCM, and after extraction with DCM followed 

by treatment with IPA/NH4OH. 

Soil C H N MED, M 
Ell-NW* 5.6 0.5 0.4 3.8 
Ell-NW, DCM 5.3 0.4 0.3 3.6 
Ell-NW,DCM,IPA/NH4OH air-dried 5.2 0.6 0.6 1.8 
Ell-NW, DCM,IPA/NH40H oven-dried 0.5 0.5 0.5 1.8 

Devon-NW* 4.5 0.5 0.2 4.2 

Devon-NW,DCM 3.4 0.2 0.2 4.0 
Devon-NW,DCM,IPA/NH4OH air dried 3.4 0.2 0.3 2.2 

Devon-NW, DCM, IPA/NH40H oven-dried 3.5 0.3 0.3 2.2 

• - from Table 2.1. 

Table 3.6. Mass of material extracted by the sequential extractions alternating between 

DCM and IPA/NH4OH from Ell-NW and Devon-NW soils, g/kg. 

Soil 1-st, DCM 2-nd, IPA/NH4OH 3-rd, DCM 

Ell-NW 8.1 ±0.5 4.2 ±0.2 0.07 ±0.01 
Devon-NW 13.2 ±0.4 6.0 ±0.3 0.20 ±0.02 
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Figure 3.27. a) Water repellency of Ell-NW and Devon-NW soils in the course 

of 5 step sequential extraction with DCM and IPA/NH4OH. 
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b) Water repellency of Ell-NW soil in the course of 6 step sequential extraction with 

IPA/NH4OH and DCM (drawn from 5 4). 
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3.3 Gas Chromatographic analysis of soil extracts and oil 

3.3.1 Introduction 

Gas chromatographic (GC) analysis allows rapid and efficient separation of 

complex mixture components at low concentrations. Various GC techniques have been 

extensively used for characterization of soil petroleum contaminations and natural organic 
153 • 

matter extracts . The GC parameters used in the present work provide for determination 

of hydrocarbons with boiling points up to the linear n-alkane with number of atoms C60-

GC analysis was performed at the Enviro-Test Laboratory, Calgary, Alberta. 

3.3.2 Gas Chromatographic analysis of Redwater oil 

A gas chromatogram of Redwater oil is presented in Figure 3.28. This was the oil 

applied to the Ellerslie site for its experimental contamination . The chromatogram of 

Redwater oil contains the sharp peaks of a homologous series of linear n-alkanes (Ci2-C3g) 

along with an unresolved mixture of the other hydrocarbons and is typical for crude oil. 

The distribution of hydrocarbons has a maximum at Cn. It can be seen that some heavier 

hydrocarbons with boiling temperature more than that of alkyl C6o hydrocarbon are 

present in the oil. 

3.3.3 Gas Chromatographic analysis of Ellerslie Pristine Wettable soil 

IPA/NH4OH extracts 

Since the air-dried IPA/NrLOH-extracted material is hard to completely dissolve in 

any GC-compatible solvent, only the CHCl3-soluble fraction of such extract has previously 

been subjected to GC analysis 3 6 , or an alternative protocol consisted of application of the 

whole IPA/NH4OH extract to an acid-washed sand followed by thermal desorptton and 

transport of the semi volatile extracted components into the GC injector 4 6 . 
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We inferred that an IPA/NH4OH extract contains a large fraction of components 

with polar moieties including a soil NOM fraction. NOM-like material would be too 

strongly sorbed onto the sand surface, and missed from GC analysis. Instead we chose to 

analyze the DCM-soluble fraction of IPA/NH4OH-extractables, taking into consideration 

that the polarity of DCM solvent is higher than that of CHC1 3

1 5 4 . 

IPA/NH4OH extracts considerable amount of material from both pristine and 

especially water repellent soils. In order to distinguish between an input of natural organic 

matter and contaminants extracted by IPA/NH4OH from water repellent soils, GC analysis 

of the extract from Ell-PW soil was performed. A gas chromatogram of IPA/NH4OH 

extract of Ell-PW soil is shown in Figure 3.29. The chromatographic profile shows a 

bimodal distribution of a variety of components including linear n-alkanes with the 

maximums at about C 3 2 and C 5 0 . The major part of extracted material appears under an 

unresolved hump within the same range of boiling temperatures. 

3.3.4 Gas Chromatographic analysis of Ellerslie and Devon water repellent 

soils extracts (sequential extraction) 

The extracts from a three-step sequential extraction of Ell-NW and Devon-NW 

soils alternating between DCM and IPA/NH4OH solvents were analyzed by Gas 

Chromatography. Gas chromatograms of Ell-NW soil extracts brought to the same scale, 

are shown in Figure 3.30-a. It can be seen that the first DCM extract of Ell-NW soil 

contains an unresolved hump of high-boiling hydrocarbons with a broad maximum from 

about C36 to more than C50, and a relatively small amount of lighter hydrocarbons up to 

C2o- A considerable amount of material with boiling temperature higher than that for C6o is 

also present in the D C M extract. 

These data show that DCM extracted residual oil hydrocarbons in Ell-NW soil 

consist mainly of much heavier molecules than the initial oil applied to the site. It is 

worthwhile to mention the "comb" of sharp resolved peaks on the top of the hump at about 

C40 - C50 (Figure 3.30 - a). Those peaks may indicate the presence of long-chain linear 

alkanes with a chain length difference of one carbon from peak to peak. 
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The range of boiling temperatures of IPA/NH4OH extractable substances 

corresponds to the one of linear n-alkanes from about Cig to C60 and the chromatographic 

profile resembles the one of the IPA/NH4OH extract from Ell-PW soil, but fewer 

individual peaks are present, rather there is a hump of unresolved substances. This may 

indicate a smaller fraction of n-alkanes and higher fraction of more complex substances in 

the mixture, presumably including more polar ones associated with soil N O M components. 

The third-step DCM extract of Ell-NW soil also contains some hydrocarbons C20 -

C5o and up, as the first-step extract, but at substantially lower concentration. It can be seen 

(Figure 3.30-b), that the small peaks of individual compounds are resolved in C28-C40 

range. 

The chromatograms obtained for the three steps of sequential extraction of Devon-

NW soil are presented in Figure 3.31. These chromatograms are similar to those of Ell-NW 

soil extracts. The maximum of the hydrocarbon distribution at C36 is more prominent for 

the first and second-step extracts from Devon-NW soil compared to those for Ell-NW one. 

The remarkable feature, though, is the chromatogram of the third-step DCM extract: it 

contains a pronounced well-resolved "comb" of hydrocarbons in a C40-C60 range with the 

maximum at C50 (Figure 3.32). These peaks indicate the presence of compounds with 

boiling temperatures corresponding to those of heavier n-alkanes with the chain length 

difference of one carbon atom prom peak to peak. It is also obvious from the shape of the 

chromatogram, that the third-step DCM extract contains a considerable amount of the 

hydrocarbons with boiling temperatures more than those for alkyl C6o. 

The data obtained show that the hydrocarbons with boiling temperatures equal to 

that of linear alkanes with a number of carbons from Ci6 to more than C60 are present in all 

extracts from the three-step sequential extraction from Ell-NW and Devon-NW soils. The 

Devon-NW soil extracts have the same range of hydrocarbons as the Ell-NW ones. The 

first-step DCM extracts from Ell-NW and Devon-NW soils contain the highest amount of 

these hydrocarbons. Overall, the DCM-extracted hydrocarbons from Ell-NW soil are 

considerably heavier than hydrocarbons in the initial oil applied to the site, as expected. 

There is the indication of long-chain alkanes presence in the first- and third-step 

DCM extracts. This is especially remarkable in the case of the third-step DCM extract 
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from Devon-NW soil, which has a longer history and higher severity of water repellency, 

as well as higher level of residual oil contamination. These data are in agreement with 1 3 C 

CP-MAS NMR results confirming that DCM preferentially extracts aliphatic carbon from 

the water repellent soil. 

•—,—,—, 1—i—• — i — < — * * * i—i—• • i — • • 1 — i — 
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Figure 3.28. Gas chromatograms of Redwater oil, used for experimental contamination of 

the Ellerslie site, and a standard mixture of linear alkyl hydrocarbons with number of 

carbons C12- C60-
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Figure 3.29. Gas chromatograms of IPA/NH4OH extract of Ell-PW soil and a standard 

mixture of linear alkyl hydrocarbons with number of carbons 
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Figure 3.30. a) Gas chromatograms of the extracts from the three-step sequential 

extraction from Ell-NW soil (brought to the same scale) with the marks of a standard 

mixture of linear alkyl hydrocarbons with the number of carbons C12- C60: 1 - the first-

step DCM extract; 2 - the second-step IP A/NH4OH extract; 3 - the third-step DCM 

extract. 

b) the third-step DCM extract from Ell-NW (blow up of 3). 
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Figure 3.31. Gas chromatograms of the extracts from the three-step sequential extraction 

from Devon-NW soil (brought to the same scale) with the marks of a standard mixture of 

linear alkyl hydrocarbons with number of carbons C12 - C6o-

1 - the first-step DCM extract 

2 - the second-step IPA/NH4OH extract 

3 - the third-step DCM extract. 
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Figure 3.32. Gas chromatogram of the third-step DCM extract from the three-step 

sequential extraction from Devon-NW soil and a standard mixture of linear alkyl 

hydrocarbons with number of carbons Cn- Ceo-
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3.4 Fourier Transform Infrared (FTIR) Spectroscopy of soil extracts 

3.4.1. Introduction 

Valuable structural information on the organic substances can be obtained using 

Fourier Transform Infrared spectrometry. Although the infrared spectrum is characteristic 

of the entire molecule, certain groups of atoms give rise to bands at or near the same 

frequency regardless of the structure of the rest of the molecule, thus permitting 

identification of these characteristic groups in the complex mixtures 1 5 5 . 

The extracts from Ell-NW, Devon-NW, and Ell-PW soils, as well as the oil applied 

to the Ellerslie site, were analyzed by FTIR in order to provide further evidence for the 

molecular structure of the extracted compounds. The assignment of absorption bands was 

done according to 1 5 5 . 

3.4.2. FTIR spectroscopy of Redwater oil 

The FTIR spectrum of the Redwater oil (Figure 3.33) that was applied at the 

Ellerslie experimental site shows an intense band in the 2800-3050 cm"1 range assigned to 

C-H stretch and symmetric and asymmetric vibrations of the CH2 and CH3 groups. There 

are also two sharp bands at 1454 cm"1 and 1373 cm"1 assigned to C-H asymmetrical and 

symmetrical bending vibrations of the above groups .The weak band at 1600 cm"1 is 

assigned to a ring C=C stretch vibration, and the one at 743 cm"1 corresponds to a ring C-

H out-of-plane bending. The FTIR spectrum obtained suggests that Redwater oil consists 

mostly of n-alkanes with some aromatic hydrocarbons. These data are consistent with *H 

NMR data (Section 3.1.2). 

3.4.3. FTIR spectroscopy of water repellent soil extracts 

3.4.3.1 DCM extract 

The FTIR spectra of DCM-extracted substances from Ell-NW and Devon-NW soils 

are presented in Figure 3.34, and 3.35. The spectrum of the extract from Ell-NW soil 



94 
contains an intense band in the 2800-3050 cm"1 range assigned to C-H stretch and 

symmetric and asymmetric vibrations of CH2 and C H 3 groups. Two bands at 1454 cm"1 

and 1370 cm"1 are assigned to C-H asymmetrical and symmetrical bending vibrations of 

the above groups. The broad band at near 3390 cm"1 results from O-H stretching vibrations 

of intermolecular hydrogen bonded OH group in alcohols and phenols. The sharp band at 

1706 cm"1 arises from the C=0 stretch vibrations of acid or ketone carbonyl, and the one at 

1600 cm"1 is from ring C=C stretching. The band at 742 cm"1 is assigned to ring C-H out-

of-plane bending. The FTIR spectrum of DCM-extracted material from Devon-NW soil 

shows the same bands with similar intensity distribution as the one of Ell-NW soil, with 

the relative intensity of the C=0 band (1706 cm"1) being higher. 

The higher intensities of the O-H (3390 cm"1) and the C=0 band (1706 cm"1), and 

ring C=C (1600 cm"') and ring C-H bands relative to the intensity of the C-H band (2800-

3050 cm"1) in the spectra of water repellent soil extracts compared to the oil suggests a 

higher level of oxidized and aromatic hydrocarbon material in these extracts. Of the two 

water repellent soil extracts, Devon-NW soil extract has a higher level of oxidized 

hydrocarbon material. 

3.4.3.2 Non-polar fraction of DCM extract 

In order to distinguish between non-polar and more polar components of the DCM 

extract, the FTIR spectra of the non-polar fraction of the Ell-NW and Devon-NW extracts 

(after separation of the DCM extract on a cartridge packed with a polar sorbent) were 

obtained (Figure 3.36. and 3.37.). 

As it can be seen from the figures, the intensities of more polar O-H (near 3390 cm" 
1 ) stretch, C=0 stretch, ring C=C stretch, and ring C-H bending bands relative to the 

intensity of C-H stretch band of saturated alkanes decreased, compared to their intensities 

in the initial DCM extract for both Ell-NW and Devon-NW soils, indicating a lower level 

of hydroxyl, carbonyl, and aromatic functionalities. The continued presence of these bands 

in the spectra shows that even the least polar fraction of the DCM extract still contains 

compounds with some polar functional groups. 
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FTIR spectroscopy data reveal that the material extracted with DCM from Ell-NW 

soil contains more oxidized and aromatic compounds compared to the initial crude oil 

applied to the site. The DCM-extractable material from Devon-NW soil contains the same 

characteristic groups with similar intensity distribution, as the Ell-NW. The data may be 

interpreted as follows: the extracts from both water repellent soils consist mostly of low 

polarity hydrocarbons. DCM extracts from two water repellent soils contain substances 

with very similar distribution of characteristic groups, though the Devon-NW DCM-

extractable material has a slightly higher fraction of oxygen containing compounds. The 

latter can be attributed to the longer aging time of oil contaminants in the Devon site soil. 

3.4.3.3 Second-step IPA/NH4OH extract from sequential extraction 

The Ell-NW and Devon-NW soil IPA/NH4OH extracts from the second step of the 

three-step sequential extraction alternating between DCM and z'sopropanol/aqueous NH3 

were analyzed by FTIR spectroscopy. The spectrum of the IPA/NH4OH extract from Ell-

NW soil, extracted previously with DCM, is shown in Figure 3.38. The spectrum contains 

the same bands that were found in the spectrum of DCM-extractable material from Ell-NW 

(including O-H stretch, C-H stretch, C=0 stretch, ring C=C stretch, C-H bend and ring C-

H bend), though the relative intensities of these bands have changed. The intensity of the 

C O stretch band at 1700 cm"1 relative to the intensity of C-H stretch band (2800-3050 

cm"1) is considerably higher for the second-step IPA/NH4OH extract, than for the first-step 

DCM extract. The relative intensity of O-H stretch vibrations near 3400 cm"1 is also higher 

for the IPA/NH4OH extract, though it might be partly enhanced by the traces of 

z'5opropanol in the sample. 

The FTIR spectrum of the Devon-NW soil IPA/NH4OH extract from the second 

step of the sequential extraction alternating between DCM and z'sopropanol/aqueous NH 3 

is very similar to the one of Ell-NW soil (see Figure 3.39): once again, the intensities of the 

C=0 stretch band (1700 cm"1) and the O-H stretch vibrations (near 3400 cm'1 ) relative to 

the intensity of the C-H stretch band (2800-3050 cm"1 ) are considerably higher for the 

second-step IPA/NH4OH extract, than for the first-step DCM extract. Besides, the relative 
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intensity of the ring C-H bending (734 cm"1 ), as well as the ring C=C stretch (about 1600 

cm"1 ) are also higher for the IPA/NH4OH extract. Although, the intensity of the latter 

band might be affected by the intense C=0 stretch (1700 cm"1 ) band. An increase of the 

relative intensities of the C=0 stretch (1700 cm"1 ) and the O-H stretch vibrations bands 

(near 3400 cm"1 ) for IPA/NH4OH extract compared to the first-step DCM extract, is more 

prominent for Devon-NW soil than for Ell-NW, suggesting that the second-step 

IPA/NH4OH extract of Devon-NW soil contains a higher level of oxidized hydrocarbons. 

3.4.3.4 Non-polar fraction of the second-step IPA/NH4OH extract from 

sequential extraction 

In order to distinguish between the non-polar and more polar components of the 

IPA/NH40H extract from the second step of sequential extraction, the non-polar fraction 

of the extract was obtained by separation of the IPA/NH4OH extract on a cartridge packed 

with a polar sorbent. The FTIR spectra of the non-polar fraction of IPA/NH4OH extract 

from Ell-NW and Devon-NW soil are shown in Figure 3.40. and 3.41. 

As was predicted, the intensities of the C=0 stretch , as well as the O-H stretch 

bands relative to the intensity of C-H stretch band considerably decreased. The relative 

intensity of the ring C=C stretch (1600 cm"1 ) band decreased drastically, and the band 

resulting from the ring C-H bend (727 cm"1 ) almost disappeared. Overall the FTIR 

spectrum of non-polar fraction of the second-step IPA/NH4OH extract from the sequential 

extraction of Ell-NW soil is close to the spectrum of the first-step DCM extract from this 

soil (Figure 3.34) and identical to the spectrum of non-polar fraction of the DCM extract 

from Ell-NW soil (Figure 3.36). The same trend was observed for Devon-NW soil extracts. 

FTIR spectroscopy data show that the materials extracted with IPA/NH4OH from 

Ell-NW and Devon-NW soils, previously extracted with DCM, have a similar distribution 

of IR characteristic groups. 

For both Ell-NW and Devon-NW soils the IPA/NH 4OH extract from the second 

step of sequential extraction comprises a larger fraction of oxygen-containing groups, thus 

it consists of more oxidized compounds compared to the first-step DCM extract from the 
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corresponding soil. In case of Devon-NW soil the second-step IPA/NH4OH extract also 

contains a larger fraction of aromatic compounds than the first-step one. 

The non-polar fraction of the second-step IPA/NH4OH extract from Ell-NW and 

Devon-NW soils consists of the substances with the same group distribution, as a non-

polar fraction of the first-step DCM extract of water repellent soils. There are still some 

oxygen containing functionalities in the non-polar fraction of the second-step IPA/NH4OH 

extracts. A very low level of aromatics in the non-polar fraction compared to the whole 

extract suggests that aromatic moieties are associated with more polar ones, and thus were 

eliminated from the sample, being sorbed on the polar sorbent. 

The data may be interpreted as follows: after the bulk amount of more hydrophobic 

hydrocarbons has been extracted by the first-step extraction with DCM, the second-step 

extraction with IPA/NH 4OH is able to access and eliminate more polar components with 

the more prominent fraction of oxidized and aromatic moieties from the water repellent 

soil. 

This fraction of oxygen-containing and aromatic compounds is higher for Devon-

NW soil, than for Ell-NW one, that again can be attributed to the longer aging time of oil 

contaminants in the Devon site soil. 

3.4.3.5 Third-step DCM extract from sequential extraction 

Figure 3.42. shows the FTIR spectrum of the third-step DCM extract from 

sequential extraction for Ell-NW soil. The spectrum exhibits one intense band resulting 

from C-H stretch vibrations (2800-3000 cm"1). The bands corresponding to O-H stretch, 

C=0 stretch, ring C=C stretch, and C-H bend vibrations have low intensity. Overall, the 

spectrum is similar to the first-step DCM extract. 

3.4.3.6 Hexane/acetone extract 

The FTIR spectrum of hexane/acetone (1:1 v/v) extract from Ell-NW soil is 

presented in Figure 3.43. This solvent is recommended by CCME (abbreviation explained 
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earlier) for extractions of oil residues (up to C50) from soil. We found that extraction with 

this solvent decreases water repellency in Ell-NW soil from 3.8 to 2.2. M , as determined 

by the MED test. When compared to the spectrum of the second-step IPA/NH4OH extract 

(Figure 3.38.) this spectrum exhibits the same main bands, but with smaller relative 

intensity for the O-H stretch band and higher relative intensity for the ring C-H bending 

band (742 cm"1). 

3.4.3.7 Dimethyl sulfoxide extract 

DMSO has been used for extracting some fractions of soil NOM including the base 

insoluble humins 6 3 ' 1 5 1 . This solvent forms strong associations with water and promotes 

ionic dissociation due to its high dielectric constant. It also can be adsorbed onto clay 

minerals and thus disrupt clay-OH complexes. It was found 6 3 that DMSO extracts a less 

alternated fraction of soil NOM, but gives low yields relative to NaOH extractions. DMSO 

is not significantly incorporated in the NOM extract, therefore it can be washed out and 

would not interfere with FTIR analysis of the extract. 

The material extracted from Ell-NW soil with DMSO was analyzed by FTIR 

spectroscopy (Figure 3.44). It should be noted that the extraction procedure used should 

leave only residual DMSO, if any in the sample. 

The most intense bands in the spectrum are: the broad band near 3476 cm"1 

resulting from O-H stretching vibrations of intermolecular hydrogen bonded OH group in 

alcohols and phenols; the band at 1709 cm"1 arising from C=0 stretch vibrations of acid or 

ketone carbonyl, and the one at 1018 cm"1 which can be attributed to C-OH stretching in 

primary aliphatic alcohols. The residual DMSO in the sample could contribute to the 

intensity of the bands at 1433 cm"1 and 1018 cm"1 . The spectra also shows the bends at 

2800-3050 cm"1 assigned to C-H stretch symmetric and asymmetric vibrations of CH2 and 

CH3 groups; and at 1433 cm"1 - 1370 cm"1 assigned to C-H asymmetrical and symmetrical 

bending vibrations of the above group. 
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The spectra intensity distributions show that DMSO extracts from the soil a 

fraction with much higher content of such polar groups as -OH of alcohols and carbonyl in 

acids or ketones, and lower content of saturated alkanes, than does IPA/NH4OH or DCM. 

These data are consistent with 'H NMR spectroscopy, revealing that the DMSO 

water repellent soil extract, unlike the DCM extract, contains a fraction of the protons, 

attached to carbons next to oxygen or other electro-negative groups, and also has a lower 

level of methylene chain protons, than the DCM extract. The DMSO-extracted fraction of 

Ell-NW soil organic matter probably combines NOM fractions with oxidized petroleum 

diagenesis products. It should be mentioned, that in case of Ell-CW soil no residue has 

been formed after acidification of the DMSO extract, diluted with water. 

3.4.4 FTIR spectroscopy of IPA/NH4OH extract from Ellerslie Pristine 

Wettable soil 

The spectrum of the IPA/NH4OH extract from Ell-PW soil is shown in Figure 3.45. 

The spectrum contains an intense band at 2800-3050 cm"1 assigned to C-H stretch 

vibrations, and two bands at 1460 cm"1 and 1375 cm"1 assigned to C-H asymmetrical and 

symmetrical bending vibrations of CH2 and CH3 groups. The broad band at near 3400 cm"1 

results from 

O-H stretching vibrations of intermolecular hydrogen bonded OH group in alcohols and 

phenols. The band at 1731-1723 cm"1 arises from C=0 stretch vibrations of acid or ketone 

carbonyl. These FTIR data prove that IPA/NH4OH extracts a fraction of natural organic 

matter from the readily wettable Ell-PW soil, thus the IPA/NH4OH extract from Ell-NW 

soil comprises the extracted soil natural organic matter along with the petroleum 

diagenesis products. The low intensities of the ring C=C stretch (1600 cm"1 ) and the ring 

C-H bend (727cm"1 ) bands in the Ell-PW spectrum indicates that most of the aromatics in 

the IPA/NH4OH extracts from Ell-NW soil does not belong to the natural organic matter, 

but rather to the petroleum diagenesis products and/or the natural organic matter associated 

with them. Overall, the spectrum of the IPA/NH4OH extract from Ell-PW soil is very close 

to the IPA/NH4OH extract from Ell-NW soil. 
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;ure 3.33. FTIR spectrum of Redwater oil. 
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Figure 3.34. FTIR spectrum of the DCM extract from Ell-NW soil. 
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Figure 3.35. FTIR spectrum of the DCM extract from Devon-NW soil. 
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Figure 3.37. FTIR spectrum of non-polar fraction of the DCM extract from Devon-NW 

soil. 
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Figure 3.38. FTIR spectrum of the second-step IPA/NH 4OH extract from Ell-NW soil. 

Figure 3.39. FTIR spectrum of the second-step IPA/NH4OH extract from Devon-NW soil. 
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Figure 3.40. FTIR spectrum of non-polar fraction of the second-step IPA/NH4OH extract 

from Ell-NW soil. 

Wavenumbers (cm-1) 

Figure 3.41. FTIR spectrum of non-polar fraction of the second-step IPA/NH4OH extract 

from Devon-NW soil. 
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Figure 3.42. FTIR spectrum of the third-step DCM extract from Ell-NW soil. 
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Figure 3.43. FTIR spectrum of the n-hexane/acetone extract from Ell-NW soil. 
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Figure 3.44. FTIR spectrum of DMSO extract from Ell-NW soil. 
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Figure 3.45. FTIR spectrum of the IPA/NH4OH extract from Ell-PW soil. 
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CHAPTER 4 
CONCLUSIONS. PROPOSED MECHANISM OF INTERACTION BETWEEN 

SOIL AND DIAGENETIC PRODUCTS OF PETROLEUM ORIGIN IN WATER 
REPELLENT SOILS 

The water repellent soils studied were found to have appreciably higher levels of 

residual oil contamination than the adjacent readily wettable ones, as determined by 

methylene chloride extraction in a Soxhlet apparatus. The extracted hydrocarbons consist 

mostly of saturated alkanes with boiling temperatures corresponding to those of the n-

alkanes with a number of carbon atoms up to 60 and higher, and include hydrocarbons 

with long-chain alkyl moieties, as revealed by GC, FTIR and NMR data. These "bulk" 

DCM-extractable hydrocarbons, although, do not control soil water repellency, as 

measured by the MED test, their elimination just slightly decreases it. 

The fraction of organic substance which is mainly responsible for water repellency 

in the soils studied, is characterized by the higher relative content of more polar moieties, 

than the DCM-extractable fraction; therefore, a solvent of higher polarity, such as 

z'sopropanol/aqueous ammonia or hexane/acetone, has to be used for its extraction. This 

fraction consists mostly of oil diagenesis products, and of soil natural organic matter 

components, the two types of matter being presumably intimately associated with each 

other. A small amount (compared to the first fraction extracted with DCM) of the oil 

hydrocarbons is also present in this fraction. 

Both "bulk" residual petroleum hydrocarbons, and those associated with soil 

natural organic matter in Ell-NW soil contain hydrocarbons with substantially higher 

boiling points than those of the Redwater crude oil applied to the Ellerslie site. The same 

was found for Devon-NW soil compared to the Redwater oil. The DCM-extractable 

petroleum hydrocarbons from both Ellerslie and Devon water repellent soils exhibit a 

higher content of more polar functional groups, than the Redwater oil, as revealed by FTIR 

spectroscopy. 

A consistent interpretation can be given for the NMR, GC and FTIR data obtained, 

and a plausible mechanism of soil-petroleum contaminants interaction can be derived. 
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After a spill of crude oil has occurred, it is its lighter components that are 

preferentially eliminated from contaminated soil by evaporation, dissolution in water, 

percolation into the lower horizons, photo-oxidation, and biodegradation ' . Thus, the 

oil left in the upper layer of soil is enriched with heavier components. Simultaneously, the 

physico-chemical aggregation of alkanes, resins and aromatic compounds can take place, 

yielding further absolute increase of heavier fraction - the process well-known for 

asphaltenes. Such aggregation can occur around metal ions, clay, and water molecules 1 3 0 . 

With time these residual petroleum components undergo oxidation, acquiring more 

polar functional groups, such as -OH, C=0, and -COOH. An increase of heavier 

hydrocarbons fraction in residual oil contamination also means an increase of the content 

of more polar functional groups. 

Oxidized heavier oil components along with aggregated ones are capable now of 

strong interactions with the polar moieties of soil natural organic matter, occupying the 

adsorption sites, previously available for water molecules. These interactions can be of 

ionic, van der Waal's, dipole-dipole, dipole-induced dipole, and 7t— 7t nature. At the same 

time, these diagenetic products of petroleum origin can interact with hydrophobic moieties 

of soil natural organic matter, being sorbed to it. This complex intimate association could 

result in the formation of a more rigid and restricted, than normal, structure of organic 

matter in water repellent soils. Some evidence of this was provided by 1 3 C CP-MAS NMR 

T2 relaxation time measurements in case of Ellerslie site. Relaxation times for all carbon 

functional groups of Ell-NW soil (1-3 ms) are found to be shorter than those for Ell-CW 

soil (2-5 ms), indicating less mobile structure of organic matter in Ell-NW soil relative to 

Ell-CW one. 

Complete drying of soil, which was found to be one of the factors promoting soil 

water repellency 6 ' 3 9 ' 4 6 , could eliminate most water molecules from soil natural organic 

matter, vacating more adsorption sites for polar moieties of petroleum diagenesis products, 

and/or inducing conformational change of organic matter. When soil is rewetted 

afterwards, there is almost no site left for water sorption, and soil water repellency 

increases. This idea can be illustrated by Figure 4.1 showing conformations produced by 

computational study of a simple model of fulvic acid in dry and wet state 1 5 6 . 
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In Devon water repellent soil the long-chain alkanes with a number of carbon 

atoms about 50 comprise a noticeable fraction of the hydrocarbons, most resistant to 

extraction, that could only be extracted by the third-step DCM extraction in the extraction 

sequence. These alkanes usually are resistant to biodegradation, and probably because of 

being trapped deep into the soil organic matter and micropores not readily extractable. 

Figure 4.1. Structural conformations produced by computational study of a simple model 

of fulvic acid in a dry (left) and solvated (right) state l 5 6 . 

The schematic representation of soil-petroleum contaminants in the water repellent 

soil is shown in Figure 4.2. The outer layer of "bulk" less polar hydrocarbons is extracted 

by DCM, only slightly decreasing soil water repellency. Thus, hydrophobic contaminants 

alone do not inhibit wettability. More oxidized and aggregated petroleum diagenesis 

products, intimately associated with soil natural organic matter are extracted by polar 

solvent (aqueous sodium hydroxide), and by polar amphiphilic solvents, such as 

z'sopropanol/aqueous ammonia or hexane/acetone, capable of disrupting the interactions 

between both polar and non-polar moieties of organic molecules. Titration of acidic 

functional groups of organic matter with aqueous ammonia or sodium hydroxide result in 

the formation of ammonium or sodium salts, respectively, which also plays a role in the 
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soil wettability increase. The results of elemental analysis of the soils after treatment with 

/sopropanol/aqueous ammonia and oven-drying show, that this solvent enriches the soil 

with nitrogen predominantly in the form of NH4+ salts. 

Some less polar hydrocarbons previously trapped in the soil natural organic matter 

and more polar hydrocarbons aggregates, are also extracted at this stage. Since a lot of 

water adsorption sites of soil natural organic matter now become available for water 

molecules, soil wettablity drastically increases. 

An assumption can be made, that the polarity of the solvent affects the 

conformation of soil humic substances, as well as oil hydrocarbons one, and also plays a 

role in the soil wettablity changes: a polar medium such as zsopropanol/aqueous ammonia 

solvent could cause expansion of the humic aggregates due to an increase of humics 

surface charge caused by the titration of its carboxylic groups, (similar to the mechanism 

shown for the aqueous solutions of humic substances ' 6 4 ' 6 6 ) . Thus, humic substances 

expand, "open up", and facilitate an access for water and the hydrocarbons, that have 

partitioned into them. 

At the same time, hydrophobic moieties of the hydrocarbons of the petroleum 

origin coil up in a polar solvent, exposing additional previously screened adsorption sites. 

If the extended conformation of humic substances is preserved after soil drying, it could 

provide a better access for nonpolar solvent to the uptaken hydrophobic petroleum 

components, including long-chain alkanes, which can now be extracted by methylene 

chloride. 

If the soil is treated with non polar solvent after the extraction with a polar one, 

hydrophobic moieties (especially long alkyl chains) of the hydrocarbons left in the soil 

after extraction now expand and spread out, screening the water adsorption sites, so that 

water repellency of the soil increases. This conformational change can be responsible for 

the reversibility of water repellency in soil after extraction with polar solvents. 
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less polar hydrocarbons 

Figure 4.2. A scheme of interaction between soil natural organic matter and the digenetic 

products of petroleum origin in soils with pollution-induced water repellency. 
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Solid-state UC CP-MAS NMR spectrum of Ell-CW soil extracted with DCM. 
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Solid-state 1 3 C CP-MAS NMR spectrum of Stettler-CW soil extracted with DCM. 




