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Abstract

In recent years the UK has seen a rise in interest in the redevelopment and management of 

brownfield and contaminated land. Stabilisation/Solidification (S/S) is a technology that has 

been used in the UK to treat contaminated soils and wastes. It relies on contaminants being 

chemically and/or physically immobilised within the treated material, not destroyed or 

removed. There is therefore a great deal of interest in the long term durability and behaviour 

of such materials. This thesis aims to investigate some factors related to the longer term 

behaviour of organic contaminants within S/S matrices.

A contaminated soil was treated using two common S/S binders; ordinary Portland cement 

(OPC) and pulverised fly ash (PFA). Experiments were conducted to investigate the 

behaviour of the treated material. Modified tank leaching tests were carried out to investigate 

the release of petroleum hydrocarbon compounds from the material. The effects of test time, 

leaching solution and sample volume to surface area ratio (V/SA) were also investigated. 

0.154 % of the polycyclic aromatic hydrocarbons (PAHs) and 0.113 % of total petroleum 

hydrocarbons (TPH) were observed to have leached from the sample after 408 days. The 

fraction of PAH and TPH leached from the sample was found to correlate well with V/SA. 

Significantly less PAH and TPH were released when Cardiff tap water was used as the 

leaching solution when compared to deionised water (for example between 84.2 % and 91.3 

% reduction in leaching for the 16 PAH compounds).

Further work was carried out to investigate the adsorption of selected PAH compounds to 

several PFA samples in batch adsorption tests. The kinetics of adsorption was found to be fast 

(typically over 80 % of adsorption occurs with the first 30 minutes of testing). The adsorption 

capacity of the PFA samples was found to have good correlation with the sample carbon 

content (R2 values ranged from 0.918 to 0.987 for acenaphthene adsorption). However, 

differences were noted for the PFAs from different sources; possibly due to different types of 

organic carbon in the PFA and its availability to the PAH compounds.
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Nomenclature
ANC Acid neutralisation capacity
ASE Accelerated solvent extraction
ASTDR Agency for toxic substances and disease registry
BTEX Benzene, toluene, ethylbenzene and xylene
C Carbon
Ce Equilibrium concentration in adsorption tests (mg/L)
CFL Cumulative fraction released during leaching test (%)
c, Concentration released during stage i o f leaching test (mg/L)
cn Cumulative concentration released up to stage n o f leaching test (mg/L)
C0 Concentration o f contaminant in sample (mg/kg)
CKD Cement kiln dust
CLEA Contaminated land exposure assessment
Cs Concentration in solvent extract (mg/L)
CSA Cross section area o f cube samples (m2)
CSH Calcium silicate hydrate
CTW Cardiff tap water
d Spacing between atomic layers o f crystalline structures (A)
DCM Dichloromethane
De Effective diffusion coefficient (m2/s)
DEFRA Department for environment, food and rural affairs
DML Dynamic monolith leaching
DW Deionised water
EA Environment Agency
EAFD Electric arc furnace dust
EDX Electron dispersive x-ray spectrometry
E, Cumulative leaching flux at stage i o f leaching test (mg/m2)
EU European Union
FA Fly ash
fAmax Maximum recordedforce in UCS test (kN)
FID Flame ionisation detector
GC MS Gas chromatography mass spectrometry
GGBS Ground granulated blast-furnace slag
GLC MS Gas liquid chromatography mass spectrometry
HCFA High carbon fly  ash
HOC Hydrophobic organic compounds
IC Inorganic carbon
ICP AES Inductively coupled plasma atomic emission spectroscopy
Kf Freundlich adsorption capacity constant (L g)
Koe Organic carbon partitioning coefficient
R-OW Octanol water partitioning coefficient
LOI Loss on ignition (%)
MC Moisture content (%)
MGP Manufactured gas plant
MpFA Mass o f PFA used in adsorption test (g)
Ms Mass o f sample (kg)
MSW Municipal solid waste
m/z Mass charge ratio (Da)
NIST National institute o f standards and technology
NOM Natural organic matter
NRA National rivers authority
0 Oxygen
OPC Ordinary Portland cement
PAH Polycyclic aromatic hydrocarbon
PC Portland cement
PCB Polychlorinated biphenyl
PFA Pulverisedfly ash
POP Persistent organic pollutant
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PSD Particle size distribution
QAS Quaternary ammonium salt
Qe Solid phase concentration during adsorption test (mg/g)
RCRA Resource conservation and recovery act
S Sulphur
SA Surface area o f sample (m2)
SEM Scanning electron microscopy
SGV Soil guideline values
S/S Stabilisation/Solidification
SOM Soil organic matter
t Testing time (s)
TC Total carbon
TCLP Toxicity characteristic leaching procedure
TEM Toluene extractable matter
TOC Total organic carbon
TPH Total petroleum hydrocarbons
TS Total sulphur
UCS Unconfined compressive strength (MPa)
UKAS United Kingdom accreditation service
USEPA United States environmental protection agency
V Volume o f sample (m3)
v, Volume o f leachant used in leaching test (L)
voc Volatile organic compounds
Vs Volume o f solvent used in extraction procedure (L)
Vw Volume o f water used in adsorption test (L)
V/SA Sample volume/surface area ratio (m)
XRD X-ray diffraction
XRF X-ray fluorescence
m̂ax Maximum measured stress in UCS test (MPa)

P Density (kg/m3)
X Wavelength o f x-ray (A)
0 Angle between x-ray and crystal surface (°)
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1 Introduction

1.1 Contaminated land, remediation and related UK  legislation

1.1.1 Introduction

In recent years the UK has seen a rise in interest in the redevelopment and management of 

brownfield and contaminated land. Brownfields are sites where there has been some previous 

use, for example industrial activities. In some instances the previous activities on the site 

have resulted in contamination of the soil and/or groundwater.

There are a variety of factors that have brought about the increased interest in brownfield 

sites; pressures on available land (particularly in urban areas), government targets for new 

developments to be built on previously developed land, protection of greenbelt and 

agricultural sites, and greater awareness of environmental issues and the risk posed to the 

environment and human health from contaminated land remaining untreated. Redevelopment 

of brownfield sites can also have a positive effect on social and economic regeneration. A 

2001 survey questioned the operators of 71 sites where remediation was being undertaken 

(First Faraday, 2001). Figure 1-1 shows the answers given for the reason for remediation at 

the site. It clearly illustrates that the majority of sites were being remediated to enable 

redevelopment for residential use. Further results of the survey showed that the risk to human 

health was the main driver behind the remediation works.

■  Redevelopment for residential use

■  Redevelopment for industrial /  commercial use
■  To manage current pollution problems

■  1o manage potential future liabilities
To facilitate a future site redevelopment

Figure 1-1 Reasons for remediation at 71 contaminated sites in 2001 (First Faraday, 2001)
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1.1.2 Extent o f contaminated land in the UK

The UK has an industrial heritage that has resulted in large amounts of contaminated land. 

The Environment Agency report, ‘Indicators of Land Contamination’ (EA, 2005), estimates 

that there are 300,000 hectares (325,000 sites) of industrial land in England and Wales, of 

which approximately 67,000 hectares (33,500 sites) have been identified as contaminated. 

The report lists industry sectors that are included in the pollution inventory source:

• Fuel and power production and associated processes

• Metal production and processing

• Mineral industries

• Chemical industry

• Waste disposal and recycling

• Water

A wide range of contaminants can be encountered on derelict and industrial sites due to the 

diverse practices of the industrial sectors involved. A First Faraday report (First Faraday, 

2001) surveyed 61 remediation sites regarding the types of contamination encountered. The 

results of the survey showed that the most common organic contaminants were total 

petroleum hydrocarbons (TPH), polycyclic aromatic hydrocarbons (PAH) and volatile 

organic compounds (VOCs) including benzene, toluene, ethylbenzene and xylene 

(collectively known as BTEX). Phenols and polychlorinated biphenyl (PCB) were also 

encountered to a lesser degree. The most common inorganics were toxic metals including As, 

Cd, Cr, Cu, Pb, Hg, Ni and Zn. Other inorganic substances found included NH4, CN', SO4 

and S It was also found that many sites had more than one contaminant of concern and 7 % 

of sites had reported more than ten contaminants of concern.

1.1.3 UK legislation governing contaminated land and its remediation

Contaminated land in England and Wales is identified, controlled and remediated under 

several pieces of legislation (EA, 2005), which include:

• Town and Country Planning Act 1991

• Part 2A of the Environmental Protection Act 1990
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• Pollution Prevention and Control Regulations 2000

• Water Resources Act 1991

In the remediation of existing contaminated sites the current regulatory approach regarding 

clean-up standards is that the land should be ‘suitable for use’. This is partly because it is not 

always physically possible or economical to remove 100 % of contamination from a site. Part 

2A is used to help determine if land is contaminated and if so how stringent the remediation 

should be. Part 2A takes a risk based approach that considers pollutants, pathways and 

receptors, the result of which is land remediated to a standard that is in line with its final use 

e.g. residential, industrial or recreational.

The risk to human health from exposure to different contaminated soils can be modelled 

using the Environment Agency Contaminated Land Exposure Assessment (CLEA) model, 

this is turn is used to generate soil guideline values (SGVs) for each type of site use (e.g. 

residential, industrial or recreational). SGVs are used as trigger values; contaminant 

concentrations below this may be considered as low risk while concentrations above this may 

need further evaluation of the risk using Part 2A.

Another significant piece of legislation that has been implemented in the UK more recently is 

the EU Landfill Directive (European Commission, 1999), implemented in the UK in 2004. 

This legislation has affected how remediation is carried out with more emphasis on the need 

for treatment and reuse of wastes due to the ban on the co-disposal of hazardous and non- 

hazardous wastes. A result of the landfill directive is the reduction in landfill space available 

for hazardous wastes. The number of landfills able to accept hazardous wastes reduced from 

279 to 12 in 2004 (http://www.landfill-site.com/html/hazardous_waste.html). The reduction 

in sites has also meant that disposal to landfill can involve moving the hazardous wastes long 

distances (Gronow, 2005).

A further factor that has placed the emphasis on pre-treatment and reuse of hazardous wastes 

is Landfill Tax. This tax was introduced by the UK Government in 1996 and in recent years 

the tax has been increased dramatically. Inert wastes cost £2.5/tonne to dispose of while other 

wastes cost £48/tonne as of April 2010 (increasing by £8/year until 2013).
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1.1.4 Remediation technologies employed

A large number of remediation strategies have been developed to cope with the wide range of 

contaminants and conditions encountered on previously developed land. These strategies can 

be broadly grouped as (1) excavation and disposal (2) containment through physical and/or 

hydraulic barriers or (3) treatment of the material by application of a particular remediation 

process. Figure 1-2 (Johnson, 1994) gives an overview of these different strategies and 

subsequent examples of the technologies that fit into them. The example of treatment 

technologies given is by no means exhaustive.

Excavate & Dispose

On - site 
landfill

Contain

Off - site 
landfill

Physical

Cover
Vertical
barriers
Liners

V
Hydraulic

Separation
plume

Containment
Hydraulic
gradient

Management

Treat

\ 1
Ex-situ

Incineration
Vitrification
Solidification

Particle
separation

Solvent
extraction
Biological
treatment

Dechlorificati
on

Thermal
desorption

y
In-situ

 y _____
Biological
treatment
Vacuum

extraction
Steam

stripping
Electro-
kinetic

Oxygenation
Stabilisation

Figure 1-2 Strategies for dealing with contamination on brownfield sites (Johnson, 1994)

The use of different remediation strategies and treatment processes can depend on a wide 

range of factors. Key factors in the decision making process include risk management, 

technical feasibility/suitability, costs versus benefits, stakeholder satisfaction and sustainable 

development (Nathanail and Bardos, 2004). Each remediation process has a range of 

advantages and disadvantages associated with it; for example, the range of contaminants that 

can be treated by the process; whether the contaminants are completely removed, degraded or 

isolated, and the subsequent liabilities; the cost of the process, the volumes of material that 

can be treated and the time taken to treat the material. A more comprehensive list of generic

4



advantages and disadvantages associated with typical remediation processes can be found in 

Wood (2001).

One of the key factors that affect the type of remediation process selected is the contaminants 

of concern that are polluting the soil and/or groundwater at the site. Table 1-1 (Richards et al, 

1993) shows a summary of the types of contaminants commonly encountered on brownfield 

sites and the applicability of various treatment processes for dealing with them.

Table 1-1 Soil and groundwater contaminants and the appropriate remediation technologies (Richards et
al, 1993)

Treatment technology

Target compounds
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tio
n

So
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t
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ct
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Pu
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tre

at

Le
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hi
ng

Metals
(fines and soluble)

X X X ✓ ✓ O X O
Metals
(larger particulate)

X X X ✓ V V X ✓ X X X

Volatile organic 
compounds

✓ V O X X X O O V ✓ X

Semi-volatile organic 
compounds O V ✓ V X X ✓ O V ✓ X

Halogenated
organics

V O ✓ S X X V O S ✓ X

Oil hydrocarbons o ✓ ✓ V X X S X S ✓ X

Coal tars X o o s S ✓ V X S O X

Asbestos X X X X S X V X X X

Coal X X X S S X X X X X X

Dioxins X X X S S ✓ ✓ ✓ X X

Another key aspect that affects the remediation strategy is cost. However it can be very 

difficult to get comparative costs for remediation as they tend to be highly site specific and 

dependent on a number of aspects; for example geological, hydrogeological and chemical 

conditions at the site (DEFRA, 2010).

Figure 1-3 shows the number of remedial projects carried out in the USA between 1982 and 

2002 (US EPA, 2004). Remedial actions are split into the treatment of groundwater or the 

treatment of the contamination source. It can be seen that stabilisation/solidification is the 

most common method for ex-situ source control while soil vapour extraction was applied
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more frequently to in-situ treatments. For groundwater remediation, pump and treat was used 

more frequently than in-situ groundwater treatment methods.

250

Ex Situ In Situ In Situ G roundwater
Source Control Source Control Groundwater Pump and Treat

Figure 1-3 Remediation projects completed between 1982 and 2002 (US EPA, 2004)

A survey carried out in the UK between 1996 and 1999 (EA, 2000) found that the most 

common method of remediating contaminated materials was to excavate and dispose of the 

material off-site, a process known as dig and dump. However, recent changes in legislation 

have meant this approach is no longer always financially viable, because of this the 

remediation sector has undergone rapid change. The legislation is now in place to target a 

greater drive towards remediation and recycling/reuse of the treated, previously contaminated 

material.

A more recent DEFRA survey (DEFRA, 2010) questioned UK contractors, consultancies and 

clients about the types of contaminated land remediation technologies they used in 2008 and 

2009. They found that in-situ remediation technologies accounted for 38.7 % and 40.3 % of 

remediation applications (in 2008 and 2009 respectively), ex-situ remediation technologies 

only accounted for 4.1 % and 3.3 % (in 2008 and 2009 respectively). The remainder of the 

remediation applications were based around traditional civil engineering approaches; of 

which excavation and landfilling were still prevalent. However, the survey is limited in its 

approach; it does not consider the quantity of material treated in an application, for example a 

small quantity of material may not be economical to remediate and so it could be 

significantly cheaper to excavate and dispose of in landfill — despite the landfill tax costs. In
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addition the degree of contamination may not have been significant; hence the material may 

not be classified as hazardous waste, resulting in much cheaper disposal costs.

Stabilisation/solidification is one of the technologies considered previously in this chapter. As 

it is a central theme of the research work presented in this thesis further information on the 

technology, its delivery and practical considerations are given in the following sections.

1.2 Stabilisation/Solidification technologies

1.2.1 Introduction

Stabilisation/Solidification (referred to as S/S or stabilisation) is a process that can be used to 

improve the geotechnical properties of unsuitable soils or to remediate contaminated waste 

materials such as soil, sludge and industrial waste. The most basic applications of S/S involve 

mixing the contaminated material with a hydraulic binder such as cement and/or a secondary 

additive. The resultant reactions work to reduce the mobility and availability of the 

contaminants within the media via physical and chemical processes. This reduces the 

hazardous aspect of the waste; the benefits of this are discussed later on. An Environment 

Agency report on stabilisation/solidification (EA, 2004) defines the two mechanisms that 

work to reduce the mobility of contaminants as follows:

• Stabilisation involves the addition of reagents to a contaminated material (e.g. soil 

or sludge) to produce more chemically stable constituents. It may not result in 

improved physical material characteristics, but the toxicity or mobility of the 

hazardous constituents will have been reduced.

• Solidification involves the addition of reagents to a contaminated material to 

impart physical/dimensional stability to contain contaminants in a solid product 

and reduce access by external agents (e.g. air, rainfall). It may not involve 

chemical interaction between contaminants and the solidification agent.

The stabilisation process results in contaminants being converted from a mobile phase to an 

immobile phase by reactions such as precipitation, sorption or substitution. Solidification 

results in changes in primarily physical properties of the material so that a well solidified 

material will no longer contain free liquids and will have improved strength. However, it is 

not always possible to distinguish between the two mechanisms and in many instances they 

will work in conjunction to immobilise contaminants (Glasser 1997).
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US EPA Review of S/S use at Superfund sites (US EPA, 2000) showed that the contaminants 

most commonly treated using S/S technology were metals (56 % of sites). Only 6 % of sites 

treated with S/S contained only organic contaminants and 31 % of sites had a mixture of 

metals and organics contaminants.

1.2.2 Binders and additives used in the S/S process

A variety of organic and inorganic binders can be used for the S/S of contaminated materials 

depending on contaminant types, concentrations, soil type and environmental conditions. The 

most common inorganic binders are calcium based, for example ordinary Portland cement 

(OPC) and lime. Their frequent use is due to their relatively low cost and high availability. 

Calcium based binders also require water in order to react; this is beneficial for wastes with 

high moisture contents as it reduces the free moisture. Other inorganic binders include novel 

materials such as magnesium oxide cement and ettringite cement (Johnson, 2005). Organic 

binders are less commonly used than inorganic materials as they tend to be significantly more 

expensive; examples include asphalt and polyethylene (US EPA, 2000).

It is often economically and technically advantageous to use additional materials in 

conjunction with the binders; these are termed secondary binders or additives. Leonard and 

Stegemann (2010b) investigated the stabilisation of petroleum drill cuttings; they found that 

partial replacement of OPC with a high carbon pulverised fly ash (PFA) could reduce the 

amount of hydrocarbons leaching from the samples. Laforest and Duchesne (2007) found that 

using ground granulated blast-furnace slag (GGBS) as a partial replacement for OPC resulted 

in a decrease in the leaching of heavy metals (Cr, Ni, Pb and Zn) from a stabilised electric arc 

furnace dust (EAFD). Similarly Park (2000) found that the addition of cement kiln dust 

(CKD) to OPC produced a binder that could be used to reduce setting times, give higher 

strengths at 28 days and lower leaching of heavy metals (Pb, Cd and Cr) from a heavy metal 

waste material when compared to a binder of OPC alone. The examples given (PFA, GGBS 

and CKD) are by-products of industrial processes and may not be cementitious in their own 

right; however they can be activated by an alkali source such as Ca(OH)2. Hence these by

product additives are often used in combination with OPC or lime which provide a source of 

Ca(OH)2 when hydrated (O’Conner, 1990). Other additives that are commonly used may be 

from natural sources or processed specifically for treating contaminated soils and water. 

Examples include clays such as bentonite and organoclays (modified clays) and activated 

carbon. These types of additives are usually used sparingly due to the additional costs that
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can be incurred, but can improve performance due to adsorption of contaminants. For 

example Arafat et al (1999) used activated carbon with OPC stabilise a solution containing 

phenol. They found that the activated carbon reduced the retarding effect of phenol on 

cement hydration.

1.2.3 Binders and contaminant interactions in S/S processes

The hydration reactions of many binders used for S/S are well understood. OPC has an 

extensively documented history due to its use in the Civil Engineering and Construction 

Industry (Glasser, 1997). Lime has been used extensively for the improvement of 

uncontaminated soils (for example soft soils such as peat) for a number of decades (Moseley, 

1993). The behaviour of secondary binders such as GGBS and PFA are also well understood 

due to their use in the cement industry as partial cement replacements. Difficulties arise, 

however, when the interactions between soils, contaminants and binders are considered. The 

variable nature and behaviour of soils and contaminants, individually and in combination can 

have different interference effects (Malviya, 2006b). These effects can significantly alter the 

short and long term mechanical, microstructural and binding characteristics of a S/S material 

form (Hills, 1997).

1.2.3.1 Hydration reactions and binding mechanisms

When water is added to hydraulic binders in the presence of inorganic contaminants a number 

of reactions occur that bind the contaminants. Hydration of OPC results in the formation of 

crystalline and gel phases (calcium silicate hydrates (CSH)) that are responsible for the short

term setting and long-term strength development of the material (Clear, 2005); it is these 

phases that immobilise the contaminants. The potential interactions of metallic contaminants 

with soils and binders are listed below (EA, 2004):

• Adsorption to binder-soil matrices

• pH dependent precipitation

• Redox-controlled precipitation of insoluble compounds

• Absorption/encapsulation into and onto nano-porous C-S-H gel; and

• Incorporation into crystalline components of the cement matrix

Many brownfield sites contain organic as well as inorganic contaminants. It is therefore 

practical in many situations to be able to apply S/S to treat the organic contaminants as well
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as metallic contaminants. The stabilisation of organic compounds can be more difficult than 

that for inorganic compounds for a number of reasons (US EPA, 1993):

• Many organic contaminants are non-polar and hydrophobic, whereas the most 

commonly used binders are polar and hydrophilic

• The immobilisation of organic materials is usually through physical processes, for 

example sorption and encapsulation within the pores of the cementitious matrix, 

without the interactions that usually accompany the immobilisation of inorganic 

contaminants.

The reactions between contaminants, soil and binders can be further complicated by the use 

of secondary additives. These can have a variety of effects on hydration reactions and 

interactions between the binders and contaminants. Secondary additives are commonly used 

in full scale remedial treatments. For example CKD was used with OPC to reduce the setting 

and hydration times and improved leaching from materials containing heavy metals (Park, 

2000). GGBS was used successfully as a partial replacement for lime in order to reduce the 

linear swelling of soils containing high levels of sulphates (Wild, 1999). PFA was used with 

OPC in the immobilisation of toxic metals (Cr(VI) and Pb) (Dermatas, 2003).

1.2.3.2 Interference of hydration reactions

Waste materials and contaminated soils can be complex mixtures of compounds with varying 

physical and chemical properties hence it should not be assumed that compounds will behave 

the same way individually and collectively. The general types of interference that can be 

caused by contaminants are listed (USEPA, 1993):

• Inhibition of bonding of the material to the binder

• Retardation of setting

• Reduction in the stability of the matrix resulting in increased potential for leaching of 

the material

• Reduction in physical strength of the final product.

It can be very difficult to predict the effects that individual and combinations of contaminants 

can have on binder setting. Compounds that are normally mild accelerators such as chloride 

and nitrate anions can slow setting once a certain threshold concentration is reached (US 

EPA, 1993). Other studies have shown that an OPC mortar spiked with 3% (by weight) of Zn
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lost 99% of its compressive strength in comparison to a sample spiked with 1% Zn (which 

appeared to have little effect). The authors state that the interference at higher concentrations 

of contaminants may be due to the removal of Ca at the surface of the hydrating cement 

grains, through the precipitation of contaminants; this limits the amount of hydration products 

(CSH gel and Portlandite) (Hills, 1997).

Other studies on the effect of contaminants on binder performance also demonstrate wide 

variability. Factors affecting the S/S of heavy metal sludge were investigated by Bricka and 

Jones (1993). They gradually increased the concentrations of various contaminants being 

mixed with various binders and tested the resultant S/S material. The binders used in the 

study were cement, cement and fly ash, and lime and fly ash. They concluded that metals, 

grease and oil, and phenol were generally deleterious to the strength and durability of binder 

systems. These effects increased with increases in contaminant concentration. The addition of 

sulphate, hexachlorobenzene and trichloroethylene had little effect at any concentration. 

Finally, sodium hydroxide had mixed effects, at lower concentrations (2% and 5%) they 

increased early strength but at higher concentrations (8%) they reduced the early strength.

Organic compounds can have different effects on binders. Contaminants such as oil and 

grease, PCB and volatile compounds tend to coat cement particles and prevent or weaken 

chemical bonding of the binder. This can cause a decrease in short and long term setting, 

compressive strength and durability (USEPA, 1993). When a secondary binder is used the 

retarding effects of organics can be avoided. The use of Organo clay as an adsorptive before 

S/S with a PC/GGBS binder prevented the retardation of hydration products by organic 

compounds (CiofTo, 2001). Table 1-2 is extracted from the USEPA bulletin (1993) and 

summarises the effectiveness of S/S processes on various types of contaminants. This does 

not necessarily take into account the effect of the contaminant concentration and the soil 

properties.
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Table 1-2 Effectivness of S/S on different types of contaminant (extracted from USEPA, 1993)

Contaminant Groups Effectiveness
Organics Halogenated volatiles X

Non-halogenated volatiles X
Halogenated semi-volatiles ■
Non-halogenated semi-volatiles and non-volatiles ■
PCBs •
Pesticides •
Dioxins/Furans •
Organic cyanides •
Organic corrosives •

Inorganic Volatile metals ■
Non-volatile metals ■
Asbestos ■
Radioactive materials ■
Inorganic cyanides ■
Inorganic corrosives ■

Reactive Oxidizers ■
Reducers ■

= Demonstrated effectiveness: successful treatability test at some scale
Potential effectiveness: expert opinion that technology will work

X = No expected effectiveness: expert opinion that technology will/does not work

1.2.4 Practical implementation o f S/S technologies

Contaminated materials can be processed using S/S with a variety of equipment. These 

generally fall into two methods, in-situ or ex-situ. In-situ involves blending the binders 

directly with the contaminated soil while it is in the ground i.e. it requires no excavation. Ex- 

situ is where the contaminated media is excavated and treated above ground. This can be 

done at the site if there is available space or at a centralised processing plant if transporting 

the material is economical. Following ex-situ treatment the material can be placed back into 

the excavated area, used in an alternative location on the site or removed from the site for 

disposal at an appropriate landfill.

1.2.4.1 In-situ application of S/S

The main advantage of in-situ S/S is that it requires no prior excavation; the soil and binders 

are blended in the ground by direct injection of the binders through a mixing head. This can 

be very beneficial if the site is small or has access restrictions. Blending the soil in-situ can 

also minimise the risks to workers and the public caused by excavation and transportation of 

the contaminated material, particularly in urban areas. The problem associated with this is 

validating the effectiveness of the mixing process; it also becomes more difficult to take
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representative samples from a range of soil depths. In-situ S/S can also require some fairly 

specialised equipment. Other factors that can affect in-situ S/S include:

• Debris (such as large rocks) which could impede the process may need excavating

• The contaminated ground may not be able to support construction equipment prior 

to S/S

• There may be underground services present at the site

• Controllability of binder addition and mixing through varying layers of soil

The plant used to cany out in-situ S/S can depend on a number of factors including the depth, 

volume and type of material to be stabilised. A commonly used method for in-situ S/S is 

binder injection and mixing with augers, as shown in Figure 1-4 (Fieri et al, 2005). The auger 

is attached to a crane via a hollow bar. The auger is rotated through the soil, the binder is 

pumped through the hollow bar and injected through the auger into the soil where the rotating 

auger head mixes the binder and soil together to create columns of treated material. These 

columns can be overlapped to form a solid mass of treated material. This method is 

sometimes known as deep soil mixing (DSM) and can treat soils, sediments and peat down to 

approximately 40 m (Moseley, 1993); the limit on the depth that can be treated will depend 

on diameter of the auger being used and the type of soil.
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Figure 1-4 (a) Schematic showing auger use and (b) close up of auger mixing head (Fieri et al, 2005)

Another method for in-situ S/S involves the use of mixing heads. Mixing heads work in a 

similar way to augers, the binder is injected directly into the soil and mixed with some type of 

rotating device that is attached to an excavator. One of the advantages of this type of 

equipment over augers is the flexibility it offers. Mixing heads can mix the soil and binder 

vertically or horizontally resulting in a mass stabilised area or in stabilised columns. 

Examples of mixing heads are shown in Figure 1-5 (photographs courtesy of Celtic 

Technologies Ltd).
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Figure 1-5 A typical mixing head and method of delivery

One of the disadvantages of mixing heads is that they cannot, generally, stabilise as deep as 

augers. The mixing head depth is limited by the length of the excavator arm, the maximum 

depth of S/S using a mixing head attached to an excavator is typically 5 m. Mixing heads 

have typically been used in sludge and soils with high moisture content.

1.2.4.2 Ex-situ application of S/S

Ex-situ S/S involves the excavation of the contaminated soils followed by treatment above 

ground, either on-site or off-site. One advantage of using ex-situ methods is the increase in 

control of binder addition and mixing. Because the soil is being excavated it can also be 

screened for debris that may be detrimental to the S/S process. This helps to produce a more 

homogenous mixture of soil and binder. Once the material has been mixed it can be left to 

cure above ground. It can then be used as construction material such as general fill or road 

sub-base, or sent away to landfill. The use of ex-situ S/S may be dependent on the site having 

enough space for the required plant and space to leave treated material to cure. Another 

problem is the environmental issues associated with excavating contaminated material. It may 

result in the release of vapours and VOCs into the atmosphere depending on the nature of the 

contamination.

One method for on-site ex-situ is the use of pugmill mixers. When the soil to be treated has 

been screened for debris and oversized particles it can be placed into a pugmill mixer as 

shown in Figure 1-6 (EA, 2004). This consists of a set of adjustable blades on a rotating shaft. 

The rotating blades mix the contaminated soil and the binder. Pugmills come in a variety of 

set-ups and sizes and can be supplied with soil via a conveyor belt as part of a mobile
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processing plant. An advantage of using pugmill mixers is the controllability of the S/S 

process and potentially high throughput rates.

Another method of ex-situ S/S uses centralised processing plants. The contaminated material 

is excavated ffom the site and transferred to the processing plant where it is mixed with 

binders. The advantages of this method are very good control of the process and additives and 

very high throughput rates. This method is more commonly used in Europe, in particular 

France, where the S/S processing plants are typically located on hazardous waste landfills. 

The processing plants receive the wastes and treat them; they are then transferred to the 

controlled and monitored landfill facility. The larger plants, an example of which is shown in 

Figure 1-7 (Klein and Magnie, 2005) can treat up to 100,000 tonnes of soil per year.

Figure 1-6 Insides of pugmill mixer and use in a mobile process plant (EA, 2004)

Figure 1-7 Centralised processing plant treatment area and landfill area (Klein and Magnie, 2005)

1.2.5 Previous uses o f S/S technology

Stabilisation technologies were first used in the 1950s, in the US, to treat radioactive wastes 

(Conner, 1990). By the 1970s the potential for treating hazardous wastes had been realised.
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Over the past 20 years S/S technologies have been developed quite intensively, traditionally 

for the treatment of inorganic contaminants (e.g. toxic metals) but stabilisation has also been 

shown to successfully immobilise a variety of organic contaminants and mixtures of 

inorganic and organic (USEPA, 2000). The development of S/S as a widely used technology 

was initially a result of the 1984 Resource Conservation and Recovery Act (RCRA) being 

established in the US. The new legislation banned the disposal of untreated wastes at 

landfills. For hazardous wastes and soils that could not be eliminated, reduced or recycled S/S 

was seen as an appropriate treatment before disposal or reuse (Stegemann, 2006).

Despite the wide use of S/S technology in the US it has not been widely used in the UK. 

Some notable examples of the past use of full scale S/S in the UK are given in Al-Tabbaa and 

Perera (2005). These include centralised processes plants (operated in the 1980s and 1990s) 

based on the ‘Sealosafe’ process, remediation of 100,000 m3 of contaminated silt dredgings 

for use as lightweight fill on a road construction project in 1995, and in-situ remediation of 

contaminated soils at a former explosives manufacturing site in 1995. Further examples of 

applications between 1997 and 2000 are given in the paper (Al-Tabbaa and Perera, 2005).

1.2.6 Environmental sustainability and economic viability

For a remedial technology to be employed on a frequent basis it must be shown to not only be 

technically capable of treating the contaminated material to meet the specified standards but 

also must also be environmentally sustainable and economically viable.

Jones et al.'s (2001) study mission to the US showed that for the six sites visited their 

monetary value after remediation using S/S was many times greater than the original value of 

the contaminated land. One particular reason was that the sites were located in urban areas 

where land is commonly in short supply and high demand. This demonstrates two advantages 

of S/S technology. Firstly, stabilised wastes can be reused, meaning there may be no need to 

bring in additional fill material at an extra cost. Secondly, S/S can be applied in situ and the 

equipment only requires a small amount of space, hence areas with restricted access can be 

treated.

Harbottle et al (2005) carried out a study of the technical sustainability of in situ S/S in 

comparison to landfilling, based on a case study. The study shows that this technology 

performs better than landfilling based on cost effectiveness and life cycle analysis. Factors 

such as lower material usage (e.g. not importing fill material to the site), less off-site disposal
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and less impact on the community (due to less lorry movements) were the reasons for the 

better performance of S/S over disposal to landfill. The estimated cost of the stabilisation 

solidification process was £28/tonne of soil; this involved an in-situ application of bentonite 

and OPC to remediate the site which contained elevated levels of organic contaminants. The 

estimated cost of remediating the site by excavation and landfilling the contaminated material 

was £5 5/tonne.

It can be difficult to compare the typical costs of remediation technologies. This is because 

the remediation costs are strongly site specific and dependent on a number of aspects 

including geology, hydrogeological and chemical conditions at the site. The remediation 

costs are also dependant on the final use of the site as it affects the standard to which the site 

needs to be remediated. A DEFRA commissioned report (DEFRA, 2010) examined the 

typical costs of remediation techniques in the UK based on the available published data over 

the past 10 years as well as an up-to-date survey of remediation technology vendors and 

consultants. The results of their investigation showed that in-situ stabilisation/solidification 

costs ranged between £12/m3 and £ 100/m3 of contaminated material treated. Ex-situ 

stabilisation/solidification costs ranged between £3/m3 and £75/m3 of treated material (both 

sets of prices are for larger sites where >5000 m3 was treated). For comparison, ex-situ 

biological treatment costs at sites where >5000 m3 was treated ranged from £9/m3 to £65/m3 

and costs of landfill of contaminated material ranged from £30/m3 to £300/m3.

1.2.7 Current state o f practice in UK

Previous use of S/S in the UK has been low, particularly in comparison with the US and some 

European countries such as France (Jones et al., 2001, Klein & Magnie, 2005). This has been 

attributed to a number of factors (Bone et al., 2005):

• Relatively low cost and widespread use of disposal to landfill prior to the 

implementation of the landfill directive

• Uncertainty over the durability (and rate of contaminant release) of S/S-treated 

materials

• UK experience of past poor practice in the application of cement stabilisation 

process used in waste disposal in the 1980s and early 1990s (see Al-Tabbaa and 

Perera (2005) for further details)
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• Residual liability associated with immobilised contaminants remaining on-site, 

rather than their removal or destruction

Perhaps the most important of these factors was the low cost and availability of landfill space. 

However, as discussed in Section 1.1.3, due to the implementation of the Landfill Directive 

there has been a marked reduction in the availability of hazardous waste landfills. The 

increased cost of landfilling hazardous wastes has meant that in many cases it is now more 

cost effective to treat hazardous wastes and reuse the material on site or landfill it as a non

reactive hazardous waste.

In a recent report and survey, Contaminated Land Remediation (DEFRA, 2010), it was noted 

that 59 % of the contractors questioned offered ex-situ S/S as a remediation method while 54 

% of contractors offered in-situ S/S as a remediation method.

1.3 Thesis overview and objectives

The overall aim of this research work is to examine the behaviour of S/S materials produced 

from soils containing significant organic contamination. This will be achieved by 

investigating the following objectives:

• Quantifying the release of hydrocarbon compounds from the treated material using 

the EA NEN 7375 64 day tank test

• Quantify the release of hydrocarbons compounds from the treated material using an 

extended version of the EA NEN 7375 tank test

• Determine the mechanism that controls the release of hydrocarbons from the treated 

material

• Quantify the effect of sample surface area on the leaching of hydrocarbons from the 

treated material

• Quantify the release of hydrocarbon compounds when replacing deionised water with 

tap water in the tank leaching test

• Quantifying the effect of immersion on the strength of stabilised samples

In addition to the objectives outline above, the thesis also aims to determine the mechanisms 

by which the organic compounds are immobilised within the treated material. This will be 

achieved by examining the relationship between the organic compounds and PFA to quantify
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one potential benefit in using this binder in S/S processes due to its sorption capacity. The 

main objectives are follows:

• Quantify of the kinetics of adsorption of PAH compounds (Acenaphthene and 

Phenanthrene) onto PFA.

• Quantify the adsorption of PAH compounds onto various PFA samples to 

determine the influence of PFA properties on adsorption and to determine the 

adsorption mechanism

• Quantify the adsorption of PAH compounds onto various PFA samples at alkaline 

solution pHs using Na(OH) and Ca(OH)2  to mirror the potential pH at which 

adsorption is likely to occur during S/S processes
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2 Review of literature relating to the S/S of organic 
contaminants in soils and wastes

2.1 Introduction

Chapter 1 gave a broad overview of S/S technology including the binders commonly used, 

binder and contaminant interactions, and practical implementation of the process. This 

chapter considers the more detailed aspects of S/S and organic contaminant behaviour that 

are pertinent to the thesis subject. This includes the long term stability and durability of S/S 

materials, the behaviour of organic contaminants within S/S materials, and the mechanisms 

by which organic contaminants can be stabilised within S/S materials.

2.2 Challenges and problems associated with the immobilisation o f  
organic wastes in S/S matrices

Stabilisation/solidification has traditionally been used to immobilise inorganic contaminants 

such as heavy metals in waste materials and soils. This is in part because metals cannot be 

destroyed by remedial techniques, and one of the best remaining options for reducing their 

environmental impact is to immobilise them and reduce the release into the environment. 

Heavy metals can be immobilised using S/S binders, such as OPC and lime, through a wide 

variety of fixation mechanisms. These include pH control, precipitation, bonding to an 

insoluble substrate, sorption, encapsulation and others (O’Connor, 1990).

Wastes or soils containing organic contaminants are typically treated through destructive 

methods such as biodegradation, chemical oxidation or thermal treatment. As a result any 

long term concerns over the fate of the contaminants are not relevant. Soils and wastes 

containing even low concentrations of organic contaminants have been reported as interfering 

with cement hydration reactions; this can affect the setting time, the strength development 

and the durability of the stabilised material (Sheffield et al (1987), Pollard et al (1991)).

Hills et al (1995) found mixed results during the investigation of the effects of seven organic 

compounds on cement behaviour. They investigated the effects of ethylamine, nitrobenzene, 

tetrachloroethylene, formaldehyde, sodium acetate, phenol and pentachlorophenol. These are 

organic compounds with different functional groups (e.g. the functional group for phenol is -  

OH). They found that setting of the cement could be accelerated or retarded by the addition 

of organic compounds, and that the strength of samples was reduced. However they did not
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find any significant effects on hydration of the cement or differences in the microstructure at 

28 days. Despite this, significant leaching of the organic compounds was observed, which 

underlines the necessity of using additional controls when stabilising organic contaminants.

Many organics are persistent, relatively stable compounds and do not combine with the 

components of a hydrating cement to form salts, precipitates, or other species. They remain 

free and are not fixed chemically within the S/S matrix (Hills et al (1995)). As such S/S 

treatment with OPC alone has not traditionally been used.

2.3 Solutions and development o f  S/S processes to treat organic 
contaminants

Many contaminated sites have mixtures of metallic and organic contaminants, or site 

conditions do not lend themselves to the use of traditional organic contamination remedial 

methods. Therefore, S/S binder mixes and technology have been developed to meet this 

demand. This includes development of different admixtures or pre-adsorption of 

contaminants prior to cement based solidification, as well as more novel approaches.

Mulder et al (2001) examined the S/S of sieve sand and dredging sludge containing PAHs. 

They carried out stabilisation experiments to examine if the PAHs could be fixed by two 

additives (one was a clay modifier the second was an adsorbent) without using any hydraulic 

binders. The additives were dosed into the sieve sand and dredging sludge at 0, 1.5, and 3% 

by weight. During granular leach tests they found that the additives could reduce the leaching 

of PAHs by up to a factor of 10 in comparison to the untreated material. Further solidification 

tests were carried out by mixing the contaminated materials with cement and doses of the 

adsorbent additive. Monolith leach tests were carried out. These showed that use of the 

adsorbent significantly reduced the amount of PAHs leaching from the sample when 

compared to the cement only treated sample.

Arafat et al (1999) investigated the immobilisation of phenol in cement based S/S systems, in 

particular the role of activated carbon. They investigated the kinetics of phenol adsorption to 

regenerated and virgin activated carbon as well as the impact of subsequent cement base S/S 

treatment. They found that the adsorption of phenol was fast and that a single mixing stage of 

the activated carbon, cement and soil may suffice. They also found that encapsulating the 

activated carbon (with the phenol already adsorbed) in a fine coating of cement significantly 

reduced desorption of phenol when compared to the desorption from activated carbon without
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the cement coating. This indicates that solidifying the pre-adsorbed contaminants aids the 

immobilisation with the S/S matrix.

Montgomery et al (1991) investigated the immobilisation of three liquid industrial wastes 

containing up to 12 % organic carbon in cement systems. The organic compounds in the 

liquid wastes were first adsorbed onto quaternary ammonium salt exchanged clay (QAS-clay, 

known as organoclays) before being solidified in a cement matrix. QAS-clay provides an 

interface between the organic compounds and the OPC matrices. The material produced was 

shown to have adequate strength and low levels of organic carbon in the leachate following 

testing. They also found that increased curing times, from 7 days to 28 days, improved the 

strength and leaching characteristics of the material. Cement mixed with the liquid wastes, 

with no pre-adsorption to the QAS-clay, produced a material that would not set, even after 28 

days of curing. This was due to the organic compounds in the liquid wastes inhibiting the 

hydration of the cement.

Leonard and Stegemann (2010) examined the S/S of petroleum drill cuttings using OPC and 

high carbon fly ash (HCFA). The drill cuttings contained significant amounts of organic 

compounds (up to 6.7 % by dry mass) including aliphatics (e.g. straight chain organics such 

as hexadecane) and aromatics (compounds containing at least one benzene ring). The found 

that mixing the drill cuttings with OPC at waste to binder ratios of 1:4 and 3:2 significantly 

reduced the strength of the S/S material, in comparison to the OPC only control sample. 

However they also found that replacement of 50 % of the OPC with HCFA resulted in the 

drill cuttings having a less significant effect on the sample strength and permeability when 

compared with using OPC alone. In a related study (Leonard and Stegemann (2010b)) using 

the same materials and binders, the authors investigated the leaching of the stabilised 

material. They used a distilled water batch extraction leach test (on sample ground to <4 mm 

at a liquid to solid ratio of 10:1) and found that treating the drill cuttings with OPC alone was 

not effective at reducing the leaching of hydrocarbons. However, partial replacement of the 

OPC with HCFA significantly reduced the release of hydrocarbons. The resulting 

concentration leached from the OPC:HCFA treated material was more than 10 times lower 

than the release of hydrocarbons from material treated by OPC alone. Their results suggest 

that the HCFA is able to sorb some of the organic contamination to prevent leaching.

More novel approaches to dealing with organic contamination in S/S systems include 

degradation of the organics. For example, Harbottle and Al-Tabbaa (2007) investigated the
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degradation of 2-chlorobenzoic acid in S/S soil systems. Successful implementation of this 

approach would allow for short term immobilisation of contaminants followed by longer term 

degradation. They found that microorganisms were able to survive for extended periods of 

time within cement soil system. They also observed reductions in 2-chlorobenzoic acid 

within the stabilised material but were not able to link this directly to microbial degradation.

2.4 Adsorption o f  hydrophobic organic contaminants and its role in 
immobilisation in S/S matrices

The requirement for S/S technologies that are capable of treating wastes and soils containing 

organic contaminants has been established. As outlined in the previous section, one of the 

more common approaches used is the use of adsorbent additives in the treatment process. 

This can reduce the effect of the organic compound on binder hydration, and lock the 

compound within a solidified matrix to prevent leaching. One technique used is the addition 

of the adsorbents as a pre-treatment stage (for example, Arafat et al (1999), Montgomery et al 

(1991)). The problem with this approach is that it requires a two stage mixing process. This 

could be costly and time consuming on site. Another approach is to develop binder 

formulations containing adsorbents that can be applied directly to the material in one mixing 

stage (for example Mulder et al (2001), Leonard and Stegemann (2010)). This section 

reviews the literature in relation to adsorption of organic compounds to natural media and 

PFA, a material that is commonly used as S/S binders.

2.4.1 Adsorption o f organic compounds to natural soils and sediments

Soil and sediments consist of a complex mixture of constituent parts. One of the key 

components of soils is the natural organic matter (NOM), sometimes referred to as soil 

organic matter (SOM). The NOM in soil is the dominant controlling factor for the adsorption 

of hydrophobic organic compounds; such as PAHs (Ran et al, 2003).

Topsoil typically contains 1 % and 8 % organic matter. Subsoil in the vadose zone (the 

unsaturated subsoil zone) typically contains 1 % to 10 % organic matter (Dragun, 1998). The 

NOM found in soils can be extremely complex mixtures of organic chemicals, with a wide 

range of molecular masses and varying degrees of polarity. A detailed list of the naturally 

occurring organic chemicals found in soils can be found in Dragun (1998).
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The affinity of PAHs to the hydrophobic sites of NOM is thought to play an important role in 

their environmental transport/immobilisation. A significant dissolved NOM phase within the 

groundwater can increase the solubility of PAHs. This would potentially facilitate the 

transport of the PAHs through the groundwater, attached to the dissolved or particulate 

NOM. In contrast, if the NOM is associated with the soil then PAHs can be adsorbed to the 

hydrophobic sites and their transport through the environment will be retarded (Kordel, 

1997).

Rivas et al (2008) studied the adsorption of several PAH compounds to soil containing 4.58 

% organic carbon. They investigated the kinetics of the reaction, and found them to be very 

fast; almost complete within 10-20 minutes. They observed an initial fast period of 

adsorption, which was due to the PAH compounds adsorbing to the more accessible sites 

within the soil. They also found that increasing the concentration of soil used in the kinetic 

tests resulted in this initial stage becoming faster. This was due to there being additional, 

readily available sites for adsorption. They also observed the adsorption equilibrium 

conditions by carrying out batch tests. They found that NOM is released from the soil into the 

solution during the test. This resulted in the PAHs binding to the dissolved organics and 

remaining in the aqueous phase, instead of binding to the sorbent.

Ran et al (2003) investigated the adsorption of several hydrophobic organic contaminants 

(HOCs). The sorbents were an aquifer sandy material with a low organic carbon (0.021 %) 

and the NOM extracted from the aquifer material using an acid digest method. They carried 

out adsorption equilibrium experiments and normalised the results for the carbon 

concentration of the adsorbent material used. They found that the isolated NOM had a greater 

carbon normalised adsorption capacity than its parent material. They suggest that this is due 

to the isolated NOM having more accessible adsorption sites due to the removal of the 

mineral fraction present in the aquifer material.

2.4.2 Adsorption o f organics to PFA

PFA is one of the most widely used additives in S/S processes and numerous examples of its 

use have been published (For example, Li et al (2001), Qiao et al (2006), Leonard and 

Stegemann (2010), Moon and Dermatas (2007), Yates and Gush (2005)).

It has previously been suggested that PFA may be able to sorb organic contaminants during 

S/S processes resulting in contamination being immobilised to a greater extent (Leonard and
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Stegemann (2010), EA (2004)). PFA has been used as a low cost adsorbent for removal of 

heavy metals, inorganics and organics from waste water for a number of years. Details of the 

use of PFA as a low-cost adsorbent are given in a review by Wang and Wu (2006).

Low and Batley (1986) examined the adsorption of six PAH compounds onto fly ash samples 

obtained from the combustion of bituminous coal. The found that the amount adsorbed to the 

fly ash increased as the size of the PAH molecule increased. Their results also showed a 

linear relationship between the carbon content of the PFA (adjusted by partial combustion in 

a laboratory furnace) and the amount of PAH adsorbed. They also compared the adsorption to 

a second PFA sample. They found that sample 1 adsorbed more than sample 2, despite 

having lower carbon content. Their findings showed that the adsorption of PAHs was 

regulated by the number of accessible carbon sites, rather than the total carbon content of the 

sorbent.

Baneijee et al (1995) examined the sorption of several groups of organic compounds by fly 

ash in single solute systems. The compounds tested included alcohols (e.g. methanol), 

aromatics (e.g. o-xylene) and ketones (e.g. acetone). PFA samples were obtained from 

several coal fired power stations in the USA. Their results show a strong correlation between 

the adsorption capacity and the fly ash carbon content. The other major chemical constituents 

of fly ash -  such as Si02 -  did not correlate well with the adsorption capacity. They 

determine that the adsorption of the organic compounds to fly ash occurs via Van der Waals 

forces; specifically, dispersion forces.

Konstantinou and Albanis (2000) examined the adsorption and desorption of selected 

herbicides to fly ash and soil mixtures. The herbicides had molecular masses ranging from 

187.3 g/mol to 230.0 g/mol, and water solubility ranging from 8.6 mg/L to 856 mg/L. The 

desorption test method -  using water, and then acetone, showed that the adsorption of the 

herbicides was fairly reversible. They conclude that the adsorption of herbicides to fly ash 

occur principally via London forces or dispersion forces. These types of forces are 

characteristic of physical adsorption processes.

2.5 Demonstrations o f  the S/S o f  organic contaminants at full scale 
site remediation

Treatment of wastes containing organic contaminants has now been demonstrated at a large 

number of remediation sites. For example Evans (2005) reports on a full-scale remediation
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project that involved the stabilisation of soils containing high levels of organic contaminants. 

The main contaminants of concern at the site, (located in Dublin, Ireland), were benzene, 

phenol, naphthalene and benzo(a)pyrene. The in-situ treated soil was tested for its leaching of 

the contaminants of concern, and its geotechnical properties. The treated material was able to 

meet all of the specifications for leaching (as determined by risk assessment), permeability 

and geotechnical properties. The binders and ratios used in the work are not reported in the 

study.

Three case studies are given by Fieri et al (2005). The case studies examine S/S applications 

at three manufactured gas plants (MGPs) in the USA. The MGPs historical activities resulted 

in wide ranging contaminants at the site; these included semi-volatiles (such as PAHs and 

phenol), volatiles (such as benzene) and inorganics (various heavy metals and cyanide). At all 

three sites in-situ S/S was used to remediate the contaminated land. Blends of OPC (between

6.5 % and 15 % by weight of soil) and bentonite (between 0 and 0.5 % by weight of soil) 

were used as additives, the precise blend depending on the contaminated soil type (sand, peat 

or clay). Analysis of samples taken during the remediation projects showed that the 

regulatory requirements for contaminant leaching and sample strength were met. Further 

assessment of one of the sites, 10 years after the remedial work, showed that the solidified 

mass was still in excellent condition. In addition, no statistically significant leaching of MGP 

related contaminants were detected in the ground water around the site.

2.6 Durability and long term behaviour o f  S/S treated materials

Uncertainty of the durability and rate of contaminant release is one of the factors that have 

contributed to the previously low uptake of S/S in the UK (Bone et al, 2005). A number of 

researchers in the field have highlighted the lack of data on the long-term behaviour and 

durability of S/S materials, particularly material that has been kept in an open system 

environment i.e. open to the effects of the environment (Harbottle et al (2005), Klich et al 

(1999)). The issue of long term behaviour and durability is now being tackled and several 

examples of research are available.

Al-Tabbaa and Boes (2002) investigated an in-situ stabilised contaminated soil 5 years after 

the process was completed. The testing used to assess the condition of the treated material 

included strength, permeability, ffeeze-thaw and wet-dry durability, leaching and 

microstructural analysis. The physical and chemical properties of the material, exposed to a
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range of natural environmental conditions, showed the treatment to be generally effective, in 

terms of the originally imposed design criteria. No serious signs of deterioration due to aging 

were visible. The site soil consisted of made ground, and sand and gravel. It was 

contaminated with various heavy metals and organic compounds including mineral oil and 

paraffin hydrocarbons. Various mixes were trialled on the site; these were made up of OPC, 

PFA, lime and bentonite in various ratios. The binder additions to the soils ranged from 

around 10 % up to 17%.

Antimir et al (2010) carried out investigations into the long term performance of S/S samples 

recovered from full scale operations in the USA and UK. Samples from seven sites were 

tested, the oldest of which was stabilised 16 years prior to the sampling and testing. The 

materials recovered from the sites contained a wide variety of contaminants including 

inorganics (e.g. sulphuric acid), metals (e.g. As and Pb) and organics (PAH, TPH and PCB). 

A wide range of analysis of the treated material is presented, including microstructural 

analysis (e.g. X-ray diffraction (XRD), X-ray fluorescence (XRF) and scanning electron 

microscopy (SEM)), physical tests (unconfined compressive strength (UCS) and 

permeability) and leaching. They found that the S/S samples generally met their original 

acceptance criteria for UCS and permeability testing (not all sites had acceptance critera). 

They also found that the release of contaminants was within the specified limits, suggesting 

that the contaminants are adequately immobilised over an extended period of time.

A study carried out by Kilch et al (1999) observed a number of materials that had been 

archived in laboratories, stored outside or buried on site. The materials were contaminated 

with toxic metals and were treated with OPC. The subsequent degradation of the samples was 

analysed using petrographic techniques such as optical and electron microscopy. Degradation 

of the samples after 6 years was considered slight to moderate, and the monolith of treated 

waste stored outdoors showed abundant cracking. The cracking was shown to consist of 

planar macrovoids up to 1 m in length and 1-5 mm in width, and macroscopic vertical cracks. 

Microscopic and submicroscopic cracks were also observed within the cement paste, or in 

association with aggregates of cement and waste. Some of the cracks were observed to be 

filled or lined with silica gel, ettringite, or microcrystalline calcite. The physical and chemical 

alterations observed included freeze-thaw, carbonation, alkali-aggregate reaction and sulphate 

attack. The authors also note that S/S treated materials were vulnerable to the same physical 

and chemical degradation processes as concrete.
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Although data is now forthcoming regarding the performance of aged S/S materials in-situ, 

there is still the issue associated with predicting the behaviour and long term performance of 

new S/S materials. It is impossible to be certain over the performance and durability of a 

particular material until it has been produced and is in place. This is partly due to the 

complexity of many waste types. Some wastes contain a variety of contaminants; these may 

interact with each other, with the substrate material (e.g. soil), with the binders used and with 

the environment. As such it is typical practice to carry out treatability studies to provide 

information on the short term characteristics of the treated material. Treatability studies can 

encompass a wide range of testing and can provide information that can subsequently be used 

to predict longer term performance. However, the properties of the treated wastes change 

over time, therefore the accuracy of the measurements taken after 28 days of curing are 

unlikely to be the same several years later (Fitch and Cheeseman, 2003). One approach is to 

use the short term data in models to predict the longer term performance of treated materials. 

Some of the measures used to assess the performance and behaviour of S/S materials are 

considered in the following sections.

2.6.1 Leaching behaviour o f organic contaminants in S/S matrices

One of the key parameters used to assess the success and durability of an S/S process is the 

rate of contaminant release from the S/S material. This is commonly referred to as leaching. 

Leaching tests are often used to define a treated materials’ resistance to release of compounds 

to the environment, and as such is used as a measure of the degree of contaminant 

immobilisation. In order to evaluate the success of a full scale S/S treatment, consideration of 

the release of contaminants from the material, transport through the environment and the 

impacts on human health or the environment should be considered (Batchelor, 2006). Using 

this methodology, assessment of the release of hazardous contaminants through leach tests 

can give an idea of their subsequent concentration in the environment and their potential 

effects.

There are a wide variety of leaching tests. These have been developed to assess various 

aspects of contaminant release. Some of these tests are based on ‘worst case scenarios’ (such 

as the toxicity characteristic leaching procedure (TCLP)) while others aim to simulate 

environmental conditions (such as monolithic tank tests). The different types of leaching tests 

commonly used for S/S materials can generally be split into two groups; firstly, granular 

leach tests where the material to be tested is crushed and agitated in solution, and secondly,
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semi-dynamic monolith tests where samples are tested as blocks in a solution that is regularly 

renewed.

Al-Ansary and Al-Tabbaa (2005) used the national rivers authority (NRA) leach test to 

examine release of chlorides and hydrocarbons from S/S treated synthetic drill cuttings. The 

test involves reducing particle size of the sample to less than 5 mm and agitating the sample 

with deionised water (1 part sample to 10 parts deionised water) for 24 hours. The results 

indicate that the S/S process was only partially successful in immobilising the contaminants. 

Concentrations of oil in the NRA leachate ranged from 25 mg/L to 2,730 mg/L, and exceeded 

the level required by the regulatory authority (0.5 mg/L).

Karamalidis and Voudrais (2007) investigated the leaching of alkanes and PAH compounds 

from S/S treated oil refinery sludge. The sludge was treated with two different type of cement 

at addition rates between 10 % and 70 % by weight. They used a static leaching test where a 

finely ground sample was agitated in deionised water (at a ratio of 1:10) for 18 hours. Based 

on the release of the hydrocarbons during the leach test they found the S/S process to be 

ineffective. The release of hydrocarbons from samples stabilised with either of the cement 

types actually increased in comparison to the untreated sludge.

Tiruta-Bama et al (2006) studied the leaching of naphthalene and phenanthrene (PAH 

compounds) and several inorganic ions from spiked cement based materials. They monitored 

the leaching behaviour of the compounds using a dynamic monolith leaching test (DML, 

based on standard method NEN 7345). The DML test involves immersing a monolith sample 

of known size into an aqueous solution. The solution is replaced at set intervals and the 

leachate analysed for the release of the compounds of interest. The standard method was 

modified to extend the overall time of the test and to use different leaching solutions. The 

DML test enabled the authors to get information about the kinetics of naphthalene and 

phenanthrene leaching over a long period (up to 17,000 hours) and to determine the different 

mechanisms that control the leaching at each stage. They found that the initial leaching of 

naphthalene and phenanthrene is due to dissolution and diffusion of the readily available 

PAHs already dissolved in the pore water at the start of the test. This is followed by a longer 

low level release that is due to diffusion through the micro-porous structure.

Qiao et al (2006) used a modified monolith tank leaching test to examine the transfer 

mechanisms of heavy metals in cement treated synthetic sludge. Monolith samples were
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immersed in a leaching solution and the solution was regularly renewed (renewed after 4, 24, 

31, 72, 104 and 168 hours). They used a modified version of the test to examine the migration 

of different metals within the sample during the leaching. They found that dissolved metals 

leach from the monolith into the leaching solution by diffusion towards the outside of the 

sample and accumulation in a zone close to the sample surface where the pore water changes 

pH. They found that the leached surface of the S/S waste is porous and forms a shell that is 

weakly adhered to the rest of the s/s material. This is represented schematically in Figure 2-1.

Accumulation zone Transfer zone
, A  ----------------.A._________

Leached hea' 
metal

Alkali
(Ca)

Unleached zoneLeached zone

Figure 2-1 Schematic showing the leaching mechanism of heavy metals from S/S waste forms (Qiao et al,
2006)

Leoni et al (2007) investigated the leaching of 2-chloroaniline (an aromatic amine) following 

adsorption to an organoclay and solidification using OPC. They used monolith samples of the 

subsequent treated material in a DML tests. The sample was suspended in deionised water; 

the water was regularly replaced (daily for the first week, twice the second week, once a 

week until week six and then monthly). In total the leach test was run for 14 months. 

Following the long term leaching test the samples were cut into sections for further chemical 

and microstructural analysis, as leaching tests alone do not give information on pore structure 

and chemical changes that may have occurred. The results of the DML showed that after 14 

months 12 % to 30 % of the 2-chloroaniline could be leached from the sample, depending on 

the amount of binders used, based on a starting concentration of 25,000 ppm (by weight). In 

comparison, 100 % of the 2-chloroaniline was leached when no organoclay was used as a 

pre-adsorbent in previous work (Sora et al, 2002). Analysis of the samples subjected to the 

long term leach test showed that the mineral composition had been modified. The authors 

observed a well-defined leaching boundary at a depth of several mm from the sample surface,

31



in which there was a phase composition gradient, e.g. calcium concentrations in this region 

were much lower than the rest of the sample.

Examining the existing literature shows that the type of leaching test used is in the 

assessment of S/S materials is important. Single stage, granular leach tests can be used as a 

simple method to assess S/S materials against national requirements or site remediation 

criteria but they do not give much detail on the leaching behaviour. They can also be used to 

show the worst case scenario in terms of leaching but are probably not realistic or 

representative of disposal scenarios. The results of Karamalidis and Voudrais (2007) 

demonstrate this. The granular agitated leach test on the cement stabilised oil refinery sludge 

increased the leaching of hydrocarbons rather than decreased them relative to the leaching 

from the untreated sample. This result is not surprising in light of the literature reviewed. 

Several researchers have shown OPC alone to be ineffective at immobilising organic 

compounds. Hydrocarbons such as PAHs and alkanes are not expected to have any 

interaction with the cement hydration phases, and so if the S/S material is ground to a fine 

powder then it cannot rely on the solidification of the matrix and encapsulation to reduce 

leaching of the hydrocarbons. In such a case a monolith based dynamic tank test may be 

better to assess the release.

The review of the literature shows that DML type tests are commonly used to assess the 

ability of S/S processes to immobilise organic compounds. These types of test can provide 

information on the type of mechanisms that control the leaching e.g. diffusion or surface 

dissolution, and give an indication of the long term release of contaminants. They cannot be 

used to determine if immobilisation is chemical or physical, or determine the chemical 

changes that may occur within the material. As such it may be better to use a combination of 

tests. Bone et al (2005) identified a combination of a pH dependent leaching test and a 

dynamic monolith leach test as a suitable combination to derive the needed parameters for 

impact assessment modelling. Similarly Tiruta-Bama et al (2006) also used an acid 

neutralisation capacity (ANC) test along with the long term DML test to gather information 

on the performance of cement based S/S of naphthalene and phenanthrene. They used this 

data to support the development of a leaching behaviour model. Mulder et al (2001) used a 

granular leach test to examine the leaching of PAHs that had been adsorbed to a pre- 

adsorbent material. The adsorbent was then stabilised with cement and subjected to a DML 

type test. This type of approach, using two leaching tests, enables investigation of the roles
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played by stabilisation (i.e. adsorption) and solidification (i.e. encapsulation in a cement 

matrix).

At present the author is not aware of any data on leaching of contaminants from aged S/S 

materials using long term dynamic leach tests. The leaching tests carried out on samples 

recovered from sites have tended to be short term, single stage granular tests (Fieri and 

Whetstone (2005), Antimir et al (2010) Al-Tabbaa and Boes (2002)).

2.6.2 Unconfined compressive strength o f S/S wastes

The long term release of contaminants is one of the key factors for assessing the performance 

and durability of S/S wastes, as outlined in the previous section. However, leaching tests 

alone cannot be used to assess the success of S/S processes in treating wastes. There are 

many different tests and methodologies that can be used to assess S/S materials. A parameter 

commonly used to assess S/S treated wastes is UCS. Measuring the UCS can give an 

indication of the material durability, as a stronger waste form will tend to retain its integrity 

better and is less likely to degrade into smaller particles than a weaker material (Batchelor, 

2006). The UCS of cementitious materials is dependent on the quality of the pore structure. 

This in turn is affected by the kind and quantity of binder hydration products forming the 

pore structure (Zivica, 1997). Therefore, if more hydration products are formed, the pore 

space will be filled and it will result in a stronger material. It has previously been noted that 

contaminants can affect the hydration of binders and hence the formation of the pore 

structure. For example Tiruta-Bama et al (2006) found that OPC containing 5 % naphthalene 

(by mass) had more large pores than OPC containing 1 % naphthalene (by mass) and the 

control material.

The UCS parameter is also widely utilised to measure the effect of wastes on binders and the 

rate of hydration reactions. Leonard and Stegemann (2010) used the UCS parameter to 

examine the S/S treatment of petroleum drill cuttings. They compared the strength of the 

binders with increasing waste additions as well as testing the mixes at different curing times 

to give an indirect indication of binder hydration. Their results showed the detrimental effect 

of increased waste additions to the binder. They also showed that increased curing times from 

7 to 56 days resulted in increased strengths; an indicator that the hydration reactions were on 

going. They found UCS values ranging from 1.7 MPa to 36.3 MPa after 7 days of curing and
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from 4.7 MPa to 44.5 MPa after 56 days of curing. The higher strength values were achieved 

for the lowest waste to binder ratios

Mulder et al (2001) pre-mixed sieve sand and dredging sludge containing PAHs with an 

adsorbent, they then mixed the material with cement. UCS was used as a parameter to 

examine the subsequent solidification of the material. They were able to achieve compressive 

strengths ranging from 1.1 MPa to 5.2 MPa, depending on binder additions.

Al-Tabbaa (1998, 1998b, 2000 and 2002) has reported on the UCS of samples taken from a 

S/S treated site in a series of publications. The contaminated soil was stabilised in-situ. Cores 

of the material were recovered and UCS was used as a method of examining the aged 

material 0.2, 1.2, 2.4 and 5 years after treatment. The UCS obtained were compared to 

examine the effects of aging, the different binder mixes used, and were compared to the 

original design criteria. After 5 years of curing in-situ, the UCS of the samples taken ranged 

from 1.2 MPa to 6.1 MPa. They were found to vary due to the different mixes used, the 

different mixing techniques used on site and the type of substrate soil (made ground or sandy 

and gravel).

Measurement of UCS after immersion of the samples in water can be carried out to check for 

chemical hardening of the treated wastes as opposed to just drying the samples (Stegemann, 

2006), or false set (Hills et al, 1993). In addition, the long term immersion of cement based 

materials in water can have a significant impact on the pore structure and hence the UCS. 

Bishop et al (1992) found that leaching tests on a solidified material resulted in a pore 

structure with significantly higher pore volume and a greater number of larger pores. This 

was primarily due to the leaching of Ca(OH)2.
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3 Analytical techniques

This section deals with the techniques and methods used to analyse the samples generated 

during the experiments carried out. For example, how the water samples from leachate testing 

or adsorption isotherm testing were processed and analysed for quantification of organic or 

inorganic compounds. However, testing methodologies and procedures are presented with the 

results chapters e.g. the leaching test methodology and theory is presented prior to the results 

and discussion of the leaching test.

3.1 Gas chromatography m ass spectrometry

Gas chromatography mass spectrometry (GC MS, sometimes referred to as gas liquid 

chromatography mass spectrometry, GLC MS) is a powerful tool for the analysis of volatile 

and semi-volatile organic compounds. In this study it has been used to split complex mixtures 

of organic compounds, in contaminated soil and water, in order to identify and quantify them. 

A Perkin Elmer Clarus 500 GC MS with automated sample injection was used to analyse 

samples for organic compounds, as shown in Figure 3-1.

Automated
Injector

MS GC

Figure 3-1 Picture of Perkin Elmer GC MS system used in this research

Perkin Elmer TurboMass software was used to process samples and data. A Thames Restek 

GC Rxi-5ms silica fused capillary column was used (with 5% diphenyl 95% dimethyl 

polysiloxane stationary phase) as recommended during consultation with the manufacturer. 

The following sections deal with the general principles of GC MS analysis, solid and liquid 

sample preparation as a precursor to GC MS analysis, the conditions used for the 

experimental work presented and how the GC MS results were interpreted and quantified.
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3.1.1 General principles of gas chromatography mass spectrometry

GC involves the injection of a vaporised sample into a stream of inert gas (helium). The gas 

carries the sample into a chromatography column. The inside of the column is lined with a 

liquid stationary phase that interacts with the sample. Different levels of adsorptive 

interaction between the sample compounds in the gas stream and the stationary phase leads to 

a separation of the compounds. The separation process is also helped by heating the column. 

The individual compounds are then carried through the column to the MS detector. A 

capillary column is shown inside a GC oven in Figure 3-2.

GC Column Entry

GC Column 
Exit to MS GC Capillary Column

Figure 3-2 View inside GC oven showing capillary column

The compound entering the MS is bombarded by a high energy electron beam which can 

cause the compounds to fragment and become ionised; a schematic of the electron impact 

ioniser is shown in Figure 3-3. The electron beam is focused by the electron trap opposite the 

filament and the fragmented ions are forced out of the ionisation unit by the ion repeller and 

are focused by a series of lenses. The fragmented ions then go through a quadrapole (an 

arrangement of four electromagnets). The path taken by the ion through the quadrupole 

depends on the mass charge ratio (m/z) of the fragmented ion (the units of which are Daltons, 

Da) and the quadrupole settings (the mass spectrum software can be used to control which 

m/z range the quadrupole will allow to go through by adjusting the voltage through the 

electromagnets). Any fragments outside the specified m/z range will not be detected. The 

benefit of this is increased sensitivity to the compounds of interest.

36



Electron
Trap

Analytical Quads

Lens

•€>
Ion

Repeller

Ions

Sample
Molecules Electrons

Filament;

Figure 3-3 Schematic diagram of electron impact ioniser (Perkin Elmer Clarus 500 MS tutorial manual
pg 264)

The GC splits the mixture into its component parts. The MS determines a ‘fingerprint’ of the 

compound by splitting it into charged ions. Figure 3-4 shows a section of the chromatograph 

produced by running a sample containing a mixture of compounds. Three organic compounds 

can be seen eluting from the GC column at 13.08 (acenaphthene), 14.00 (dibenzofiiran) and 

15.78 (fluorene) minutes. Due to the molecular weight, atomic arrangement and interaction 

with the stationary phase in the GC column the different compounds elute from the GC at 

different times.

Now consider Figure 3-5. This shows the mass spectrum of the compound acenaphthene 

exiting the GC column around 13.08 minutes, as shown in Figure 3-4. A series of red lines of 

varying sizes can be seen in the mass spectrum; these represent the fragmented ions (that 

reached the detector) that make up the overall compound. Individual compounds will have 

their own unique mass spectrum enabling comparison and identification of unknown 

compounds. The largest of the red lines is known as the characteristic mass/charge ion.
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Figure 3-4 GC chromatograph showing a mixture split into individual compounds
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Figure 3-5 MS spectrum showing the mass/charge ‘fingerprint’ of the compound

Qualitative analysis is possible by using the data generated by the mass spectrum. 

Comparison of the generated spectrum with a library containing a large number of mass 

spectrums of known compounds is possible using the NIST (National Institute of Standards 

and Technology) software provided with the GC MS instrument.

3.1.2 Solid sample processing -  accelerated solvent extraction

In order to get solid samples into a form where they could be analysed by GC MS they first 

needed to be processed. Soxhlet extractions have commonly been used for this purpose, this 

involves washing the solid sample in heated solvent. However it is a time consuming process 

that requires relatively large amounts of solvents. Accelerated solvent extraction (ASE) is one 

technique that is rapidly becoming popular for sample preparation due to the quick sample
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processing time and reduced amounts of solvents needed. Samples are heated and pressurised 

in a steel cell into which solvent is pumped. After a stationary period the solvent is flushed 

out of the cell into a collection bottle. The temperature, solvents, extraction times and number 

of cycles are computer controlled, making the method flexible. Many researchers in the area 

have found that the performance of ASE to be suitable for extractions of various organic 

compounds from a wide range of environmental media (Richter, 2000, Li et al, 2003, Ran et 

al, 2007). An undergraduate final year dissertation project was carried out within the Cardiff 

University CLEER facility to examine the extraction of PAHs from a contaminated soil 

sample (Purse, 2006). The extraction of 16 PAH compounds using a Soxhlet method was 

compared with the extraction using the Dionex ASE 100 equipment. The Soxhlet method 

used 300 ml of a 1:1 (v/v) mixture of dichloromethane (DCM) and acetone. The sample was 

processed for 24 hours with 4 - 6  cycles/hour. The ASE method was a single extraction at 

100 °C, the pressure was set at 1500 psi and the extraction time was 5 minutes. The results 

showed the two extraction methods to be comparable for the 16 PAH compounds. However 

the ASE method used approximately 50 ml of solvent and took 5 minutes in comparison to 

the 300 ml and 24 hours for the Soxhlet method.

The equipment used in the present study was the Dionex ASE 100. The method for extraction 

of the organic compounds was based on the procedures set out in Dionex application note 

313 ‘Extraction of PAHs from environmental samples by accelerated solvent extraction’ and 

that used by Purse (2006). All of the ASE extractions and subsequent analysis were carried 

out by the author. The procedure used was as follows:

1. Weigh an appropriate amount of sample into a small glass beaker (1-10 g 

depending on degree of contamination) on a 4 d.p. balance

2. Add Na2SC>4 (anhydrous laboratory grade) to the sample and mix until a dry 

granular flowable material is obtained (approx 10-15 g)

3. Place a filter in the base of a 34 ml capacity steel extraction cell

4. Pour the sample mixture into the cell

5. Switch on the ASE unit oven to pre-heat

6. Place a clean 250 ml glass sample bottle with a septum cap in the receptor 

position of the ASE unit
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7. Place the extraction cell inside the oven when the oven has reached the correct 

temperature

8. Start the run with the specified conditions

9. The ASE unit pre-heats the sample to the specified temperature and for the 

specified time

10. The ASE unit pumps solvent into the cell and applies pressure. The static time 

defines how long the solvent remains in the cell

11. The solvent is collected in the sample bottle and the extraction cell is purged with 

nitrogen. A final flush of solvent takes place to rinse the sample and cell

12. When the run is complete the glass bottle contains the solvent and organic 

compounds that have been extracted (typically around 50 ml)

13. Transfer the extract to a smaller vial (15 ml) and evaporate on a heating block at 

35 °C under a gentle stream of nitrogen to assist evaporation and prevent 

oxidation. This concentrates the analytes in the solvent

14. After reduction of the sample volume transfer it to a volumetric flask (typically 25 

ml) and add fresh solvent until the volume is correct

15. During the process rinse any glassware (e.g. original collection bottle and 

evaporation vial) that is used to hold the sample with solvent and add to the 

sample to ensure everything has been collected

16. Transfer a 1 ml aliquot of the sample into a small vial and seal, ready for analysis 

using the GC MS

The conditions under which extractions took place are shown in Table 3-1 for PAH 

compounds (based on Dionex application note 313 ‘Extraction of PAHs from environmental 

samples by accelerated solvent extraction’) and Table 3-6 for TPH compounds (based on 

Dionex application note 338 ‘Extraction of total petroleum hydrocarbon (diesel and waste oil) 

contaminants in soils by accelerated solvent extraction).

It should be noted that the methods discussed above for the extraction of organic compounds 

from soil samples involves some hazardous chemicals and procedures. As such, a risk 

assessment was carried out and approved before any work took place. An up to date copy of

40



the risk assessment was kept in the laboratoiy at all times. The relevant section of the risk 

assessment in shown in Appendix B.

Table 3-1 ASE conditions for extraction of PAH compounds from soil

Sample size (g) 5-10

Oven heat up time (min) 5

Oven static time (min) 5

Oven temperature (°C) 100

Pressure (psi) 1500 (10.34 MPa)

Solvents^ DCM : Acetone (1:1, v/v)

Flush volume (% of cell capacity) 60

Nitrogen purge pressure (psi) 150(1.03 MPa)

Nitrogen purge time (min) 1
♦High performance liquid chromatography grade solvents

Table 3-2 ASE conditions for extraction of TPH compounds from soil

Sample size (g) 5-10

Oven heat up time (min) 8

Oven static time (min) 5

Oven temperature (°C) 175

Pressure (psi) 1500(10.34 MPa)

Solvents^ DCM/Hexane : Acetone (1:1, v:v)

Flush volume (% of cell capacity) 75

Nitrogen purge pressure (psi) 150(1.03 MPa)

Nitrogen purge time (min) 1

♦High performance liquid chromatography grade solvents

In order to test how effective the ASE system was a contaminated soil sample was processed 

in the CLEER facilities using the method previously described and the conditions in Table 

3-1. The results are shown in Figure 3-6 where the x-axis shows the extraction number the 

same sample was subjected to and the y-axis shows the amount of PAHs recovered from the 

soil at each extraction. The combined concentration of all the PAH compounds after four 

extractions was 6005.13 mg/kg (based on wet weight of soil). After just one extraction
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procedure 5010.92 mg/kg of PAHs were recovered from the soil which accounts for 83.44 % 

of the total PAHs recovered after the four extractions. After a second extraction procedure a 

further 872.26 mg/kg was recovered which accounts for a further 14.53 % of the recovered 

PAHs after the four extractions are combined. Therefore the first two extractions recover 

97.97 % of what can be considered the practicably recoverable PAHs. Further extractions 

recover 101.17 mg/kg and 20.79 mg/kg of PAHs which contribute 1.68 % and 0.35% to the 

total PAHs recovered after four extractions. Based on this data it is evident that two 

extractions are sufficient to quantitatively extract the majority of the PAH compounds (>97 

%) present in the contaminated soil.
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Figure 3-6 Concentration of combined 16 PAH compounds extracted using ASE method

3.1.3 Liquid sample processing -  liquid-liquid extraction

Many environmental samples destined for GC MS analysis are in a water matrix e.g. 

groundwater and leachate. However, water is not compatible with the majority of GC 

columns. The compounds of interest must be extracted from the water phase to an organic 

liquid phase that is compatible with the GC column. The traditional method for this is known 

as liquid-liquid extraction. This involves the use of an organic solvent that is not soluble in 

water. By contacting the organic solvent with the water the compounds of interest will 

partition to the organic solvent. The solvent can then be allowed to settle from the water and 

can be collected and analysed. Depending on the type of compounds different solvents should
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be used. Highly non-polar compounds that have low solubility in water, such as PAH 

compounds, will partition into a range of non-polar organic solvents such as dichloromethane 

(DCM) or hexane. If the water sample contains a mixture of polar and non-polar compounds 

it may be necessary to use a mixture of polar and non-polar solvents such as methanol and 

DCM or acetone and DCM. The method employed for analysis of leachates generated during 

tank testing (see Chapter 5) is as follows:

1. Filter water sample through a glassfibre filter and transfer to a glass bottle with a 

Teflon lined cap

2. Mark the water level on the side of the bottle

3. Transfer the sample to a 500 ml separation funnel held in a clamp stand

4. Add 20 ml HPLC grade DCM to rinse the sample bottle and then add to the 

separating funnel with the sample

5. Replace the separator lid and shake the funnel for approximately five minutes 

(periodically venting the separating funnel to reduce the pressure that builds up)

6. Return the funnel to the clamp stand and leave for a further 10 minutes to allow 

the water and solvent phase to separate (the DCM phase beneath the water)

7. Collect the DCM phase in a clean glass beaker and set aside

8. Repeat steps four to seven two further times and combine the DCM samples after 

each repetition resulting in a 60 ml sample

9. Evaporate the DCM sample on a heating block at 40 °C under a gentle stream of 

nitrogen until approximately 5 ml is remaining

10. Pass the 5 ml sample through a column of Na2SC>4 (anhydrous) to remove any 

residual water present

11. Transfer the sample to a volumetric flask and make up to 10 ml with the 

appropriate solvent. Any glassware the sample came into contact with must be 

rinsed to insure that all the compounds are recovered

12. Transfer 1.5 ml of the sample into a vial and seal before transferring to the GC 

MS for analysis.
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To demonstrate the method a 100 ml sample of deionised water was spiked with a PAH 

standard to give 0.8 mg/L concentration of each of the 16 PAH compounds of interest. The 

sample was left to equilibrate for 24 hours and was then extracted using the method described 

above. Table 3-3 shows the results of the extraction procedure. This includes the individual 

PAH compound, the amount extracted from the solution and the extraction rate based on an 

initial concentration of 0.8 mg/L. The results show that the extractions vary from 46.25 % up 

to 117.5 % with a mean of 76.02 %  and a standard deviation from the average of 16.19 %.

Table 3-3 Liquid-liquid-extraction of PAHs from water

Naphthalene 0.64 80

Acenaphthylene 0.67 83.75

Acenaphthene 0.64 80

Flourene 0.71 88.75

Phenanthrene 0.63 78.75

Anthracene 0.6 75

Flouranthene 0.54 67.5

Pyrene 0.58 72.5

Benz(a)anthracene 0.5 62.5

Chrysene 0.53 66.25

Benzo(b)fluoranthene 0.94 117.5

Benzo(k)fluoranthene 0.52 65

Benzo(a)pyrene 0.61 76.25

Indeno( 1,2,3-cd)pyrene 0.76 95

Dibenz(a,h)anthracene 0.37 46.25

Benzo(g,h,i)perylene 0.49 61.25

Mean 0.61 76.02

Standard Deviation 0.13 16.19

3.1.4 GC MS repeatability

In order to examine the repeatability of the GC MS, a PAH standard sample (containing the 

16 EPA priority PAHs) was run several times under identical conditions and the change in 

response to the sample was recorded. The sample was diluted to a concentration of 50 ppm 

for each compound within the standard. Figure 3-7 shows the results of running the PAH
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standard 6 times; the x-axis shows the individual compound and the y-axis shows the average 

response of the GC MS. The error bars show plus/minus one standard deviation from the 

mean.
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Figure 3-7 Average response and standard deviation of 16 PAH compounds processed on the GC MS (n =
6)

It can be seen from Figure 3-7 that the GC MS responds quite differently to the different 

PAH compounds, even at the same concentration. For example the average naphthalene 

reading was 87,454,810, the average chrysene reading was 176,825,328 while the average 

reading for benzo(k)fluoranthene was 25,363,988. It can also be seen that there is variation in 

the GC MS reading for each compound i.e. the standard deviation from the mean is different 

for each compound within the standard. The maximum standard deviation was for 

benzo(k)fluoranthene (12 % deviation from the mean), the minimum standard deviation was 

for Fluoranthene (1.7 % deviation from the mean). This in itself is quite a wide range of 

values. The average standard deviation measured was 5.3 %.

3.2 Inductively coupled plasma atomic em ission spectroscopy

Inductively coupled plasma atomic emission spectroscopy (ICP AES) is an analytical 

technique used for the measurement and quantification of elements. A Perkin Elmer Optima 

2100 DV was used throughout for the elemental analysis.
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3.2.1 General principles o f ICP AES

ICP AES works by subjecting the liquid sample to high temperatures, which causes ionisation 

and excitation of the atoms and electrons through collisions. When the atoms and ions decay 

to lower energy states through thermal or radiative energy transitions, light is emitted at 

specific wavelengths and intensities. The light wavelength and intensity are detected and 

processed to determine the element and its abundance.

The first stage of the analysis is creation of a plasma torch. Argon gas is directed through a 

torch of three concentric rings of quartz. A copper coil, called a load coil, surrounds the top 

of the torch and is connected to a radio frequency generator. Radio frequency power is 

applied to the coil, generating an alternating current. The oscillation of the alternating current 

in the coil causes an electromagnetic field to be set up in the coil area. A spark is applied to 

the argon gas causing some electrons to be stripped from their argon atoms. The electrons are 

caught in the magnetic field and accelerated, which energises them. The collisions continue 

in a chain reaction, which results in the argon gas breaking down into plasma consisting of 

argon atoms, electrons and argon ions. The sample to be analysed is nebulised into an aerosol 

and introduced into the centre of the plasma, which results in the sample being vaporised, 

excited and ionised. As the electrons decay to a lower energy state light is emitted and 

detected by a photosensitive detector such as a photomultiplier.

3.2.2 Solid sample processing -  acid microwave digest

Samples for analysis using the ICP AES system need to be in a liquid matrix for sample 

introduction. The technique employed to carry this out is known as as a four acid microwave 

digest. This method is used frequently for sample preparation prior to elemental analysis; for 

example Sastra et al (2002) digested a wide range of environmental samples including 

sediments, soils, sludges and plant material prior to determining there trace element 

concentrations; and Mester et al (1999) used four acid microwave techniques to prepare 

sewage sludge ash and municipal waste incinerator ash for elemental analysis. The 

microwave equipment used for this work was an Anton Paar Multiwave 3000. All acids used 

were sourced from Fisher Scientific UK and were analytical reagent grade. The technique 

employed for soil samples is shown below:

1. Weigh 0.1 g of sample was into a polytetrafluoroethylene (PTFE) microwave tube
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2. Add 2 ml hydrofluoric acid (HF) to the microwave tube and allow to stand 

overnight

3. Add 6  ml aquaregia (1:1 mix of nitric acid (HNO3) and hydrochloric acid (HC1)) 

and allow to stand for 30 minutes

4. Place the microwave tubes in the microwave, heat for 30 minutes at 200 °C and 

40 bar and allow to cool for 20 minutes

5. Add 6  ml of boric acid (B(OH)3) to the tube to neutralise the HF

6 . Reheat the sample for a further 15 minutes at 200 °C and 40 bar and allow to cool 

for 2 0  minutes

7. Transfer sample to a 50 ml volumetric and make up to 50 ml using deionised and 

distilled water

8 . Samples are ready for analysis on the ICP AES

The procedure outlined above uses some potentially very hazardous materials, including 

highly corrosive and toxic hydrofluoric acid. As such all acid digests were carried out by a 

technician trained to carry out the procedure and will all relevant health and safety equipment 

available. As with previous procedures a risk assessment is kept in the relevant laboratory. 

The relevant section of the risk assessment is shown in Appendix B.

3.2.3 Processing and quantification o f samples

Water samples can be run through the ICP AES system as can digested solid samples. 

Running a set of spectroscopic standards containing the elements of interest and of known 

concentrations enables calibration curves to be made and quantification of the sample 

concentrations. Figure 3-8 shows an example of an ICP AES calibration curve for Ca. The x- 

axis is the concentration of the standard solution in mg/L and the y-axis is the response of the 

ICP AES to the standard. Three different concentrations and one blank were used to form the 

calibration curve. A strong linear relationship between the concentration and response can be 

seen with a correlation coefficient of 0.999.
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Figure 3-8 ICP AES calibration curve for Ca

3.3 pH

pH is a measure of the hydrogen ion (H+) activity in a solution. It is defined as the negative 

logarithm of the H+ concentration in a solution and is measured on a scale of 0 to 14 where 0 

is highly acidic, 7 is neutral and 14 is highly alkaline, as demonstrated by Table 3-4 (Mettler 

Toledo). pH was measured using a Mettler Toledo SevemMulti with a pH expansion unit.

In order to measure the pH a measuring electrode and a reference electrode are needed. The 

measuring electrode consists of a pH sensitive glass membrane and an element in a buffer 

solution of constant pH. When the probe is placed in a solution a gel layer forms on the 

outside and inside of the glass membrane. H+ ions diffuse in or out of the outer gel layer 

depending on the H+ concentration of the measured solution. The difference between the 

inner and the outer charge results in a potential which is measured by the element. The 

reference electrode consists of a reference element immersed in an electrolyte. The potential 

of the reference electrode is defined by the electrolyte and the reference electrode. The pH 

electrode used in this work was a combined measuring and reference electrode, a typical 

example of which is shown in Figure 3-9 (taken from Mettler Toledo pH meter manual). The 

electrodes are connected to a meter that converts the potential difference between the two 

electrodes into the corresponding pH by comparison to calibration samples. Calibration 

samples (known as buffer solutions) with pH of 4.008, 7.00 and 9.180 were purchased to 

generate a calibration curve.
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Table 3-4 pH scale (Mettler Toledo)

0 1 0.00000000000001

1 0.1 0.0000000000001

2 0.01 0.000000000001

Acid 3 0.001 0.00000000001

4 0.0001 0.0000000001

5 0.00001 0.000000001

6 0.000001 0.00000001

Neutral 7 0.0000001 0.0000001

8 0.00000001 0.000001

9 0.000000001 0.00001

10 0.0000000001 0.0001

Alkaline 11 0.00000000001 0.001

12 0.000000000001 0.01

13 0.0000000000001 0.1

14 0.00000000000001 1
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Figure 3-9 Structure of a combination electrode for pH measurement (Mettler Toledo)

3.4 Total organic carbon

Total organic carbon (TOC) was measured using a Shimadzu total organic carbon analyser 

with a solid sampling module (SSM 5000A). In order to measure the TOC content of a water 

or soil sample the total carbon (TC) and the inorganic carbon (IC) had to be measured. TOC 

was calculated as the difference between them.

To measure the TC in a water sample the sample was introduced to the analyser directly 

using an auto-sampler. The TC combustion tube is filled with an oxidation catalyst and 

heated to 680 °C. High purity oxygen is supplied to the tube at 150 ml/min. 100 pi of the
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sample was introduced to the combustion tube. The TC component in the sample combusts or 

decomposes to form CO2 . The air introduced carries the combustion products from the 

combustion tube through an IC reaction vessel and is cooled and dehumidified. The gas is 

then passed through a halogen scrubber into a sample cell where the CO2 is analysed by a 

non-dispersive infrared gas analyser. This outputs an analog detection signal in the form of a 

peak. The peak area is proportional to the TC concentration which can be calculated by 

generating linear calibration curves using compounds of known TC content. The IC content 

of the sample is measured by acidification of the sample (using phosphoric acid) followed by 

combustion and sparging of the sample with the carrier gas. This results in only the IC 

decomposing to form CO2 which is determined in the same way as the TC. IC consists of 

carbonates and hydrogen carbonates. In order to measure the TC and IC in solid samples the 

SSM needs to be used. This method works in the same way as described previously but 

instead of injecting a liquid sample a solid sample (around 0.02 g) is placed into a crucible 

and introduced into a combustion chamber. IC is measured by adding some phosphoric acid 

to the crucible before combustion. TC consists of IC and TOC. Therefore by subtracting the 

IC concentration from the TC concentration the TOC can be calculated.

3.5 Total carbon and total sulphur

Total C and total S were measured using a Leco (model SC144DR) furnace. A 0.35 g oven 

dried sample was weighed into a pre-tarred Ni boat liner. The liner was transferred to a 

furnace crucible and placed inside the furnace. The sample is combusted and any C is 

oxidised and decomposed to form CO2 while the S forms SO2 which are carried through to 

infrared detectors using oxygen as the carrier gas. The software outputs a peak which is 

proportional to the amount of C or S produced. The result is converted to a percentage of the 

total mass of the sample. An example of the result output is shown in Figure 3-10.
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Figure 3-10 total C and total S measurement using Leco furnace

3.6 Particle size distribution

A Malvern Mastersizer was used to accurately determine the particle size distribution of PFA 

samples. This system uses laser diffraction to analyse the particle size of the sample between

0.1 pm and 1000 pm. Laser diffraction based measurement systems typically report the 

diameter of a spherical particle with an equivalent volume to the sample particle.

The sample is first shaken to ensure it is evenly dispersed; a sub-sample is taken and placed 

in a water bath containing deionised and de-aired water. It is mixed and sonicated to ensure it 

is well distributed in the water. The sample is then passed through a lens upon which the laser 

is focused. The particles passing through the laser will scatter light with an intensity and 

pattern that is related to the particle size. The pattern of the scattered light is detected and by 

comparison with optical models is converted to a particle size i.e. the analyser reports the size 

of a sphere that produces the same scattering pattern as the sample particle. Figure 3-11 

(extracted from http://www.malvem.com) shows a schematic representation of the 

measurement of the particle size of a sample.
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Figure 3-11 Schematic representation of particle size measurement (schematic extracted from
http://www.malvern.com)

The Mastersizer system measures takes repeated measurements of the particle size and builds 

up a particle size distribution profile based on the number of particles or the volume of 

particles (by %). The system carries out this process eight times and the average PSD is 

reported. This process is carried out twice; the first time with a lens of 100 mm range which 

can measure particles with diameters between 0.1 pm and 200 pm, the second time is with a 

lens of 1000 mm range which measures particles with diameters between 4 pm and 1000 pm. 

The results are spliced together using the software to produce the complete particle size 

range.

3.7 X-ray diffraction

X-ray diffraction (XRD) is a technique employed for determining the type and quantity of 

crystalline minerals in solid samples. The measurement of crystalline minerals in a powdered 

sample using X-rays is based on Bragg’s law. The equation that defines this is shown in 

Equation 3-1 (Cullity, 1978)

A = 2 dsinG

Equation 3-1 Bragg's equation

where X is the wavelength of the X-ray (measured in angstroms, A), d is the spacing between 

atomic layers in a crystal (A) and 0 is the angle between the X-ray and the surface of the 

crystal (°). The XRD equipment projects an X-ray onto the sample at an angle (0), a detector 

is then used to detect the angles and intensity at which the x-rays are reflected. For 

crystalline minerals and under certain conditions of d and 0 Bragg’s law will be met and the 

reflected X-rays will diffract and have a high enough intensity to be detected. The XRD unit
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varies the angle of the X-ray projected onto the sample and measures the response and 

intensity at each angle. By plotting the angular positions and intensities of the diffracted rays 

a pattern is produced which is characteristic of the crystalline structures in the sample. X-rays 

are diffracted differently by each mineral; hence it is possible to identify the mineral by the 

response generated.

Tests were carried out with a Philips PW 3830 x-ray generator using Xpert industry 

software. The scan was carried out between 5 °20 and 80 °20 with step sizes of 0.02 °20 at a 

rate of 0.5 s/step. Samples were oven dried and crushed to a particle size of less than 0.1 mm 

using an electric grinder. A small amount of the sample was then compacted into the sample 

holder and placed inside the x-ray chamber and the scan run. On completion of the scan the 

data were exported to Xpert high-score software for analysis. The background of the plot was 

determined and peaks identified. The search and match function was then used to identify the 

likely crystalline minerals.
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4 Contaminated soil characterisation and treatment

The aim of this chapter is to show the character!sties and properties of the contaminated soil 

used in the present study and to show the procedure used for treating the soil sample in the 

laboratory. Subsequent testing of the treated soil is covered in Chapter 5 and Chapter 6.

4.1 Introduction

The soil samples used in this study originated from a brownfield site in Caerphilly, South 

Wales. During the past 50 years the 0.27 hectare site has been used as a haulage yard with 

fuel storage and vehicle repairs resulting in contamination. A further significant 

contamination problem was dumping of waste tars on the site. The site had remained derelict 

and had become overgrown as shown in Figure 4-1.

Figure 4-1 Brownfield site from which contaminated material was recovered

Future plans for the site included full scale in-situ remediation using 

stabilisation/solidification technology in order to control the potential pathways of the 

contamination to sensitive receptors and enable redevelopment of the site for housing. In-situ 

S/S was selected to remediate the contaminated areas on the site, rather than removal of the 

contaminated material for landfill or off-site treatment. This was for several reasons; the site 

is very small which would exclude most ex-situ on site remediation methods as they 

generally require a larger footprint, the site is in a central location within Caerphilly so any 

excavation of the material would have a significant odour impact on the nearby residents and 

schools, in addition the vehicle movements required to haul away the material and import 

clean fill would have a significant impact on the town due to the central location of the site.
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Figure 4-2 shows a trench being dug during a site investigation. This clearly shows the extent 

of contamination that was present under the surface soil with black oily soil and water 

present. A trial pit log made during preliminary site investigations is shown in Appendix C. 

The log is in the area that the samples were subsequently taken from.

Figure 4-2 Excavations showing oily contamination in base of trench and material recovered for study

Figure 4-2 also shows a picture of some of the contaminated soil recovered from the site. The 

sample is typical of the material recovered and used in the study. It can be can be described 

as brown to black silty, clayey sand containing fine to course gravels, very moist with oily 

sheen and a strong organic odour. The material is classified as made ground (i.e. ground 

formed by human activity such as back filling with aggregate or rubble) and was obtained 

from the North West comer of the site from approximately 1 m below ground level. This area 

was chosen specifically because site investigation data existed and it was known to have a 

high organic contaminant loading.

Sites on which remediation and construction are taking place can be hazardous. As such, 

before collecting samples, it was necessary to have a site induction. When collecting samples 

it was also necessary to wear suitable personal protective equipment, in line with Celtic 

Technologies procedures. This included a safety hat, high visibility jacket, steel toe capped 

boots and disposable nitrile gloves.

4.2 Basic characterisation

Following collection the soil was returned to the laboratory and subjected to characterisation 

tests. Approximately 20 kg of contaminated material was recovered as this was deemed 

enough to cany out characterisation and subsequent stabilisation procedures. Figure 4-3 

shows how the recovered material was split up for sampling and testing.
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Figure 4-3 Sampling of contaminated soil recovered from site

The first stage involved mixing to get a consistent material to work from. Approximately 20 

kg of the material was mixed together by hand in a large container and screened to remove 

any stones greater than 10 mm diameter. Due to the largely heterogeneous nature of the 

material some variability was still evident, for example darker areas that appeared to have a 

higher concentration of organic contaminants. Six grab samples of approximately 500 g were 

taken from the bulk sample. Sub-samples of approximately 20 g were taken from three of the 

grab samples and were oven dried at 105 °C for twenty four hours. The mass of soil was 

measured before and after drying and the average moisture content was determined. Sub

samples of approximately 150 g were taken from the grab samples. These were oven dried at 

105 °C for 24 hours then allowed to cool in a desiccator containing granulated silica gel. The 

particle size of the dried material was reduced using an electric grinder. Three samples of 

dried material were placed in 250 ml glass bottles and deionised distilled water was added 

(10 parts water to 1 part soil). The mixture was shaken for twenty four hours and then 

allowed to settle for one hour. The pH of the liquid was measured using a pH probe. Three 

samples of dried soil were also subjected to analysis using a Shimadzu I’OC analyser as 

discussed in Chapter 3. Total S (TS) was measured using a Leco furnace. Three of the grab 

samples were analysed to determine an average concentration for the contaminated soil.
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Table 4-1 shows the results of basic characterisation of the soil sample used in this study. All 

results are an average of three samples and are followed by the standard deviation in brackets.

Table 4-1 Basic characterisation of soil used in study

MC (%) 23.2(1.3)

pH 7.6 (0.0)

TC (%) 24.1 (2.3)

TOC (%) 21.5 (2.1)

TS (%) 0.5 (0.0)

Initial characterisation of the soil confirmed that the soil had free moisture content of 23.2 %. 

A visual assessment of the soil also indicated that it was very moist and oily. High moisture 

content may indicate that rainwater and/or groundwater are able to freely infiltrate through 

the surrounding soil and made ground and contact the contaminated soil, potentially 

increasing the release rate and transport of contaminants to the surrounding environment. The 

pH of the soil was slightly alkaline at 7.6 and so is not considered an environmental hazard or 

a risk to the S/S process that may result from acidic soil. The TC was measured at 24.1 % 

while the TOC was 21.5 %. This shows that the most of the C present in the sample is TOC 

while IC is only 2.6 %. TOC content is used as a measure of the organically bonded carbon, 

present in the soil as NOM and organic matter present through anthropogenic means (e.g. 

diesel fuel). NOM (in soil and dissolved in water) can have several important effects on the 

behaviour of organic and inorganic contaminants in the environment. NOM can affect 

mobility, transport and availability of the pollutants through adsorption onto solid organic 

matter. However significant amounts of NOM can enhance mobility and transport of 

hydrophobic organic compounds through complexion to the dissolved and suspended 

particles of the NOM in groundwater (Kordel, 1997).

4.3 GC MS analysis

The first stage of the GC MS analysis was to examine the material to assess what types of 

semi-volatile organic compounds were present. The methods used in this analysis are 

optimised for the detection/quantification of semi-volatile organic compounds (such as the 16
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EPA priority PAHs) but not highly volatile compounds (such as benzene). A sample of the 

mixed soil was extracted using the accelerated solvent extractor. The method used for the 

ASE unit and the GC MS operating parameters are covered in Sections 3.1.3 to 3.1.5. Figure

4-4 shows the subsequent GC MS chromatograph. The x-axis shows the time of the run from 

around 3.30 minutes up to 53.30 minutes. The y-axis shows the response of the GC MS to the 

sample, the size of the peaks being relative to the abundance of the individual compound. The 

y-axis is scaled so that the largest peak is 100% on the y scale and the other peaks are scaled 

against this. The red line represents the response of the GC MS. Each individual peak 

represents a different organic compound extracted from the soil. The numbers above each 

peak are the retention time (the time the compounds elutes from the GC) and the 

characteristic ion (the most abundant ion after the compound has been fragmented by the 

MS). For example, the first significant peak in Figure 4-4 is naphthalene, this compound 

elutes from the column after 6.20 minutes and its characteristic ion is 128 m/z.

•Naphthalene 21.78

28.53
22.0316.50 

13.75 166
15314.67

29.698.75 36.92
44.0132219.13

142 10 90
4250

3527;,38.0 5 * 1 2  2SBaao6_«
w  190 “

20.99 
17.66 184

3.30 8.30 13.30 23.30 43.30 48.30 53.30
Time (Minutes)

18.30 28.30 33.30 38.30

Figure 4-4 Chromatograph of extraction taken from contaminated soil

Figure 4-4 clearly shows that the material extracted from the soil is a very complex mixture 

of organic compounds, potentially with a wide range of concentrations. The extraction 

method and GC MS method used means that very volatile compounds were not examined. 

Table 4-2 shows the compounds that were identified by examining the chromatograph. This 

was done peak by peak using the chromatograph manipulation tools (for example zooming 

around peaks) and the NIST library to identify the potential organic compounds in the soil. 

This resulted in tentative identification of 68 compounds. Further examination of small and
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very small peaks may have found many further compounds present at only trace 

concentrations.

Table 4-2 Tentative identification of organic compounds present in soil used in study

1 2.84 Benzene, (1-methylethyl)- 120 C9H12

2 3.1 Benzene, 1,2,4-trimethyl- 120 C9H12

3 3.15 Benzene, cyclopropyl- 118 C9H10

4 3.41 Benzene, 1-ethyl-3-methyl- 120 Q>H12

5 3.61 Benzene, 1-propenyl- 118 CgHjo

6 3.74 Indene 116 C9H8

7 3.82 Benzene, 1-ethyl-3,5-dimethyl- 134 C10H14

8 4.23 1,3,5-Cycloheptatriene, 3,7,7-trimethyl- 134 C]oHj4

9 4.39 Benzene, 4-etheny 1-1,2-di methy 1- 132 CioHi2

10 4.59 Benzofuran, 7-methyl- 132 c9n8o
11 4.77 Benzene, 1 -ethenyl-4-methoxy- 134 C9H10O

12 4.83 Benzene, 2-ethyl-1,3-dimethyl- 134 C10H14

13 4.91 Benzene, 2-ethenyl-1,4-dimethy 1- 132 C10H12

14 5.22 2,4-Dimethylstyrene 132 C,oH12

15 5.43 lH-Indene, 3-methyl- 130 CioHi2

16 5.51 2-Methylindene 130 C10H10

17 6.2 Naphthalene 128 C10H8

18 6.35 Cyclopenta[c]thiapyran 134 c 8h 6s

19 8.75 Naphthalene, 2-methyl- 142 C11H10

20 9.13 Naphthalene, 1-methy 1- 142 C11H10

21 10.9 Biphenyl 154 C12H10

22 11.6 Naphthalene, 2,7-dimethyl- 156 Ci2H12

23 11.66 Naphthalene, 1,6-dimethyl- 156 Ci2H]2

24 11.98 Naphthalene, 2,6-dimethyl- 153 c 12h 12

25 12.09 Acenaphthene 154 C12H10

26 12.53 4,4'-Bipyridine 156 C10H8N2

27 12.81 Acenaphthy 1 ene 152 c 12h 8

28 13.74 Acenaphthene 154 Ci2Hjo

29 14.67 Dibenzofuran 168 c 12h 8o

30 16.5 Fluorene 166 C13H10

31 17.48 Dibenzofuran, 4-methyl- 182 C13H10O

32 17.66 Fluorene 166 C13H10

59



33 17.89 2-Hydroxyfluorene 182 C13H10O

34 19.6 9H-Fluorene, 2-methyl- 180 c 14h 12

35 20.02 9H-Fluorene, 1-methy 1- 180 c 14h 12

36 20.68 Benzene, 1,2-dimethy l-4-(phenylmethyl)- 196 c 15h 16

37 21 Dibenzothiophene 184 c 12h 8s

38 21.78 Phenanthrene 178 ChHjo

39 22.03 Anthracene 178 C14H10

40 23.2 91 l-Carbazole-9-methanol 197 c 13h „ n o

41 23.53 Dibenzothiophene, 3-methyl- 198 C13H10S

42 24.58 Anthracene, 9-methyl- 192 C15H12

43 24.71 Phenanthrene, 3-methyl- 192 Cl5Hj2

44 25.05 6H-Cyclobuta[jk]phenanthrene 190 C15H10

45 26.45 Naphthalene, 2-phenyl - 204 c 16h 12

46 28.52 Fluoranthene 202 c 16h 10

47 29.69 Pyrene 202 C16H10

48 31.81 1 lH-Benzo[b]fluorene 216 C]7H12

49 32.21 1 lH-Benzo[a]fluorene 216 C i7H12

50 35.26 Benzo[b]naphtho[ 1,2-d]thiophene 234 C)6H ioS

51 36.73 Benzja] anthracene 228 C]8Hi2

52 36.92 Chrysene 228 Ci8H)2

53 38.05 7H-Benzo[c]carbazole 217 c 16h „ n

54 39.13 Chrysene, 2-methyl- 242 c 19h 14

55 42.5 Benzo[k]fluoranthene 252 C20Hi2

56 42.62 Benzo[b] fluoranthene 252 C2oHi2

57 42.97 Benzo[j]fluoranthene 252 c 20h 12

58 43.77 Benzo[e]pyrene 252 c 20h 12

59 44.01 Benzo[a]pyrene 252 C2oH12

60 44.41 Perylene 252 C2oH|2

61 49.04 Indeno[ 1,2,3-cd]pyrene 276 C22H12

62 49.25 Dibenz[a,h]anthracene 278 C^Hh

63 49.64 Benzo[b]triphenylene 278 c 22h 14

64 49.77 1,2:7,8-Dibenzophenanthrene 278 c 22h I4

65 50.05 Benzo[ghi]perylene 276

66 54.30 1,2:4,5-Dibenzopyrene 302 c 24H14

67 54.55 3,4:8,9-Dibenzopyrene 302 c 24h 14

68 54.67 Indeno[ 1,2,3-fg]naphthacene 302 c 24h 14
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Examining the list of compounds in Table 4-2 shows that the smallest compound detected 

using the extraction method and GC MS method employed was Indene (Cs>Hg) which has a 

molecular mass of 116 g/mol. The largest compounds detected were l,2:4,5-Dibenzopyrene, 

3,4:8,9-Dibenzopyrene and Indeno[l,2,3-fg]naphthacene all having a molecular mass of 302 

g/mol. The material appears to have a significant number of complex polycyclic aromatics; 

compounds that are considered a health risk and potentially carcinogenic and mutagenic such 

as benzo[a]pyrene (ASTDR, 1995). The visual appraisal and the list of organic compounds 

tentatively identified in Table 4-2 supports the suggestion that the soil was contaminated with 

waste tars such as coal tar or coal tar pitch (by-product of the historical production of town 

gas and the conversion of coal tars to creosote). An ASTDR toxicological profile (ASTDR, 

2002) states that coal tars are complex mixtures of PAHs, phenols and heterocyclic oxygen, 

sulphur and nitrogen compounds, while coal tar pitch contains PAHs and their methyl and 

polymethyl derivatives as well as heteronuclear compounds. The compounds identified in 

Table 4-2 include several PAH compounds as well as their methyl and polymethyl 

derivatives, for example naphthalene-1-methyl and naphthalene-2-methyl. Heterocyclic 

compounds were also detected, for example dibenzofuran (an aromatic compound containing 

O) or dibenzothiophene (an aromatic compound containing S). Phenols were not detected 

during the analysis of the contaminated soil.

The main compounds of interest in the soil are the 16 EPA priority PAH compounds. In order 

to make positive identifications of these compounds, analytical standards containing the 16 

compounds, each at a concentration of 2000 mg/1, were purchased and serial dilutions were 

made to create a set of analytical standards. Quantitative extractions of the soil were then 

carried out using the methods covered in Chapter 3. Six sub-samples of the wet soil were 

taken at random from the bulk sample, each sub-sample (weighing approximately 7 g) was 

put through the ASE system twice and the extracts combined to ensure near complete 

recovery (it was shown in Chapter 3 that two sequential ASE extractions was sufficient to 

extract over 97 % of the total of the sixteen PAH compounds). Each extract was made to a 

known volume (50 ml) using the appropriate solvent. Due to the high concentrations of 

organics in the extract solvent it was not necessary to concentrate the solvent. An aliquot was 

transferred to a small vial for GC MS analysis.
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In addition to the PAH analysis, an overall quantification of the hydrocarbon compounds in 

the sample was needed. A sub sample of the contaminated soil was sent to a UKAS (United 

Kingdom Accreditation Service) accredited facility (Severn Trent Laboratories), for analysis 

of TPH compounds between C6 and C8, >C8 and CIO, >C10 and C l6, >C16 and C24, >C24 

and C40. The method employed for determining the TPH concentration involves Soxhlet 

extraction from the soil followed by sample clean up (using silica gel) and analysis using a 

GC coupled with a flame ionisation detector (FID).

Another measure of organic matter in contaminated soil is gravimetric measurement of 

solvent extractable matter. The sample is extracted using the ASE method, see Chapter 3, 

with toluene as solvent. The resultant extract is dried at 70 °C under a stream of nitrogen 

leaving only the residue taken from the sample. Determining the mass of this residue allows 

the toluene extractable matter (TEM) to be calculated. This method is sometimes termed 

‘total oil and grease’ rather than TPH as a wider range of materials are extractable then the 

typical TPH compounds; for example vegetable oils, animal fats, waxes and grease can also 

be extracted if present (USEPA 9071, 1998). It should also be noted that different extraction 

solvents will give different results. The gravimetric methods are not well suited to volatile 

compounds with boiling points under 70 °C as the evaporation stage can volatilise them.

Table 4-3 shows the results of PAH extraction from the contaminated soil. In total 6 samples 

were analysed, the minimum, maximum, mean and standard deviation are shown (frill data 

can be found in Appendix D). The samples analysed were not dried prior to analysis to 

prevent loss of any volatile compounds, however the results have been converted to the dry 

weight equivalent. The data shows a wide concentration range between the minimum and 

maximum values, resulting in standard deviations that are large in relation to the mean. This 

has potentially come about due to the heterogeneous nature of the contaminated soil, with 

some small areas containing hotspots of very contaminated material. The results show that 

the most abundant compounds are anthracene (5,407.9 mg/kg), phenanthrene (4,347.9 mg/kg) 

and fluoranthene (3,185.5 mg/kg). There are also high concentrations of larger aromatic 

compounds that are considered very hazardous such as benzo(a)pyrene (1,341.3 mg/kg). The 

combined concentration of the 16 PAHs (referred to as ‘total PAH’) ranged from 7,396.5 

mg/kg to 5,6648.3 mg/kg. The mean of the total PAH was 26,865.8 mg/kg meaning that, on 

average, approximately 2.7 % of the soil mass is made up of the 16 PAH contaminants. This 

can be considered a significant value especially when compared with soil guidelines and
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standards. The Dutch environmental soil standards (‘the Dutch list’) considers the 

intervention value for the total of ten PAH compounds to be 40 mg/kg (i.e. anything above 

this value may need remediation). This is significantly lower than the values obtained for the 

soil used in the study. At the time of writing the UK Environment Agency is developing new 

risk based guidelines for contaminated soil and groundwater. Previous guidelines used 

included the ICRCL 59/83, this considers the action value (i.e. the value at which remediation 

may be necessary) for total PAH to be 500 mg/kg in domestic gardens, allotment and play 

areas, or 10,000 mg/kg in landscaped areas or areas with building or hard cover (e.g. car 

parks). The average value obtained for PAHs in the soil used in the study still exceeds this 

action value significantly.

Table 4-3 Concentration of the 16 common PAH compounds found in soil used in the present study

Naphthalene 76.6 5,682.5 1,920.4 2325.6

Acenaphthylene 41.4 323.9 170.0 121.2

Acenaphthene 231.8 2,168.0 1,109.7 794.7

Fluorene 320.5 3,155.7 1,554.4 1127.2

Phenanthrene 1,121.1 9,704.0 4,347.9 3212.7

Anthracene 1,133.6 10,806.3 5,407.9 3884.6

Fluoranthene 1,210.0 6,774.4 3,185.5 2072.9

Pyrene 658.9 3,740.1 1,717.6 1134.9

Benz(a)anthracene 475.8 2,896.6 1,377.6 907.1

Chrysene 101.6 3,638.4 1,540.2 1284.2

Benzo(b)fluoranthene 146.7 4,296.0 1,340.5 1491.0

Benzo(k)fluoranthene 105.2 698.9 283.0 239.0

Benzo(a)pyrene 582.3 3,717.7 1,341.3 1193.5

Indeno( l,2,3-cd)pyrene 212.7 1,311.1 564.0 406.9

Dibenz(a,h)anthracene 120.0 1,928.5 516.1 697.4

Benzo(g,h,i)perylene 175.3 1,222.6 489.6 385.2

Total PAH 7,396.5 56,648.3 26,865.8 18,731.0

Results in mg/kg 
n = 6 samples
Values converted to dry weight equivalent based on MC of 23.17%

Table 4-4 shows the results of TPH >C6-C40 analysis present in the soil used in this research. 

As previously noted this is an overall measure of the hydrocarbons present within a defined
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range. The values shown represent the combined concentration of the aliphatic and aromatic 

hydrocarbon compounds. The table shows the overall figure for TPH >C6-C40 to be 42,000 

mg/kg, equivalent to 4.2 % of the soil by weight. This represents a significant concentration 

of hydrocarbons in the soil. The analysis of TPH was also split into fractions based on the 

number of carbon atoms in the compound, this shows that as the carbon fraction increases the 

concentration increases. This shows that there are more of the heavier compounds, between 

C16 and C40 present in the contaminated soil. Comparison of the total PAH concentration 

with TPH >C6-C40 concentration shows that a significant proportion of TPH is made up by 

the 16 EPA priority PAH compounds. The Dutch list and ICRCL 59/83 do not contain 

guideline values for TPH as a lumped parameter, however many US states have TPH soil 

concentration limits to aid remediation works. An example is the Oklahoma department of 

environmental quality. They have generic guidelines, before risk assessment and site 

considerations, for initial screening of TPH >C6-C28. In residential areas the value is 50 

mg/kg and in industrial areas 500 mg/kg. It can clearly be seen by comparison with Table 4-4 

that the values of TPH significantly exceed these guideline values.

Table 4-4 Analysis of TPH concentrations between C6 and C40 found in soil used in the present study

TPH >C 6-C 8 <5

TPH >C8 —CIO 210

TPHXH0 —C16 4700

TPH >C16 — C24 18,000

TPH >C24 -  C40 19,000

TPH >C6 -  C40 42,000

Table 4-5 shows the results of the gravimetric method for determining the solvent extractable 

matter present in the contaminated soil sample; the results have been converted to the dry 

matter equivalent based on the soil moisture content of 23.17 %. TEM considers a wider 

range of compounds than the TPH method as it includes anything extracted with the toluene 

and no clean-up stage is employed. The TEM ranged from 30,084.1 mg/kg to 42,362.6 

mg/kg. The mean was 37,128.7 mg/kg, equivalent to approximately 3.7 % of the soils weight, 

and the standard deviation was 6,336.4 mg/kg. The value for TEM is within 1 standard 

deviation of the TPH >C6- C40 value.

64



Table 4-5 Toluene extractable matter in the soil used in the present study

I Toluene extractable matter | 30,084.1 42,362.6 | 37,128.7 | 6,336.4 |
Results in mg/kg 
n = 3 samples
Values converted to dry weight equivalent based on MC of 23.17%

4.4 ICP AES analysis

Four oven dried soil samples were taken and ground down to less than 1 mm using an electric 

sample grinder. These samples were then subjected to the acid and microwave digestion 

method detailed in Chapter 3. Analysis of a multi-element standard at 3 concentrations 

enabled quantification of 25 common elements including some considered hazardous to the 

environment.

Table 4-6 shows the results of the analysis of the microwave and acid digest soil. The average 

concentration of 4 samples is presented along with the standard deviation. The full data can 

be found in Appendix D. The results are also compared with the Dutch list intervention 

values where available. The major elements present in the soil are Ca, Na, Mg, K, A1 and Fe, 

these are not considered hazardous and would be expected to be in soil and clay minerals in 

abundance. Comparison of the results with the Dutch list shows that Ba was the only metal 

that exceeded its intervention level.

Table 4-6 ICP AES elemental analysis of the soil used in the study and comparison to the Dutch list
intervention values

Ca 63,688.3 1,685.5

Na 2,665.3 672.5

Mg 16,136.6 382.2

K 7,697.6 387.9

Al 31,003.4 2,659.2

Fe 30,433.1 889.0

Mn 714.8 35.6

As 0.0 0.0 55

Be 1.9 0.2

Ba 663.9 19.2 625
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Bi 32.0 2.2

Cd 1.2 0.3 12

Co 10.4 0.4 240

Cr 227.9 6.3 380

Cu 146.0 40.3 190

Li 43.4 0.8

Mo 3.7 0.9 200

Ni 32.5 1.9 210

Pb 234.0 9.8 530

Sb 0.0 0.0

Se 10.4 1.1

Sr 188.6 9.0

Ti 1,970.5 49.7

V 49.7 1.2

Zn 263.1 2.8 720
n = 4
Results in mg/kg 
Oven dried samples

4.5 Stabilisation/solidification o f  the contaminated soil

Following the detailed characterisation the contaminated soil was subjected to a S/S treatment 

in the laboratory. The contaminated soils recovered from site were mixed with cementitious 

binders to form monolith samples that could be used to subsequently examine the leaching of 

hazardous components from the S/S material and strength of the S/S material when immersed 

in water for long periods.

4.5.1 Sample preparation procedure

The contaminated site from which the soil used in this research was recovered was to be 

treated using an in-situ S/S procedure. The treatment, developed by Celtic Technologies in a 

site specific laboratory treatability study, was to be a blend of OPC and PFA. To mirror this 

in-situ process it was decided to use the same binders and addition rates for the research 

presented in this thesis.

The method employed for the mixing of the contaminated material with the binders to form 

samples is outlined below; this is based on the method commonly used in the site specific 

laboratory treatability studies used by Celtic Technologies:
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1. The contaminated soil taken from the site was screened for any large particles that 

would prevent the mixer from operating correctly (>10 mm). This was less than 

1% of the total soil mass

2. The resulting material was homogenised by manual mixing in a wheel-barrow 

with a spade

3. 9 kg of the homogenised soil was collected by taking multiple grab samples from 

the bulk sample and placed into a 12 kg capacity metal mixing bowl

4. 900 g PFA (10 %, w/w of soil), was added to the soil and mixed together in a 

Hobart dough mixer for 3 minutes

5. 450 g OPC (5 %, w/w of soil), was added and the material was mixed for a further 

3 minutes

6. The mixed material was placed into steel moulds with dimensions of 50 x 50 x 

250 mm (no mould oil was used)

7. The material was compacted into the moulds in three layers. A steel bar was used 

to manually compact the stabilised soil using approximately 20 impacts per layer

8. Samples were left to set for 48 hours and then demoulded

9. The samples were then wrapped in damp hessian cloth and allowed to cure for 28 

days. Additional water was added every 3 days to ensure the cloth never dried out 

and that the sample had sufficient moisture to cure

10. After 28 days curing the samples were cut into 50mm cubes using a circular saw 

with a diamond tipped blade.

The procedure outlined above involves some potentially hazardous aspects. As such a risk 

assessment was carried out before any work was undertaken. The relevant sections of the risk 

assessment are presented in Appendix B. The above method was used to create a composite 

S/S material, the individual parameters of which are shown in Table 4-7.
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Table 4-7 Individual parameters of S/S material produced by stabilising contaminated soil with OPC and
PFA

Dry soil 67 % (of total sample weight)
Moisture 20%

OPC 4.3 %
PFA 8.7 %

Dry so il: binder ratio 5.2:1
W ater: binder ratio 1.5:1

OPC : PFA ratio 0.5:1

4.6 Discussion

Contaminated soil samples were recovered from a brownfield site and characterised using a 

variety of analytical techniques. A visual appraisal of the soil has shown it to be silty, clayey 

sand containing course gravel. The dark brown to black colour of the soil indicated the 

presence of soil organic matter and the free oil and hydrocarbon odour gave a clear indication 

of high levels of organic contamination.

Chemical analysis of the soil has shown that it has a moisture content of 23.2 %. Subsequent 

mixing of the soil and binders showed that this moisture content was sufficient to allow for 

good mixing between the soil and binders without adding extra water. The analysis of the mix 

ratios in Table 4-7 shows that this amount of moisture in the soil gives water to binder ratio 

of 1.5:1. This is quite high as typical water to binder ratios used in cement based S/S are 

around 0.4:1 (Al-Tabbaa and Boes (2002), Li et al (2001)). However not all of the water in 

the contaminated soil will be readily available to the curing binders as some of it will be 

bound with the soil clays and soil organic matter. To ensure that the binders have sufficient 

moisture the treated samples were cured in humid conditions.

The chemical analysis showed that the soil has a pH of 7.6. This soil pH is not expected to 

cause adverse effects in the S/S process. Acidic soils can affect the hydration of S/S treated 

soils (EA, 2004). For example, Ca(OH)2 released during the early stages of cement hydration 

may be used to buffer/neutralise the acids in the soil instead of contributing to hydration 

reactions.

The characterisation has shown the soil to contain a significant amount of organic carbon 

(21.5 %). Of this it has been shown that approximately 4.2 % may be due to the 

anthropogenic sources i.e. organic pollutants dumped on site. This still leaves 17.3 % due to
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natural sources. NOM, of which the organic carbon is a part, can consist of a variety of 

substances with varying degrees of decomposition. These materials can play a significant role 

in the behaviour of organic pollutants. Solid phase NOM is able to adsorb and bind 

hydrophobic organic compounds such as PAHs due to the presence of hydrophobic 

adsorption sites. This can play an important role in retarding the transport of these types of 

contaminant. In contrast, if there is a significant concentration of dissolved or particulate 

NOM in the groundwater the organic compounds can be desorbed into the aqueous phase and 

their mobility increased (Kordel et al, 1997).

Chemical analysis has shown the soil to contain a significant amount of organic pollutants. 

Qualitative analysis showed that many of the compounds identified were either polycyclic 

aromatics, methyl and polymethyl derivatives of polycyclic aromatics, and heterocyclic 

aromatic compounds. This profile of organic compounds matches those found in waste tars 

such as coal tar or coal tar pitch (ASTDR, 1995). A sample of the soil was sent to a UKAS 

approved laboratory to get a TPH analysis. This showed that the TPH >C6-C40 

concentration was 42,000 mg/kg. Several soil samples were also analysed for the 

concentration of the 16 EPA priority PAHs. The mean concentration of total PAH was 

measured as 26,865.8 mg/kg (standard deviation of 18,731.0 mg/kg). This shows that a 

significant proportion of the TPH >C6-C40 in the soil is made up of the 16 PAH compounds.

Analysis of metal concentrations in the soil was carried out but the values obtained did not 

exceed the soil guidelines, with the single exception of Ba.

4.7 Summary

• The contaminated material moisture content and pH are suitable for S/S treatment

• The soil contains 21.5 % TOC which signifies a large amount of NOM in the soil 

which may have a significant impact on the behaviour of organic contaminants

• The soil contains a large number of aromatic compounds including methyl and 

polymethyl derivatives, and heterocyclic aromatic hydrocarbons. These are indicative 

of coal tar type wastes

• The soil contains high levels of organic contaminants including 42,000 mg/kg TPH 

>C6-C40 and 26,865.8 mg/kg total PAH

• Low levels of metals were detected which would not be expected to pose an 

environmental risk
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5 Leaching from S/S treated waste

5.1 Introduction

Leaching tests are used to assess the release and potential environmental impact of hazardous 

constituents of waste materials or contaminated soils. For example, Al-Ansary and Al-Tabbaa 

(2005) used a granular leach test to examine the release of hydrocarbons and chloride from 

S/S treated oil rig drill cuttings while Ubbriaco and Calabrese (1998) examined the release of 

toxic metals from a mixture of ordinary Portland cement (OPC) and pulverised fly ash (PFA). 

In this research work a monolith based leaching test has been used to model the potential real 

life disposal scenario of an in-situ treated contaminated soil, i.e. a block of low permeability 

material which water flows around instead of permeating through. This chapter considers the 

testing protocol and analysis of the results from the leaching test.

5.2 Leaching test protocol

The tank leaching test used was based on the NEN 7375:2004 64-day tank test. This method 

is a semi-dynamic test that involves placing a monolith sample of known weight and 

dimensions into a known volume of deionised water (equal to between two and five times the 

sample volume). The leaching solution is periodically replaced and the leachate at each stage 

is analysed for the contaminants of concern. The interval time between each leaching stage 

gradually increases throughout the test. The standard test has 8 stages and the sample is 

immersed in water for a total of 64 days. Figure 5-1 shows a sketch of how the tank test is set

up.

Leaching fluid

Vessel

Sample

Figure 5-1 Sketch of tank test arrangement

Monolith leaching tests typically involve regular replacement of the leaching solution. This is 

to ensure that the leaching solution and the sample in contact with the solution do not come
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into equilibrium and there is consistent release of contaminants from the sample. This enables 

the rate of contaminant leaching from a sample to be determined rather than the concentration 

at which a compound reaches equilibrium between the sample and the leaching solution 

(Chan et al, 2000, Tiruta-Bama et al, 2006).

A monolith leaching test was chosen because they are commonly used to assess the rate of 

release of contaminants from stabilised contaminated soils (e.g. Moon and Dermatas (2007), 

Qiao et al (2006), Chan et al (2000)). This is because they more closely resemble the final 

disposal scenario of the treated material i.e. a low permeability block of material located in a 

landfill or in-situ with groundwater and/or rainwater flowing around it rather than percolating 

through it. The NEN 7375:2004 64-day tank test was chosen for several reasons. At the time 

this research work was carried out it was the standard test in the UK for assessing leaching 

from monolithic materials such as S/S treated contaminated wastes. It is also the testing 

methodology frequently used by Celtic Technologies to assess the leaching of contaminants 

from treated soils in site specific laboratory trials and the testing of validation samples.

5.2.1 Interpretation o f tank testing data

The leaching tests were carried out in the CLEER laboratories by the author. Analysis of the 

concentration of hydrocarbons in the leachates generated during stages one to eight of the test 

was carried out by Severn Trent Laboratories Ltd. This was due to there being technical 

issues with the GC MS when the experiment was being performed. Stages eight to fourteen 

where processed and analysed within the CLEER labs by the author, using the methods 

detailed in Chapter 4.

The data for the leaching of compounds from the S/S treated materials during the tank test 

were initially reported by the test laboratory in fig/L (i.e. pg of a compound leached per litre 

of solution). The data from the tank leaching test has been analysed and interpreted, the 

results of which are presented in this chapter, the analysis methodology being based on the 

references provided.

5.2.1.1 Calculation of the cumulative leached concentration

At each stage of the tank test the amount of a compound released from the sample can be 

determined. To determine the total amount leached throughout the entire test the cumulative 

concentration (Cn) at each stage must be calculated as shown in Equation 5-1
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c„=Sc,
/=1

Equation 5-1

where Q is the concentration of a compound in the leaching solution from interval i (mg/L).

5.2.1.2 Calculation of the cumulative fraction leached

The cumulative fraction leached (CFL) (%) of a compound is the total amount leached in 

relation to the amount of the compound in the sample and can be calculated using Equation

5-2

(=1
'  C.Y, '
V C o j

100

Equation 5-2

where Vi is the volume of leachant used in the test (L), Co is the total amount of the 

compound present in the sample (mg/kg) and Ms is the sample mass (kg).

5.2.1.3 Determining leaching mechanisms

S/S materials are porous solids with the pore spaces being filled with water and/or gases. 

However, they have low permeability due to the tortuous paths that connect the pore spaces. 

Typical permeability for S/S materials range from 10'7 m/s to 10'9 m/s, this is comparable to 

some clays. The low permeability of S/S materials means that water tends to flow around 

rather than percolate through the material. As such the transport of contaminants from a 

treated material to the surrounding water (e.g. groundwater, rainwater or deionised water in 

leaching tests) tends to be due to diffusion through the pore structure of the treated waste 

(O’Conner, 1990). Upon contact, the difference in the concentration of a particular 

contaminant creates a flux of mass between the surface of the solid and the aqueous leaching 

solution. The concentration gradient induces diffusion within the pore solution of the treated 

waste matrix (Cote, 1986). A waste form with a highly tortuous, unconnected pore structure 

will release contaminants more slowly than a waste form with a more connected pore 

structure (i.e. a higher permeability) (Batchelor, 2006).
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Several empirical mathematical models have been developed to quantify and determine the 

mechanisms of contaminant release from monolith samples o f porous, low permeability 

materials in tank leaching tests. The release of a particular contaminant during tank leaching 

tests is usually quantified in terms o f a diffusion coefficient. They are usually termed 

‘effective’ diffusion coefficients as it is assumed they are measuring diffusion through the 

pore solution rather than true solid state diffusion (O’Conner, 1990). Calculation of the 

effective diffusion coefficient enables an assessment to be made of the relative mobility of a 

particular contaminant. One mathematical model, developed by de Groot and van der Sloot 

(1992) is shown in Equation 5-3

n.E i2De =(t. C0.p ) 2

Equation 5-3

where De is the effective diffusion coefficient (m2/s), t is the testing time (s), Co is the amount 

o f the contaminant of interest in the sample (mg/kg), p is the density of the sample (kg/m ) 

and Ej is the cumulative release o f the contaminants of interest in relation to the exposed 

surface area of the sample (mg/m2). E; is calculated using Equation 5-4.

t i c . y v ,
E, ----------

SA

Equation 5-4

where V/ is the volume of leaching solution (L) and SA is the surface area of the sample (m2).

The model developed by de Groot and van der Sloot (1992) also proposes a method by which 

the release mechanism of a particular contaminant can be determined. The method uses the 

relationship between the cumulative release term Ej and the time of the test. Rearranging 

Equation 5-3 and taking logarithms leads to Equation 5-5

1
Log (Et) = -  Log(t ) +  Log

Equation 5-5

C0-P-
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The next stage is to plot Log ( E i )  against Log (t) and apply linear regression to create a 

regression line for the data. The gradient of the line of best fit should be determined; 

according to the model proposed by de Groot and van der Sloot (1992) diffusion leaching 

from the sample should lead to a gradient of 0.5 (± 0.15). If the gradient of the regression line 

is 0.65 or above it indicates that dissolution controls the release of contaminants; this occurs 

when the solubility of the S/S product matrix is such that dissolution of contaminants from 

the surface is higher than diffusion through the pores of the matrix. If the gradient of the 

regression line is 0.35 or below it indicates that the sample has a relatively soluble layer of a 

contaminant on the surface that is release into the sample in the early stages of the test, this 

may be followed by diffusion at later stages (de Groot and van der Sloot, 1992).

The model outlined in Equation 5-3 and Equation 5-5 makes several assumptions including 

the sample having a homogeneous distribution of the contaminant through the matrix at the 

start of the test, the contaminant concentration equals zero at the leachant -  solid boundary 

throughout the test, and there is no depletion in the amount of contaminants available for 

leaching.

The method developed by de Groot and van der Sloot has been employed in the EA NEN 

7375 tank test. Figure 5-2 shows the possible regression lines for the three leaching 

mechanisms defined in the NEN 7375 tank test methodology.

Dissolution 
y = 0 .9x

Diffusion 
y = 0.5x

irface W ash Off 
y = 0.25x

Log [Time] (D ays)

Figure 5-2 Gradients of best fit lines used to define the leaching mechanisms from monolith samples using
the NEN 7375 methodology
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Figure 5-2 shows the three scenarios if the leaching mechanism does not change during the 

tank test. In reality several leaching mechanisms may control the release of contaminants 

from the treated material. It may therefore be necessary to determine the gradient of the line 

between several of the leaching stages. Figure 5-3 (van der Sloot, 2004) shows some of the 

potential scenarios that can occur when more than one leaching mechanism describes the 

release of a particular compound or element. In addition to diffusion, dissolution, and surface 

wash off another scenario that can occur is depletion of the mobile component. The shapes 

formed by the curves when plotted on a Log-Log axis give an indication of the possible 

mechanisms controlling the release of compounds from the sample. For example if there is a 

low initial leaching rate, indicated by a best fit line with a slope of on less than 0.35 the 

graph, followed by a slightly higher leaching rate (i.e. the slope is between 0.35 and 0.65) the 

release may be indicative of surface wash off followed by diffusion. If there is an initial 

leaching rate between 0.35 and 0.65 but this is followed by a low leaching rate this indicates 

depletion in the compound available to leach. It should be noted that although this data can 

give an indication of the mechanisms that are controlling leaching it is a model. The model 

cannot take into account what mechanisms/controls are fixing the compounds in place to 

cause the release to be in a particular way i.e. is the immobilisation due to chemical binding 

such as precipitation or adsorption of the compounds, or is it due to physical immobilisation 

such as reduced permeability or macro-encapsulation of the compounds.

too

surface w ash-off D i f f u s i o n  c o n t r o l  

Slope 0.5
10 -

Depletion of a 
mobile sp ec ies T an k  le a c h  

te s t  NEN 7345

0.1

T im e  (d a y s )

Figure 5-3 Graphical representation of leaching control mechanisms (van der Sloot, 2004)
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5.2.2 Modified leaching test

Several modifications were made to the standard leaching tank test in order to understand 

some of the potential effects of the real life disposal scenario. For example to demonstrate the 

longer term leaching of potential contaminants the length of the tank test was increased to 

over one year. A test extended over one year can be considered long term for a leaching test; 

typical leaching procedures are batch tests carried out over 24 hours or in some cases, such as 

the EA NEN tank leaching test, 64 days. To demonstrate the potential effects of cracking of 

an in-situ sample the tank tests were carried out on samples of the same shape and dimension 

but with different surface areas exposed to the leachant. This is an important consideration as 

a waste form that degrades to small sized particles will release contaminants more rapidly 

(Batchelor, 2006) and physical cracks in the monolith act as short-circuit contaminant 

transport paths (Glasser, 1997). In order to produce these samples some of the 50 mm cubes 

were cut into halves and quarters as shown in Figure 5-4 (along with the nominal surface area 

of each sample). In practice, due to the cutting and moulding processes, the sample 

dimensions and weights are slightly variable and have been considered and factored into the 

results. The sample dimensions were measured using a set of vernier calipers. The approach 

to investigate the effects of sample cracking on leaching rates was carried out by physically 

exposing more surface area of the sample to the contact solution. This was considered a 

practical way of accurately increasing the geometric surface area of the samples; although it 

is not the mechanism by which samples would crack in-situ. In-situ degradation and cracking 

would likely be caused by weathering, ffeeze-thaw effects and microstructural changes of the 

material and would result in a wide range of crack sizes from the micro-scale to macro-scale 

(Klich, 1999).

Surface Area = 0.015m2 Surface Area = 0.02m2

f----

V ■

Surface Area = 0.025m2

Figure 5-4 Samples used in tank leaching test
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A replicate set of samples were tested in Cardiff tap water instead of deionised water to 

examine the effects of a leaching solution with a higher dissolved ion concentration, as would 

possibly be encountered on site (e.g. rainwater and groundwater). A typical analysis of 

common elements in Cardiff tap water is shown in Table 5-1. In total eight samples were 

analysed; taken during the course of the leaching test. The average is presented along with the 

standard deviation from the average. It can be seen that of the elements analysed Ca is the 

most abundant with an average concentration of 46.5 mg/L. K, Mg, Na and Si were also 

detected in the tap water but Al and Fe were not.

Table 5-1 Analysis of some common elements in Cardiff tap water

Al Not detected Not detected
Ca 46.5 2.1
Fe Not detected Not detected
K 1.8 0.2

Mg 5.3 0.3
Na 13.1 1.3
Si 1.3 0.3

The times for the leachate replacements in the tank leaching test are shown in Table 5-2. The 

variations to the test resulted in six samples being tank tested. The details of each sample are 

given in Table 5-3. The first part of the sample name refers to the type of leaching fluid used, 

the second part refers to the surface area of the sample, for example sample 1 is ‘DW0.015’ 

as it is tested in deionised water and has a surface area of 0.015 m2. One sample was tested 

for each set of conditions outlined in Table 5-3.

Table 5-2 Timing for replacement of leaching solution in 64 day tank leaching test

0 0 0

1 0.25 0.25

2 1 0.75

3 2.25 1.25

4 4 1.75

5 9 5

6 16 7

7 36 20
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8 64 28

Following stages carried out in addition to 64 day standard

9 96 32

10 134 38

11 192 58

12 240 48

13 284 44

14 400 116

Table 5-3 Leaching sample details

DW0.015 Deionised water 0.186 0.120 0.015 0.008 0.7

DW0.019 Deionised water 0.171 0.115 0.019 0.006 0.7

DW0.022 Deionised water 0.144 0.099 0.022 0.005 0.7

CTW0.015 Cardiff tap 
water 0.185 0.120 0.015 0.008 0.7

CTW0.018 Cardiff tap 
water 0.182 0.107 0.018 0.006 0.7

CTW0.023 Cardiff tap 
water 0.172 0.108 0.023 0.005 0.7

5.3 Leachate pH

The leachate pH was monitored throughout the leaching test. pH is an important parameter to 

consider for S/S applications as it can affect the mobility of many contaminants as well as 

soil organic matter in the treated soil matrix. Hydrated OPC is also known to have a very high 

pore water pH, so large changes in the pH could indicate dissolution of the cementing 

minerals in the soil matrix. For example Halim et al (2004) found that Cr and Cd leaching 

increased significantly when using leaching solutions with a pH below 5 as a result of the 

CSH matrix becoming solubilised and dissolving in the acidic leaching solution.

Figure 5-5 shows the change in leachate pH at each stage of the leaching test for DW0.015. 

This sample has initially been considered in isolation as it conforms to the EA NEN 7375 

standard method (the effects of surface area and leaching solution are considered further on). 

The y-axis shows the pH value of the leaching solution. The x-axis shows the times during 

the test at which the leaching solution was changed.
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Figure 5-5 pH at each leachate renewal stage for extended tank test

The results presented in Figure 5-5 show that from stage one (0.25 days) to stage eight (64 

days), the specified time in the tank test standard, the pH of the leaching solution increases 

from 7.47 to 8.14. The results show a general positive trend which indicates that the longer 

the leaching solution is kept in contact with the sample the greater the pH of the solution will 

be. The results for the extended stages of the test show that the pH value peaks after 96 days 

of testing and is followed by a gradual decline. The values of pH obtained from the leaching 

solution indicate that the stabilised material has a fairly low pH when compared with many 

typical cement stabilised materials. Leachate pHs over 11 are typical during leaching tests on 

S/S waste-forms, particularly when using OPC as a binding agent (Tiruta-Bama et al (2006), 

Laforest and Duchesne (2007)). The range in pH values, from the minimum to the maximum, 

obtained during the test is not particularly wide; 7.14 to 8.39. This could be due to the use of 

PFA in S/S process. PFA is not cementitious in its own right; it needs a source of alkalinity to 

be activated. The alkalinity released by the hydrating OPC in the S/S matrix is mainly in the 

form of Ca(OH)2 - A proportion of the Ca(OH) 2  released is used up in hydrating the PFA; 

therefore there will be less Ca(OH)2 dissolved in the S/S matrix pore water and less alkaline 

species are released into the leaching solution. Figure 5-5 also shows fairly gradual changes 

in leachate pH between 96 and 406 days, which may indicate fairly good long term stability 

of the S/S material in comparison to drastic pH changes which may indicate dissolution of the 

cement, PFA and soil matrix.

7 9



5.3.1 Effect o f solution on leachate pH

In order to demonstrate the effects of different solutions when used as a leaching fluid in 

contact with S/S samples a replicate set of samples were tested in Cardiff tap water in 

addition to deionised water. Figure 5-6 shows the results of samples with comparable surface 

areas tested in the different leaching solutions. The curves show the leachates from samples 

tested in Cardiff tap water have higher pH values than the leachate from the comparable 

samples tested in deionised water. However, the range of the pH values, from the start of the 

test to the end at 406 days, is larger for the samples tested in deionised water. For example 

the change in leachate pH from the first to the last stage for sample DW0.015 was 0.73 while 

for CTW0.015 it was 0.48. Likewise for DW0.019 the change in pH was 0.99 while for 

CTW0.018 it was 0.41. Finally the change in pH for DW0.022 was 0.94 while for CTW0.023 

it was 0.5. The leachate pH analysis shows that the samples tested in Cardiff tap water follow 

the same pattern as those tested in deionised water i.e. a fairly rapid increase in pH for the 

initial stages (up to 64 or 96 days) followed by a slow decline/steadying of the values. The 

results show that the S/S treated contaminated soil leaches its alkaline components more 

readily into deionised water in comparison with Cardiff tap water. This is because the starting 

pH of Cardiff tap water (pH 7.7) was higher than deionised water. The S/S samples immersed 

in deionised water have to release more of the alkaline species in order to buffer the pH of the 

leaching fluid.
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Figure 5-6 Effect of leaching solution on pH evolution with time from samples of comparable surface 
area/volume ratios A) at surface areas of 0.015 m2 B) at surface areas of 0.019 m2 and 0.018 m2 and C) at

surface areas of 0.022 m2 and 0.023 m2
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5.3.2 Effect o f surface area on leachate pH

So far the change in leachate pH from samples tank tested in different leaching solutions has 

been considered. The effect of the sample V/SA ratio has also been examined.

Figure 5-7 shows the leachate pH results from tank testing of samples with an increasing 

surface area exposed to the leaching solution (for a fixed sample volume). The first graph 

shows results for samples tested in deionised water. There does not appear to be any 

significant difference between the leachate pH values of the three samples tested. The pH of 

leachates collected from sample DW0.015 show an overall increase, from stage one to stage 

thirteen, of 0.73. The pH of leachates collected from sample DW0.019 increased by 0.99 

while the pH of leachates collected from DW0.022 increased by 0.94. The results show that a 

decreasing V/SA ratio does not give a clear increase in the absolute pH value of the leachate. 

The samples with larger surface area and hence a lower V/SA ratio showed higher overall 

increases in the leachate pH during the tank test but this does not correlate with the V/SA 

ratio. Results from samples with decreasing V/SA ratio tested in Cardiff tap water also show 

no significant difference in leachate pH, however the results are more variable, particularly 

between stages seven (36 days) and ten (134 days) where there is a greater scattering of data 

points. This may be due to the more variable nature of tap water, particularly when compared 

to deionised water. Results from the overall change in pH values during the test also show 

inconsistent results. The pH of the leachate solution from sample CTW0.015 changed by 0.48 

from the first stage to the last stage while for CTW0.018 the value was less, 0.26. For 

CTW0.023 the leachate pH change was 0.5. As with the samples tested in deionised water, 

the data does not show any correlation between the change in the V/SA ratio and the pH 

values at each stage of the test or the overall change in the pH from the start to the end of the 

test.
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Figure 5-7 Effect of surface area on leachate pH for samples tested in A) deionised water and B) Cardiff
tap water

5.4 Leaching o f  PAH and TPH

Previous qualitative analysis has shown that the contaminated soil used in this research work 
contains a large number of different organic compounds. The contamination was quantified 
in two ways. Firstly as 16 PAH compounds commonly encountered on sites impacted by tars 
and other organic wastes and secondly as TPH fractions >C6  — C40, which is a lumped 
parameter that quantifies all petroleum hydrocarbons that contain between 6  and 40 carbon 

particles in their structure. The results in Chapter 4 have shown the soil to be heavily 

contaminated by these compounds with the total PAH concentration being 2.7 % and TPH 
concentration being 4.2 % by weight of soil. The EA NEN 7375 tank testing procedure is 
designed specifically for the analysis of inorganic leaching constituents, however in this case 

it has been used to measure the release of organic compounds. Specific changes were made to 
the standard methodology to ensure that it was appropriate for the analysis of organics:
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• Only glass apparatus was used to minimise the adsorption of hydrophobic 

compounds from the water to apparatus

• Glass fibre filters were used instead of cellulose filters to avoid adsorption when 

filtering the collected water

• Leachates were stored refrigerated in amber bottles with minimum headspace until 

time for processing to minimise degradation and volatilisation of organic 

compounds.

Liquid samples requiring analysis of PAH and TPH were initially sent to STL Ltd, a UKAS 

accredited laboratory. The raw data for leaching of PAH and TPH is shown in Appendix D.

5.4.1 Leaching o f PAHs and TPH from standard sample

As with the previous section, the analysis of the tank test results is initially carried out on the 

sample that conforms to the EA NEN 7375 standard methodology (DW0.015). Figure 5-8 

shows the data for analysis of PAH and TPH concentrations in the leachate, released from the 

S/S treated contaminated soil. The total PAH result is the sum of the leaching of the 16 

individual PAHs (from naphthalene up to benzo(g,h,i)perylene) while the TPH leaching is the 

sum of all petroleum hydrocarbons between C6  and C40.

It can be seen from Figure 5-8 that at each stage TPH leaching is higher than PAH leaching. 

This would be expected as, in theory, the 16 PAH compounds represent part of the TPH 

family of petroleum hydrocarbons, falling between CIO (Naphthalene) and C22 

(Benzo(g,h,i)perylene). For both PAH and TPH there is a high release into the leaching 

solution during the first three stages (days 0.25 to 2.25). From stage four (day 9) onwards the 

amount of PAHs and TPHs leached reduces significantly and between stages six and eight 

(16 and 64 days) the amount released is very small in comparison with the initial leaching. 

The data for individual PAH compounds can be seen in Table 5-4 and the data for leaching of 

TPH fractions can be seen in Table 5-5.
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Figure 5-8 Leaching of PAH and TPH from stabilised contaminated soil using the NEN 7375 tank
leaching test

Table 5-4 shows the data for the 16 PAH compounds that were monitored during the tank 

leaching test. It can be seen that the most significant leaching is of the compound 

Naphthalene. This is the lightest and most soluble of the PAH compounds analysed. As the 
solubility of the compounds in Table 5-4 decrease the amount leached also decreases. For 

example, compounds such as Dibenz(a,h)anthracene and Benzo(g,h,i)perylene have 

extremely low water solubilities (0.00103 mg/L and 0.00026 mg/L respectively) and were not 
detected or rarely detected in the leachates analysed. Where compounds were not detected the 

laboratory limit of detection is shown.

Table 5-4 also shows that where leaching does occur the total PAH gives a reasonable 

representation of the individual compounds leaching behaviour. For example, from 
naphthalene to chrysene the majority of the leaching occurs in stages one to three/four, after 
which the amount leached reduces significantly. For naphthalene the reduction in the amount 

released after stage three is several orders of magnitude lower.
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Table 5-4 Raw data for leaching of PAH compounds (ug/L) from S/S treated contaminated soil

mm muH
PAH, Total 1,677.6 2,541.1 2,501.9 553.7 213.9 61.7 18.7 7.9

Naphthalene 1,310 1,970 1,820 1.98 16.5 0.23 0.18 <0.50

Acenaphthylene 14.5 22.1 22.4 14.2 7.42 0.29 <0.13 <0.50

Acenaphthene 101 160 168 128 112 12.8 <0.13 <0.50

Fluorene 87.1 141 158 119 8.59 <0.2 <0.13 <0.50

Phenanthrene 108 188 225 183 <2.45 <0.2 <0.13 <0.50

Anthracene 108 188 225 183 <2.45 <0.2 <0.13 <0.50

Fluoranthene 23.5 37.3 47.8 45.4 42.2 24.8 0.26 0.8

Pyrene 11.6 18.3 23.4 21.9 22.5 16.5 14.4 5.81

B enzo( a)anthracene 1.38 1.7 2.1 2.26 <2.45 2.54 0.15 <0.50

Chrysene 1.51 2.69 2.83 2.01 <2.45 2.19 1.06 0.66

Benzo(b)fluoranthene <1 <1 <1 <1 <2.45 0.98 1.09 0.59

Benzo(k)fluoranthene <1 <1 <1 <1 <2.45 0.41 0.63 <0.50

Benzo(a)pyrene <1 <1 <1 <1 <2.45 0.22 0.53 <0.50

Indeno( 1,2,3-cd)pyrene <1 <1 <1 <1 <2.45 <0.2 0.17 <0.50

Dibenz(a,h)anthracene <1 <1 <1 <1 <2.45 <0.2 <0.13 <0.50

Benzo(g,h,i)perylene <1 <1 <1 <1 <2.45 <0.2 0.19 <0.50

Table 5-5 Raw data for leaching of TPH (ug/L) from S/S treated contaminated soil

■ 9D D
TPH >C6-C40 2,320 3,080 2,740 1,180 813 360 177 83

TPH >C6-C8 <10 <10 <10 <10 <10 <10 <10 <10

TPH >C8-C 10 <10 <10 <10 <10 <10 <10 <10 <10

TPH >C10-C16 1,990 2,510 2,090 462 267 60 38 23

TPH >C16-C24 329 574 646 718 545 300 139 60

TPH >C24-C40 <50 <50 <50 <50 <50 <50 <50 <50

Table 5-5 shows the TPH leaching during the tank test. The data show the most significant 

leaching was of petroleum hydrocarbons in the >C10-C16 fraction followed by petroleum 

hydrocarbon compounds in the >C16-C24 fraction. TPH leaching was not detected in the 

other fractions. This data corresponds with the PAH leaching as the >C10-C16 fraction 

includes the compounds naphthalene (CioHs) to pyrene (CksHio), which include the most
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significantly leaching PAHs. The >C16-C24 fraction includes the PAHs between 

benzo(a)anthracene and benzo(g,h,i)perylene; compounds that did not leach to a great extent. 

The results show that no TPH compounds were detected between >C6 up to CIO. This range 

would include some fairly volatile compounds such as benzene, and the processing of the 

water samples may mean that these volatile samples were lost before analysis took place. The 

results also show that no leaching of TPH compounds >C24-C40 were detected. This was the 

fraction that contained most of the TPH present in the sample (19,000 mg/kg), however the 

compounds in this range would be expected to have very low solubility in water. The pattern 

of leaching from the TPH fractions was very similar to that encountered for leaching of 

PAHs, with the most significant leaching occurring in stages one to three.

Figure 5-9 shows the data from TPH >C6-C40 and combined PAHs leaching presented 

cumulatively i.e. the mass leached at each stage added to that of the proceeding stages as 

calculated using Equation 5-1. It can be seen from the data that the majority of the leaching is 

completed fairly early in the test. 75.7 %  o f the final cumulative TPH value is achieved by 

stage three (2.25 days) while for PAH 88.7 % o f the final value is reached by stage three. The 

final values reached after 64 days are 10,735 pg/L and 7,576.33 pg/L for TPH and PAH 

respectively.
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Figure 5-9 Cumulative leaching of TPH and PAH from stabilised contaminated soil using the NEN 7375
tank leaching test
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Figure 5-10 shows the CFL for total PAH and TPH >C6-C40 as a function of time. This 
represents the amount of a particular compound leached as a percentage of the total 
concentration of the compound in the sample. The graph shows that the total PAH has a 

higher CFL than TPH >C6-C40 at each stage of the tank test. The final CFL for total PAH is 
0.154 % while for TPH >C6-C40 it is 0.113 %. The 16 EPA priority PAHs are included in 

the measurement of TPH >C6-C40, therefore total PAH makes up 52 % of the TPH in the 

solid sample. However total PAH makes up 70 % of the TPH >C6-C40 leached after 64 days 
of the tank leach test. This shows that 16 EPA PAH compounds are the most readily leached 
of the hydrocarbons that were found in the contaminated soil used in this study.
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Figure 5-10 Cumulative fraction of TPH and PAH leached relative to total concentration

The data for leaching of individual PAHs (shown in Table 5-4) shows that lower 
concentrations and less frequent detection occur for compounds of increasing size and 

complexity. The properties, including solubility, of the 16 PAH compounds are shown in 

Table 5-6 (Troxler and Brankley, 2006).

The effect on the leaching behaviour of the chemical properties of the individual PAHs 
shown in Table 5-6 was observed in the data collected from the present study. Figure 5-11 
shows the final CFL of an individual PAH at 64 days plotted against the water solubility of 
the compound. Figure 5-11 shows there is a reasonable positive correlation between the 
solubility of a compound and the cumulative fraction of the compound leached (i.e. as the 
solubility of the compound increases so does the CFL from the sample). The R2 value of 
0.8799 includes the value indicated on the graph that appears to be an outlier. If this value is
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taken out, the regression analysis produces a good linear correlation of 0.986. It should be 

noted however that solubility may not the limiting factor for leaching of the organic 

compounds as leachate concentrations are generally significantly lower than the solubility of 

the compound analysed. For example, after the eight stages of the tank leaching test the total 

amount of naphthalene released was 5.12 mg/L whereas the solubility of naphthalene in water 

is 31.1 mg/L (Troxler and Brankley, 2006).

Table 5-6 Properties of the 16 EPA PAH compounds (from Troxler and Brankley, 2006)

Naphthalene C ioH8 128 218 3.37 31

Acenaphthylene c 12h 8 152 265 3.7 16.1

Acenaphthene C12H10 154 279 4 3.9

Fluorene C13H10 166 295 4.2 1.89

Anthracene C14H10 178 340 4.45 0.04

Phenanthrene C14H10 178 340 4.46 1.15

Fluoranthene C16FI10 202 375 4.9 0.26

Pyrene C16H10 202 404 4.88 0.14

Chrysene c 18h 12 228 448 5.61 0.002

Benzo(a)anthracene C18H12 228 438 5.6 0.0094

Benzo(b)fIuoranthene C20H12 252 481 6.06 0.0015

Benzo(k)fluoranthene C20H12 252 495 6.06 0.00162

Benzo(a)pyrene C20H12 252 480 6.06 0.0008

Benzo(g,h,i)perylene C22H12 276 500 6.51 0.00026

Indeno( 1,2,3-cd)pyrene C18H,2 276 536 6.5 0.00019

Dibenz(a,h)anthracene C22H14 278 524 6.8 0.00103
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Figure 5-11 Relationship between compound solubility and CFL after 64 day tank test

5.4.1.1 Determination of leaching mechanisms

The leaching mechanism for TPH and PAH compounds has been determined using the NEN 

7375 methodology. This involves converting the leaching data from pg/L to mg/m2 using 

Equation 5-4 and taking logarithms of the cumulative concentration (mg/m2) and the 

immersion time (days). The resulting graph for TPH >C6-C40 and total PAH is shown in 

Figure 5-12, where the x-axis shows the leaching time (days) and the y-axis shows the 

cumulative leachate concentration (mg/m2). The graph shows that both sets of compounds 

display very similar leaching patterns with a consistent rise in the stages one to three (each 

data point represents a consecutive stage of the leaching test i.e. 4.334 is stage 1 and 6.743 is 

stage 8) followed by very small increases between stages three to eight.
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Figure 5-12 Leaching of TPH and PAH in mg/m2 as a function of time

Linear regression analysis was carried out between various stages of the leaching results 
shown in Figure 5-12. This enabled the leaching mechanism to be determined between 

several points based on the method given in EA NEN 7375.

Table 5-7 Linear regression analysis to determine leaching mechanisms for PAH and TPH compounds

Stages 2 - 7  Stages I -  4 Stages 2 - 5  Stages 3 - 6  Stages 4 - 7  Stages 5 - 8

Slope R2 Slope R2 Slope R2 Slope R2 Slope R2 Slope R2

Total
PAH

0.14
(0.06) 0.61 0.55

(0.07) 0.97 0.25
(0.1) 0.77 0.06

(0.02) 0.83 0.02
(0.01) 0.82 0.01

(0.002) 0.82

TPH
>C6-
C40

0.17
(0.05) 0.78 0.52

(0.05) 0.98 0.28
(0.07) 0.88 0.13

(0.03) 0.93 0.06
(0.02) 0.90 0.03

(0.01) 0.90

Table 5-7 shows the analysis of the linear regression of the data in Figure 5-12. It shows the 
slope of the best fit line in between the various stages of the test (with the standard error 
associated with the best fit line shown in brackets) and the correlation coefficient (R2) of the 
best fit line. It can be seen from the results for PAHs that the slope between stages one and 
four corresponds with a slope that is characteristic of diffusion leaching (i.e. between 0.35 

and 0.65). The remaining intervals have very small slope values, indicating that there is 
depletion of the mobile mass of PAH available to leach (i.e. slopes less than 0.35). The 
overall analysis carried out between stages two and seven indicates surface washing as the 
overall mechanism for leaching however the correlation of the regression line to the data
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points is not good (R2 of 0.61). Considering the overall results in Table 5-7 and by 

comparison of Figure 5-12 with the leaching scenarios presented in Figure 5-3, it appears that 

PAH leaching from the sample is initially controlled by diffusion between stages one and 

four which is followed by depletion of the available PAH. However, examining Figure 5-10, 

it is clear that the total amount of the 16 PAHs leached during the test is significantly lower 

than the total concentration of the 16 PAH compounds in the sample. The cumulative fraction 

of PAHs leached from the solid sample was calculated as 0.154 %, therefore over 99 % of the 

PAH compounds remain in the sample and are in effect immobile (while the same leaching 

conditions are employed).

The analysis of the TPH leaching data shows the same behaviour as that observed for total 

PAH, i.e. initial diffusion leaching between stages one and four (slope of 0.52) followed by 

depletion of the available TPH in the remaining stages. This similar behaviour would perhaps 

be expected due to the PAH compounds making up a significant proportion of the solid phase 

TPH and a significant proportion of the leachable TPH. Earlier results of analysis of the 

contaminated soil also indicated that the majority of organic contaminants in the soil were 

aromatic (i.e. containing a benzene ring in their structure) and might be expected to behave in 

a similar manner to the 16 individual PAHs analysed. As with the PAH leaching data, only a 

very small amount of the TPH compounds were released during the leaching test; 0.113 %, as 

shown by Figure 5-10.

Total PAH and TPH >C6-C40 have been used to represent the individual PAH compounds 

and TPH fractions. Figure 5-13 shows the logarithm of the cumulative concentration leached 

(mg/m2) plotted against the logarithm of leaching time (days) for the PAH compounds 

naphthalene, acenaphthylene, acenaphthene, fluorene, phenanthrene, anthracene, 

fluoranthene, pyrene, benzo(a)anthracene and chrysene. For some PAH compounds the 

mechanism could not be determined due to the high numbers of leachate samples with 

concentrations lower then detection limits. These were benzo(b)fluoranthene, 

benzo(k)fluoranthene, benzo(a)pyrene, indeno(l,2,3-cd)pyrene, dibenz(a,h)anthracene and 

benzo(g,h,i)perylene. The analysis shows that the leaching pattern is very similar for the 

individual PAH compounds, and the leaching mechanism described previously for total PAH 

also describes the individual PAH leaching behaviour. The order of the release flux 

(expressed as mg/m2) is naphthalene > phenanthrene > acenaphthene > fluorene > 

fluoranthene > pyrene > anthracene > acenaphthylene > chrysene > benzo(a)anthracene.
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Figure 5-14 shows the logarithm of the cumulative concentration leached (mg/m2) plotted 

against the logarithm of leaching time (days) for the TPH fractions where leaching was 
observed, >C10-C16 and >C16-C24. The TPH fractions show very similar leaching patterns 
to TPH >C6-C40 and the analysis shows that the leaching mechanism described earlier also 
fits the data, i.e. release by diffusion between stages one and four, followed by depletion of 
the available mass. The order of the release is >C10-C16 followed by >C16-C24.
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Figure 5-13 Leaching of PAHs in mg/m2 as a function of time to determine leaching mechanisms
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Figure 5-14 Leaching of TPHs in mg/m2 as a function of time to determine leaching mechanisms

93



5.4.2 Effect o f surface area on leaching o f PAH and TPH

Samples with three different volume/surface (V/SA) area ratios were subjected to a tank 

leaching test. One set were tested using deionised water as the leaching solution while a 

replicate set were tested using Cardiff tap water as the leaching solution. The surface area 

available for leaching is an important factor when considering the release of hazardous 

constituents from a contaminated media to the environment. In this case the volume of the 

samples is not constant for different surface areas (there are some variations in the sample 

dimensions due to the sample forming and cutting process) so the V/SA ratio is considered.

For each sample of different V/SA the leaching was monitored at each stage of the tank test. 

This data were then used to calculate the amount leached at the end of the test in relation to 

the total concentration of the compound in the sample. This enabled the cumulative fraction 

leached (CFL) to be calculated using Equation 5-2. If the amount leached, and hence the 

CFL, is a function of the V/SA ratio then a decrease in V/SA would be expected to yield a 

proportional increase in the CFL. Figure 5-15 shows the correlation between the CFL and the 

V/SA ratio for total PAH. Linear regression was used to create a best fit line for the data. The 

blue data points show the results for samples tested in deionised water and the red data points 

show the results for samples tested in Cardiff tap water. Figure 5-15 shows a good correlation 

between the CFL for each sample to the V/SA ratio for samples tested in deionised water (R2 

of 0.986) and samples tested in Cardiff tap water (R2 of 0.986). The slope of the best fit line 

is negative, therefore, if the V/SA ratio increases the amount leached decreases a proportional 

amount. This shows that the leaching of total PAH from the stabilised samples into the 

deionised water is directly related to the sample V/S.

Figure 5-16 shows the correlation between the CFL and the V/SA ratio for TPH >C6 - C40. 

Linear regression was used to create a best fit line for the data. The blue data points show the 

results for samples tested in deionised water and the red data points show the results for 

samples tested in Cardiff tap water. A good correlation can be seen for samples tested in 

deionised water (R2 of 0.986) and samples tested in Cardiff tap water (R2 of 0.986). The 

V/SA of the sample appears to have less effect on the release of TPH >C6-C40 then on the 

release of total PAH. The gradient of the line of best fit is higher for the total PAH leaching 

correlation than the TPH >C6-C40. Therefore a decrease in the V/SA (as might be caused by 

a sample cracking) results in a larger increase in total PAH leaching than TPH >C6-C40 

leaching. It should be noted that this is calculated with the amount leached in relation to the
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solid concentration in the sample (i.e. the CFL) not the absolute value of the compound in the 

leachate.
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Figure 5-15 Correlation between CFL and Volume/Surface area ratio for total PAH tested in deionised
and Cardiff tap water
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Figure 5-16 Correlation between CFL and Volume/Surface area ratio for TPH >C6 — C40 tested in
deionised and Cardiff tap water

Figure 5-15 and Figure 5-16 shows the correlation between CFL and V/SA for the total PAH 

and TPH >C6-C40. Table 5-8 presents the correlations for the individual PAH compounds 

and the TPH fractions in which leaching were detected. Regression analysis was carried out



using least squares linear fitting, and the slope of the line, the y-axis intercept and the R2 

correlation coefficient are presented.

Table 5-8 shows several trends relating to the effect of surface area on leaching of PAH and 

TPH compounds into deionised water and Cardiff tap water. For samples tested in deionised 

water it can be seen that there is a reasonable correlation coefficient (R2 >0.95) between the 

V/SA ratio of a sample and the CFL of the PAH compounds naphthalene, acenapthylene, 

acenaphthene, anthracene, pyrene and chrysene. Slightly lower correlation coefficients (R2 

>0 .8 ) can be observed for fluorene, fluoranthene and indeno(l,2 ,3 -cd)pyrene while low 

correlation coefficients (R2 <0.8) can be observed for Phenanthrene, benzo(a)anthracene, 

benzo(b)fluoranthene and benzo(k)fluoranthene. It was not possible to generate correlation 

coefficients for dibenz(a,h)anthracene and benzo(ghi)perylene as any leaching that occurred 

was below the laboratory detection limits. The slope of the best fit lines for the CFL plotted 

against the V/SA ratio is negative for most PAH compounds; this indicates that as the V/SA 

ratio decreases (i.e. the surface area increases for a given volume) the CFL increases. The 

exception to this was the compound indeno(l,2,3-cd)pyrene where the slope was found to be 

positive, however the compound was only detected in the leachate of one sample (DW0.015). 

The largest slope for the correlation between the V/SA ratio and the CFL of a PAH 

compound was for naphthalene. This was also the compound that leached to the greatest 

extent (in all three samples tested in deionised water) in terms of the absolute concentrations 

(mg/L) and the CFL (%). There is an overall decline in the slope values of the compounds 

that follow naphthalene in Table 5-8. The intercept values in Table 5-8 show the point on the 

y axis at which the line of best fit intercepts the zero point on the x axis. As with the slope 

values, naphthalene has the highest intercept and these generally decline for the following 

compounds where lower CFL were observed. The TPH fractions showed similar behaviour to 

the PAH compounds. The correlation coefficients were reasonably high and the slope of the 

lighter more soluble TPH fraction >C10-C16 was greater than that of the heavier fraction 

>C16-C24 as with the PAH compounds the >C16-C24 fraction leached the most. Similarly 

the intercept of the >C16-C40 fraction was higher.

PAH results for samples tested in Cardiff tap water showed a reasonable correlation 

coefficient (>0.95) for naphthalene, anthracene, pyrene, benzo(b)fluoranthene and 

benzo(k)fluoranthene. Lower correlation coefficients (>0.8) were observed for 

acenaphthylene and chrysene while correlation coefficients of <0 . 8  were observed for
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acenaphthene, fluorene, phenanthrene, fluoranthene, benzo(a)anthracene, benoz(a)pyrene, 

indeno(l,2,3-cd)pyrene, dibenz(a,h)anthracene and benzo(g,h,i)perylene. The low correlation 

coefficients between the CFL and the sample V/SA for samples tested in Cardiff tap water is 

related to the low levels of leaching detected from these samples. A large number of samples 

had leaching levels that were below laboratory detection limits and this has resulted in the 

subsequent correlations between the CFL and V/SA being distorted. When samples were 

tested in deionised water the correlation coefficient appeared to become lower further down 

the list of PAH compounds in Table 5-8 (as the CFL also decreased). However when samples 

were tested in Cardiff tap water the correlation coefficient did not follow this pattern. The 

largest slope and intercept values for the PAH compounds leaching into Cardiff tap water was 

for naphthalene. However, the effect of decreasing the V/SA was much more pronounced 

when using deionised water as the leaching solution. The correlation between TPH CFL and 

the sample V/SA ratio was similar for samples tested in Cardiff tap water to those tested in 

deionised water. High correlation coefficients were observed but the slope and intercept 

values were lower than those for samples tested in deionised water. As with samples tested in 

deionised water, the slope and intercept of lighter TPH fraction >C10-C16 were higher than 

the slope and intercept of the TPH >C16-C24 fraction.

Table 5-8 Correlations between CFL and Volume/Surface area ratio for individual PAHs and TPH
fraction

Total PAH -19.587 0.313 0.986 -6.232 0.064 0.986

Naphthalene -188.39 2.997 0.999 -59.741 0.496 0.994

Acenaphthylene -30.687 0.509 0.987 -12.809 0.149 0.857

Acenaphthene -52.417 0.758 0.971 -4.307 0.172 0.548

Fluorene -20.599 0.343 0.865 -11.022 0.116 0.709

Phenanthrene -7.043 0.142 0.650 -5.367 0.042 0.715

Anthracene -2.684 0.031 0.983 -0.529 0.0053 0.994

Fluoranthene -3.892 0.069 0.891 0.308 0.021 0.098

Pyrene -4.677 0.080 0.965 -0.827 0.037 0.999

Benzo(a)anthracene -1.182 0.014 0.945 0.005 0.004 0.002

Chrysene -0.789 0.011 0.999 0.194 0.003 0.830

Benzo(b)fluoranthene -0.169 0.003 0.400 -0.170 0.003 0.998

Benzo(k)fluoranthene -0.823 0.009 0.783 -0.806 0.010 0.999

Benzo(a)pyrene -0.177 0.002 0.601 -0.06 0.001 0.218
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f l
Indeno( 1,2,3-cd)pyrene 0.048 0.000 0.834 -0.542 0.005 0.772

Dibenz(a,h)anthracene - - - -0.879 0.007 0.776

Benzo(g,h,i)perylene - - - -0.815 0.007 0.730

TPH >C6-C40 -8.646 0.138 0.9861 -2.7512 0.0283 0.9864

TPH >C10-C16 -93.04 1.461 0.997 -36.093 0.360 0.967

TPH >C16-C24 -13.825 0.192 0.927 -2.274 0.055 0.954

5.4.3 Effect o f solution on leaching o f  PAH and TPH

The effect of testing replicate samples in different leaching solutions was examined. One set 

of samples were tested in deionised water, as specified by the EA NEN 7375 standard 

method, the second set of samples was tested in Cardiff tap water. Figure 5-17 shows an 

example of the leaching of total PAH from samples tested in deionised water and Cardiff tap 

water. The y-axis of the graph shows the amount of PAH leached as a percentage of the total 

concentration (the cumulative fraction leached, CFL). The x-axis shows the times at which 

the leaching solution was changed. The graph shows that the leaching of PAHs is 

significantly reduced when the leaching solution is changed from deionised water to Cardiff 

tap water; however the leaching mechanism appears to be the same i.e. a high initial amount 

of leaching followed by a period of very low level leaching. Changing the leaching solution 

from deionised water to Cardiff tap water resulted in a decrease in the final CFL value from 

0.154 % to 0.013 % (a decrease of 91.3 % for the samples shown in Figure 5-17). A summary 

of the percentage change in the CFL of PAH compounds and TPH fractions for samples 

tested in Cardiff tap water instead of deionised water is shown in Table 5-9.
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Figure 5-17 leaching of PAH compounds (total) from samples tested in deionised water and Cardiff tap
water

The results in Table 5-9 show that changing the leaching solution can have a significant 

effect on the release of contaminants. Changing the leaching solution from deionised water to 

Cardiff tap water resulted in significant decreases in the CFL for naphthalene, 

acenaphthylene, acenaphthene, fluorene, phenanthrene, anthracene, fluoranthene, pyrene, 

benzo(a)anthracene and chrysene. Decreases were also observed for the leaching of TPH 

>C10-C16 and >C16-C24. The extent of the decrease is variable, for naphthalene, 

phenanthrene and TPH >C10 -  C l6 the reductions are over 90 %. What is also apparent from 

examining the data is that the percentage change in the CFL is dependent on the V/SA ratio 

of the samples. For example, the reduction in the CFL for PAH leaching when comparing 

DW0.015 to CTW0.015 was 91.3 %. However, the reduction in the CFL when comparing 

DW0.018 and CTW0.019 was 86.2 %, while the reduction in the CFL when comparing 

DW0.022 and CTW0.023 was 84.2%. This shows that as the V/SA ratio decreases the effect 

of using Cardiff tap water as the leaching solution instead of deionised water also decreases. 

This pattern can be observed for the PAH compounds naphthalene, acenaphthylene, fluorene, 

phenanthrene and partially for anthracene. For acenaphthene, fluoranthene, pyrene, 

benz(a)anthracene, chrysene and TPH >C16-C24 the V/SA ratio had a different effect on the 

CFL. For example the reduction in the CFL for acenaphthene leaching when comparing 

DW0.015 to CTW0.015 was 58.62 %, the reduction in the CFL when comparing DW0.018 

and CTW0.019 was 67.10 %, while the reduction in the CFL when comparing DW0.022 and 

CTW0.023 was 70.42% i.e. as the V/SA ratio of the samples being compared decreases
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(hence the surface area exposed to the leachant increases) the CFL increases. For some 

compounds unexpected results were observed. The CFL after 64 days of testing in Cardiff tap 

water was found to be higher than the values obtained for the corresponding samples tested in 

deionised water. This occurred in some samples for benzo(b)fluoranthene, 

benzo(k)fluoranthene, benzo(a)pyrene, indeno(l,2,3-cd)pyrene, dibenz(a,h)anthracene and 

benzo(g,h,i)perylene. The increases encountered are due to the large number of below 

detection limits encountered for these compounds. If the compounds were only detected in 

one or two stages of one sample it could distort the results and show an increase in leaching 

when using Cardiff tap water, as seen in Table 5-9.

Table 5-9 effect of leaching solution on the CFL of PAH and TPH during 64 day tank leaching test, %
change

Total PAH 91.3 86.2 84.2

Naphthalene 99.85 91.56 90.29

Acenaphthylene 81.99 80.01 74.43

Acenaphthene 58.62 67.10 70.42

Fluorene 83.09 81.21 71.33

Phenanthrene 99.94 95.85 81.69

Anthracene 89.72 85.07 85.21

Fluoranthene 38.57 40.66 58.%

Pyrene 29.15 35.69 44.79

Benzo( a)anthraccne 8.99 31.45 57.66

Chrysene 11.80 38.94 55.67

Benzo(b)fluoranthene -69.71 -7.90 -50.59

Benzo(k)fluoranthene -66.28 -5.26 -26.88

Benzo(a)pyrene -148.00 46.47 -17.21

Indeno( l,2,3-cd)pyrene -160.22 - -

Dibenz(a,h)anthracene - - -

Benzo(g,h,i)perylene -106.37 - -

1 1
TPH >C6-C40 91.30 86.17 84.20

TPH >C10-C16 91.57 81.70 82.65

TPH >C16-C24 55.88 57.27 67.37
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5.4.4 Extended leaching test

In order to examine the longer term leaching the tank test was extended. Table 5-2 shows the 

timings used for the extended phase of the tank leaching test (extended from 64 days to 406 

days). Whereas the samples taken during the standard tank test were sent for analysis at a 

UKAS accredited laboratory the samples from the extended tank test were analysed in the 

university laboratories using liquid-liquid-extraction followed by GC MS (see Chapter 3). 

During the test no PAH or TPH compounds were detected in the water samples. Figure 5-18 

shows the CFL of total PAH for the samples with different surface areas and tested in 

different leaching solutions.

Figure 5-19 shows the CFL of the TPH >C6-C40 for the extended leaching test. The samples 

tested with different surface areas and in different leaching solutions are shown. No TPH 

compounds were detected in the leachate solution.
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Figure 5-18 CFL against time for 16 combined PAHs in extended version of the tank leaching test
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Figure 5-19 CFL against time for TPH >C6 — C40 in extended version of the tank leaching test

5.5 D iscussion

Soil samples contaminated with high concentrations of organic compounds were treated 
using a blend of OPC and PFA in order to solidify and stabilise the material. The treated 

material was compacted into moulds and allowed to cure for 28 days. The samples were 
subjected to the EA NEN 7375:2004 monolith tank leaching test. Further modifications were 
made to the test to examine the effect of a decreased sample volume/surface area (V/S) ratio 
on leaching as well as the effect of using different leaching solutions.

The soil sample used in the study had a pH value of 7.61. This sample, when treated with 
PFA and PC had a resulting pH of 8.89. This is a fairly low pH for a S/S treated sample 

where the pH can typically be between 10 and 13, particularly when OPC is used. The high 

pH that can be achieved through the use of S/S methods can be beneficial when metals are 
the contaminants of concern as the solubility of many metal hydroxides are minimised in the 
pH range 7.5 -  11 (Connor, 1990). pH is one of the most critical parameters for wastes 
treated by S/S according to Batchelor (2006) as it strongly influences the precipitation, 
adsorption and redox reactions that help to immobilise metals in an S/S matrix. The effect of 
the S/S matrix pH on the leaching of organics is slightly more complicated due to the wide 
range of forms organic compounds can take. However, this research is mostly concerned with 
the leaching behaviour of aromatic organic compounds, in particular the EPA 16 priority
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PAH compounds. Tiruta-Bama et al (2006) found that the solubility of naphthalene in pure 

water was independent of the pH in the range 3 - 1 3  and of the total content in the solid 

material. Phenanthrene solubility remained close to its water solubility at acidic pH values 

but increased very slightly at basic pH. This suggests that the pH of the S/S matrix may not 

be of importance when considering the immobilisation of organic compounds such as 

naphthalene and phenanthrene. However the alkalis in the S/S material act as a buffer 

between the solid and the liquid phase surrounding the material, such as rainwater or 

groundwater, which helps the treated material maintain its physical and chemical integrity. 

The dissolution of the cementing constituents such as calcium-silicate-hydrates (CSH), 

portlandite (Ca(OH)2) and calcite (CaCOi) would potentially result in the formation of a 

porous material which would freely allow the ingress of leaching fluids to the organic 

contaminants. The results in Figure 5-5, Figure 5-6 and Figure 5-7 show that the pH of 

leachates generated during the tank test and the modified tank test are not particularly high 

but they do appear to show stable long term characteristics. Samples generally showed the 

same behaviour; that is, an initial fairly rapid increase up to 96 days followed by a gradual 

decrease to the end of the test at 406 days. Lewin (1996) found that on tank testing cement 

stabilised municipal solid waste (MSW) incinerator ash for 24 days in deionised water, pH 

values were fairly stable, between 11 and 11.3, while a second set of samples fluctuated 

between 10.6 and 11.1. Bama et al (2005) carried out monolith tank leaching tests to examine 

the release of inorganics such as Na, K, Ca, Pb, Cd and SO4 . A reference material containing 

30% PC (w/w) was produced and tested in deionised water for 91 days with pH values 

ranging between 11 and 12. Although the pH values are higher than those encountered during 

the experimental work presented in this thesis (OPC additions were also significantly higher), 

the pattern appears to be similar. There is an initial increase in the pH values from the first 

stage (0.125 days) to the sixth stage (3 days) followed by a very gradual decline up to the 

tenth stage (28 days). In the data presented in this thesis, the pH value of the leachate in the 

extended tank test was shown to increase fairly quickly from stage one (0.25 days) to stage 

ten (134 days) which was followed by a gradual decline in the pH values. The pattern of 

behaviour observed for the pH of leachates appeared to be independent of the type of 

leaching solution used and the V/SA ratio of the samples. Samples tested in Cardiff tap water 

had higher pH values throughout the test, although the relative increase in the pH was smaller 

due to the higher initial pH of the Cardiff tap water used as the leaching fluid i.e. the 

difference between the pore water pH in the S/S matrix (around 8.9) and the Cardiff tap water
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leaching solution pH (around 7.7) was smaller so less alkaline elements needed to be released 
to buffer the solution pH. As the pH of the deionised water was more acidic (around 6.6), 
more alkali elements would be released from the S/S matrix to buffer the solution. The effect 
of decreasing the pH of a leaching solution can be seen through ANC tests where samples of 
S/S material are placed into water containing stronger and stronger doses of acid. The amount 
of acid required to maintain a certain pH is measured after a period of time and gives an 
indication of the materials’ ability to buffer acids. An example of an ANC test on a PFA and 
OPC based material is given in Figure 5-20 (Batchelor, 2006).
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Figure 5-20 ANC of PC based S/S sample (Batchelor, 2006)

Tank testing of monolithic samples containing organic compounds has shown that only a 

small amount of the PAH and TPH compounds contained in the sample are released after 64 

days (0.154 % and 0.113 % respectively). There appears to be two leaching phases for both 

sets of compounds; an initial release during the first three or four stages, followed by a longer 
term very low level release from stage five onwards. This results in a high initial leaching 
rate during the initial three stages but remains low for the remainder of the test. Analysis of 
the data from the tank test shows that the leaching mechanism that controls release for both 
sets of compounds is diffusion during stages one to four followed by depletion of the 

available contaminant. Tiruta-Bama et al (2006) found two leaching domains when
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examining the release of naphthalene and phenanthrene from a PC and sand S/S matrix when 

using a leaching test based on NEN 7345 (extended to over 17,000 hours, -708 days). Two 

kinetic domains were observed; the first was up to 2000 hours (-83 days) when a rapid 

decrease in the leaching flux occurred and a second domain after 2,000 hours (-83 days) 

where the flux remains fairly constant. Naphthalene was found to have a greater leaching flux 

than phenanthrene although the same overall mechanism appeared to control release of both 

compounds. Dissolution and diffusion of the PAHs already dissolved in the pore water, 

through the macro-porous structure was thought to control the initial release of naphthalene 

and phenanthrene at the start of the test.

The combined PAH results were a good approximation of the overall behaviour of PAH 

compounds from naphthalene up to chrysene. These were the compounds that leached to the 

greatest extent and they show similar leaching behaviour including the CFL and leaching 

mechanisms. Compounds that were larger then chrysene (i.e. with a molecular mass higher 

than 228 g/mol) only leached at very low levels and there were a significant amount of non- 

detects in the leachate samples, making analysis of their leaching behaviour more difficult 

and the potential for error larger. Likewise TPH >C6-C40 provided a good representation of 

the individual TPH fractions in which leaching was detected. The leaching of TPH >C6-C40 

was larger than the total PAH leaching in absolute terms (i.e. pg/L released, see Figure 5-8) 

but total PAH had a higher CFL.

Samples with decreasing V/SA ratios were tested to examine the effect on the contaminant 

release. Diffusion is the main factor that will control the release of contaminants from S/S 

treated monoliths as water will only be able to flow around the material rather than percolate 

through it; as would happen with the untreated material. This means that the area of the 

sample available to the leaching solution as well as the ratio of the sample volume to the 

surface area is of prime importance. The amount of the contaminant leached would be 

expected to be proportional to the V/SA ratio if all other aspects are equal, hence a decrease 

in the V/SA ratio would be expected to increase the overall leaching proportionally. Analysis 

of TPH and PAH compounds leaching from samples with decreasing V/SA ratios has shown 

that the V/SA ratio does have a significant effect on the CFL. Least squares linear regression 

was carried out using Microsoft Excel software. Figure 5-15 clearly shows the good 

correlation between the V/SA ratio and the CFL of total PAH after the 64 day leaching test 

(correlation coefficients, R2, of 0.986 and 0.986 for samples tested in deionised water and
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Cardiff tap water respectively). Figure 5-16 shows the correlation between the V/SA ratio and 

the CFL of the TPH >C6-C40 fraction after the 64 day leaching test (the correlation 

coefficients, R2, were found to be the same: 0.986 and 0.986 for samples tested in deionised 

water and Cardiff tap water respectively). The correlation between the CFL and the V/SA 

ratio for the individual PAH compounds and the TPH fractions where leaching was detected 

are shown in Table 5-8.

The pattern of TPH and PAH release from all of the samples was observed to be the same. 

After the initial release of the available contaminants there is significant reduction in the 

leaching rate. Although the initial release of TPH and PAH is affected by the V/SA of the 

sample, the data following the initial release does not appear to be significantly affected. It is 

this low level leaching that is likely to control the long term release of the contaminants from 

the material.

The analysis of the results presented in this thesis and comparison with the existing literature 

suggests that the organic compounds that are already dissolved in the S/S matrix pore water 

are released into the surrounding fluid during leaching tests by diffusion through the pore 

structure. The leaching test data shows that at a certain point the release of the organic 

compounds decreases rapidly, due to the depletion of the available contaminants for leaching. 

However, this depletion concentration is higher for samples with a lower V/SA ratio despite 

the fact that there is almost identical amounts of the organic contaminants in each sample i.e. 

a sample with more surface area exposed for a given sample volume releases more organic 

compounds in comparison to a sample with less surface area exposed to a leaching fluid. This 

proportional relationship between the amount released before depletion occurs and the 

sample V/SA suggests that the core of the sample remains un-effected by the leaching 

experiment and that the leaching only occurs in the outer edge of each sample; though the 

depth of this leaching area has not been quantified in this research work. The presence of a 

leaching zone at the outer edge of a sample has also been observed by other researchers such 

as Qiao et al (2006) and Laforest and Duchesne (2007). This is represented schematically in 

Figure 5-21.
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Leached area of Exposed surface
depth ‘x’ mm of sample Unleached core of

sample

Sample 1 - 
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0.020 m2 o f 

sample exposed 
to leachant

‘
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0.025 m2 of 

sample exposed 
to leachant

Figure 5-21 Schematic of leaching from S/S samples with different surface areas exposed to the leaching
solution

The solution used in a leaching test can have a significant effect on the release of organic 

contaminants. In this research two different leaching solutions have been used; Cardiff tap 

water and deionised water. Cardiff tap water contains more dissolved ions then deionised 

distilled water and this appears to have had a significant effect on the release of organic 

compounds from the S/S treated soil. The mechanisms that control the release of the PAH 
and TPH compounds from the S/S treated soil do not appear to have been affected by 

changing the leaching solution (there is the same high initial leaching followed by 
significantly reduced levels) but the absolute amount of the compounds leached was, 
typically, significantly reduced for samples tested in Cardiff tap water. The effect of using the 
different leaching solution was variable when the behaviour of individual compounds was 
examined and also depended on the V/SA of the sample. For the PAH compounds 

naphthalene, acenaphthylene, fluorene, phenanthrene and anthracene, decreasing the V/SA 
increased the CFL from samples in both Cardiff tap water and deionised water. The PAH 
compounds acenaphthene, fluoranthene, pyrene, benzo(a)anthracene and chrysene also 

leached less when Cardiff tap water was used as the leaching solution. For the PAH 
compounds benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(a)pyrene, indeno( 1,2,3- 

cd)pyrene, diben(a,h)anthracene and benzo(g,h,i)perylene the effect of using Cardiff tap 

water as the leaching solution were different again. In these cases the CFL after 64 days was 
higher for samples tested in Cardiff tap water than for samples tested in deionised water. 
However the amounts of these compounds leached were very low, with multiple samples
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having lower than laboratory detection limits, which could suggest a misleading pattern. 

Leaching of TPH compounds in Cardiff tap water resulted in significant decreases in the CFL 

when compared to deionised water. Like the PAH compounds the V/SA ratio also affected 

the reduction in the CFL. For TPH >C6-C40 and the >C10-C16 fraction a decrease in the 

V/SA ratio resulted in a lower percentage decrease of the amount leached. For the TPH 

>C16-C24 fraction a decrease in the V/SA resulted in an increase in the percentage reduction 

of the amount leached. Very little work has been carried out to analyse the potential effects of 

different leaching solutions on the release of organics from monolith samples. Tiruta-Bama et 

al (2006) showed that naphthalene and phenanthrene both had lower solubility in deionised 

water that had first been placed in contact with a reference material, resulting in solution with 

a higher ionic strength, which would result in lower leaching values. They also tank tested 

S/S samples containing naphthalene and phenanthrene in solutions containing deionised 

water or deionised water and 5% or 10% methanol (v:v) which acted as a co-solvent and 

increased the solubility of naphthalene and phenanthrene in the leaching solution. Kim and 

Osako (2003) studied the leaching of PAHs from a spiked sandy soil. They found that 

increasing the ionic strength of the leaching solution reduced the amount of phenanthrene and 

pyrene leached, but pH of the solution had no effect. They also observed that the addition of 

dissolved humic matter, a type of dissolved organic matter rich in carbon, dramatically 

increased the leaching of phenanthrene and pyrene.

Based on the data obtained and presented in this thesis it is suggested that deionised water is 

an aggressive leachant in comparison to Cardiff tap water. This may be for several reasons. 

The first possibility is that the PAHs and TPHs have a lower solubility in tap water. The 

analysis presented in Table 5-1, shows that Cardiff tap water contains elements such as Ca, 

Na, Mg and Si. These give the tap water a higher ionic strength then deionised water; Kim 

and Osako (2003) have shown that PAHs leach to a lesser extent in solutions with higher 

ionic strengths. Another possibility is that when the S/S sample is placed into the tap water 

less Ca is released into the leaching fluid (when compared to using deionised water). This is 

because the concentration of Ca in the S/S sample reaches equilibrium with the Ca in the tap 

water quickly; in this scenario there is no concentration gradient to drive diffusion release of 

Ca from the sample. As less Ca is released from the S/S sample the solid matrix integrity and 

the tortuous pore structure is maintained and the leaching fluid has less access to the PAHs 

dissolved in the S/S matrix pore water.
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Many leaching test standards specify short to medium term duration, for example the 

NEN7375 (64 days) and ANS 16.1 (90 days). Leoni et al (2007) examined the leaching of 2- 

chloroaniline from an organoclay and PC matrix over a 14 month period by means of a 

dynamic leaching test. Their work showed that where an organoclay was not used all of the 

2-chloroaniline leached, but when an organoclay was used the leaching after 14 months 

ranged from less than 12 % up to 30 % (the initial loading was 25,000 ppm). They also found 

that on investigating the samples after the 14 month leaching test, a well-defined leaching 

boundary a few mm from the edge of the sample could be seen. This region had different 

mineralogy from the inner part of the sample. Qiao et al (2006) subjected S/S treated wastes 

to a dynamic leach test. They found that metals leached from an accumulation zone on the 

outer edge of the sample into the leaching solution. They identified diffusion and dissolution 

as the leaching mechanisms. They found the leached region forms a shell that is weakly 

adhered to the remainder of the material.

The leaching of TPH and PAH compounds from the monolith samples used in this study has 

been shown to be a small fraction of the total content within the monolith. Analysis of the 

leaching data using the EA NEN 7375:2004 methodology shows that leaching is 

characterised by depletion of the available mass. The leaching mechanism that describes the 

initial release of contaminants -  between stages one and four -  is diffusion. The V/SA of the 

monolith was found to correlate linearly with the amount of PAH and TPH released from the 

sample. The observations from the data suggest that the leaching of the organic compounds is 

from a leaching zone at the outer edge of the samples. At the beginning of the leaching test, 

the organic compounds dissolved in the pore water near the sample surface, diffuse through 

the pore structure into the leaching solution. Hence samples with greater surface area exposed 

release additional contaminants into the leaching solution. The release from the outer edge of 

the sample may be due to the dissolution of hydration products at the surface during stages 

one to four of the test. This would leave a more porous structure to allow for the release of 

the organic compounds. Several authors have noted the presence of leaching zones at the 

outer edge of monolith samples subjected to leaching tests. These are typically characterised 

by a depletion of calcium concentration in the material (Leoni et al (2007), Qiao et al (2006)).

5.6  Summary

In summary, samples of contaminated soil taken from a brownfield site in South Wales were 

treated by the addition of OPC and PFA. The treated samples were subjected to a modified
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version of the NEN 7375 tank leaching test. The effects of an extended leaching period, the 

type of leaching fluid (deionised water and Cardiff tap water) and the sample V/SA ratio 

were investigated. The following conclusions can be made

• Monitoring the leachate pH throughout the tank test showed that the changes in pH 

were relatively small and therefore samples were stable and no dissolution of the soil- 

binder matrix occurred during the normal or extended period of the tank test.

• Deionised water was shown to increase the leaching of alkaline components from the 

samples more readily then Cardiff tap water due to the higher pH and the higher 

concentration of dissolved ions already in the Cardiff tap water.

• Changing the V/SA ratio of the samples did not have any obvious effect on the 

leaching solution pH for samples tested in deionised water and Cardiff tap water.

• TPH >C10-C40 leached to a greater extent than total PAH (10,735 pg/L and 7,576.33 

pg/L). However when the cumulative fraction leached was considered it was shown 

that PAHs leached more readily then TPH (0.154 % and 0.113 % respectively).

• Compounds with lower molecular weight (and greater solubility) were shown to leach 

to a greater extent than heavier, more complex compounds (with lower solubility) as 

demonstrated by the positive correlation between the PAH compound solubility and 

the CFL.

• The mechanism that controlled leaching was determined as diffusion between stages 

one and four followed by depletion of the available mass in stages four to eight.

• Changing the V/SA ratio of the samples was shown to have an effect on the CFL of

the PAH and TPH. Correlation between the V/SA ratio and the CFL was observed. As 

the volume/surface area decreases the cumulative fraction leached increases.

• Changing the V/SA of the samples did not change the leaching pattern or mechanism. 

Even with more surface area exposed the leaching of total PAH and TPH >C6-C40 

after the initial four stages was very low.

• Using Cardiff tap water as a replacement for deionised water generally resulted in 

significant reductions in the amount of PAH and TPH leached.

• Extending the leach test to 406 days did not result in additional detectable leaching of

PAH or TPH.
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6 Effect of extended immersion on strength of S/S treated 
waste

Unconfined compressive strength (UCS) is a parameter commonly used in the civil, 

geotechnical and environmental engineering sectors. It can be used to determine the bearing 

capacity of a particular material such as soil or rock, or to determine the degree of 

cement/concrete hydration (where the degree of the chemical reaction is proportional to the 

UCS of the sample), as a tool for assessing the suitability of disposal options (e.g. landfill of 

stabilised soils) or as an indication of the durability of a particular material such as stabilised 

soils. Examples of researchers using the UCS to assess stabilised and solidified soils include; 

Al-Tabbaa and Boes (2002), who examined the performance of soil containing various 

inorganic and organic contaminants 5 years after in-situ stabilisation; Hills and Pollard (1997) 

using UCS as one method to examine the influence of interference effects of metal plating 

waste; Montgomery et al (1991) using UCS to assess the strength and hydration development 

of various binder mixtures following S/S of organically contaminated industrial wastes using 

organo-clays and cement; Mulder et al (2001) using UCS to assess strength development of 

S/S treated sieve sand and dredging sludge; and Chan et al (2000) who used UCS to assess 

the time dependant hydration reactions of S/S treated asbestos wastes at various binder 

additions. It is clear from reviewing the existing literature in this area that UCS is a useful 

parameter to measure and it can give insights into the success of a S/S based treatment and 

the potential use of the subsequent material based on its geotechnical properties. In the 

research work reported in this thesis, UCS has been used to indicate if soils with gross levels 

of organic contamination can be successfully stabilised using readily available binders (OPC 

and PFA) at binder to dry soil ratio of 1:5.2, and as a method of assessing the medium to long 

term stability and durability of the subsequent stabilised soil.

Soils stabilised with OPC and PFA were formed into cube samples (using the procedure 

detailed in Chapter 4). The subsequent samples were subjected to tests to determine the UCS, 

with and without being immersed in water. Immersion and subsequent saturation of samples 

has the effect of increasing internal pore pressure within the monolith structure. It can also be 

used to indicate chemical hardening and setting rather than just drying and to ensure that 

deleterious swelling reactions do not occur in the presence of excess water. Long term 

immersion in water was also carried out to examine the possibility of a reduction in strength, 

which could indicate a lack of durability. Long term immersion of monolith samples can have
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an effect on the pore structure by leaching out hydration products, and hence the strength of 

the material can be reduced. To mirror the leaching testing carried out (see in Chapter 5) one 

set of cube samples were immersed in deionised water and the second replicate set were 

immersed in Cardiff tap water.

6.1 UCS testing protocol

Testing was carried out on 50 mm cubes of the stabilised and solidified contaminated soil. 
Samples were tested in triplicate after 28 days of curing in moist conditions, these were 

considered the control samples. Further replicate samples were immersed in water -  either 

deionised or Cardiff tap water, and after certain time periods -  up to 280 days, were removed 

and subjected to UCS determination in triplicate.

A Shimadzu Autograph testing machine (AG1 -  20 kN) was used during for the testing. The 

cube samples of S/S treated contaminated soil were placed onto the base plate of the testing 

equipment. A square, steel platen was placed on top of the sample to ensure that an even load 

was delivered onto the sample. The top plate of the testing equipment was manually lowered 

until it came into contact with the top platen. At this point the data logging equipment was 

reset to read 0 mm for the distance over which the load is applied. The Autograph testing 

machine uses Trapezium software to apply testing settings, collate data and display the force 

and distance data on the linked computer. The software was set to apply compression to the 

sample at a rate of 0.2 mm/min. The software collects the data while the sample is being 

compressed. The equipment measures the point at which the sample fails and this was used to 

calculate the UCS using Equation 6-1

_ _____ _ fm a x

max “ CSA 

Equation 6-1

at the maximum force (the UCS in MPa or kN/m2), fmax is the 

at which the sample failed (kN) and CSA is the cross sectional area 

The set-up of a UCS test is shown schematically in Figure 6-1.

where Omax is the stress 
maximum recorded force 

of the sample tested (m2).
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Figure 6-1 Schematic diagram to show UCS testing set-up

6.2 UCS o f stabilised samples

Table 6-1 shows the results of the initial UCS from tests on the stabilised contaminated soils 

after 28 days of curing. Three samples were tested, resulting in a mean strength of 1.58 MPa 
and a standard deviation from the mean of 0.28 MPa. This standard deviation equates to 17.7 

% of the mean of the three samples. Some variation is to be expected due to the variable 
nature of the soil samples and the potential impact that items such as small stones might have 

on the compressive strength of the sample tested.

Table 6-1 UCS of stabilised samples after 28 days curing

1 1.37

1.58 0.282 1.47

3 1.90

Figure 6-2 shows a typical force -  distance graph for the S/S treated material. As the top plate 
of the testing equipment travels downwards it applies a load to the sample, the further the 

distance it travels the greater the load. The load cell attached to the loading plate measures 
the force with which the sample resists the compressive load of the top plate. At a certain 
point the sample will fail to resist the compressive load and the force measured by the load 
cell will peak. For the example shown in Figure 6-2 this occurs at a distance of 1.65 mm and 

a force of 3.13 kN. After this point the loading plate continues to apply the compressive load 

and the resistive force measured by the load cell decreases rapidly.
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Figure 6-2 Typical force-extension graph for UCS testing of S/S cubes cured for 28 days

6.3 UCS o f  im m ersed sam ples

Replicate sets of samples were immersed in deionised water or tap water for various amounts 
of time to investigate the effects of longer term immersion and effect of the type of water. 
The British Standard test for the immersion and UCS testing of samples (BS 1924-2:1990) 
recommends that a replicate set of samples is immersed for a period of 7 days prior to testing. 
A modified methodology has been used in this study. Given that many stabilised soil samples 
have a low permeability, following the 28 days moist curing period the sample were 

immersed and tested at 64, 96, 21 land 280 days. This equates to 36, 68, 183 and 252 days of 

immersion.

Figure 6-3 shows the results of the extended periods of immersion in both Cardiff tap water 

(CTW) and deionised water (DW) compared to the initial sample (tested after curing in moist 
conditions for 28 days). As with the previous protocol the samples were tested in triplicate. 
The results show the mean and the associated error bars show plus/minus one standard 

deviation from the mean.
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Figure 6-3 UCS of unsoaked, immersed in Cardiff tap water (CTW) and immersed in deionised water
(DW) for extended periods

The results in Figure 6-3 show that for samples immersed in deionised water and tested at 64 

days there is a decrease in the UCS value when compared to the control sample at 28 days. 
For samples tested at 96 days the UCS has increased back to the same level as the control 
sample. This is followed by slight decreases for samples tested at 211 days and 280 days. 
This would suggest that immersing the cube samples in the deionised water for elongated 

periods has a negative effect on the strength and durability of the samples; possibly due to the 
leaching of S/S hydration products (such as Ca(OH)2 or CSH) effecting the pore structure of 
the material. However the standard deviations associated with each average have to be taken 

into account. The relatively heterogeneous nature of the soil samples used has resulted in 
some variability in the strengths of the subsequent S/S treated material. This has resulted in 
large standard deviations associated with the averages shown in Figure 6-3. If the error bars 
associated with the average UCS values for samples immersed in deionised water are 
compared with those of the control sample, it is feasible that the long term immersion has no 

significant effect on the strength and durability of the samples and that the differences in 

UCS are due to the variability of the soil and hence the cube samples produced.

The results shown in Figure 6-3 also show the effect on UCS of long term immersion in 

Cardiff tap water. It has already been shown, in Chapter 5, that Cardiff tap water is a less 
aggressive leaching solution than deionised water. It may be expected that this solution would 

have a less significant impact on the UCS of the immersed samples due to less of the 
cementing agents being leached out into the water. The results show that after 64 days there
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is a slight increase in the UCS when compared with the control sample at 28 days. This is 

followed by a fairly sharp decrease in the UCS after 96 days. This in turn is followed by a 

steady increase at 211 days and 280 days. The average results for the UCS of samples 

immersed in Cardiff tap water are also subject to the standard deviations associated with the 

data. The standard deviations are quite large and generally overlap with the control sample 

standard deviation. This suggests that the long term immersion in Cardiff tap water does not 

affect the strength and durability of the stabilised samples.

6 .4  D iscu ssion

Cube samples of S/S treated soils were subjected to UCS testing in triplicate. Some samples 

were tested after 28 days curing in moist conditions while other samples were immersed for 

extended periods in deionised water or Cardiff tap water.

The UCS of samples tested after 28 days curing — the control samples -  gave an average of 

1.58 MPa with a standard deviation of 0.28 MPa. Given that the soil in its original form was 

very moist, oily and had very poor geotechnical properties, this is a strong indication that the 

composite soil, cement and PFA material has undergone the chemical and physical reactions 

that are typical of S/S processes. A comparison of these data with the available literature also 

suggests that 1.58 MPa is within the expected strength range. However it is difficult to make 

direct comparison because the type of contaminated material, binder types, addition rates and 

the curing time, the testing conditions e.g. lab mixed or site recovered samples, all have an 

effect on the hydration of binders and hence the strength of S/S treated materials. For 

example, Al-Tabbaa and Boes (2002) reported on the strengths of in-situ treated soils. The 

soils treated were made ground or sand and gravel soil. The made ground contained coal tar 

(200 mg/kg to 6,200 mg/kg) and mineral oil (325 mg/kg to 1,900 mg/kg), as well as some 

heavy metals. The study examined the effects of various binder mixes, however only their 

mix A and mix B will be reported here due to the similarities with the additive additions used 

in this study. In their study mix A was 3.4 % OPC and 9.1 % PFA (i.e. 12.5 % addition to the 

contaminated made ground, w/w) while mix B was 2.5 % OPC and 10 % PFA. After 5 years 

of curing in-situ the UCS of mix A was 2.4 MPa and mix B was 5.4 MPa (for made ground 

only). The paper also shows previous testing on the samples, after 0.2 years, where mix A 

was around 1 MPa and mix B was around 1.4 MPa (the paper only presents the results 

graphically, actual figures were not shown). The types of soil treated, the binder materials 

and addition rates, and the UCS results following treatment compare closely between the
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made ground soil used in the work presented in this thesis and the made ground soil used in 

the study by Al-Tabbaa and Boes (2002). This may point to further curing of the S/S treated 

material used in the present study resulting in increased UCS in the long term. Another 

example is from Mulder et al (2001). In their study, sieve sand and dredging sludge 

containing low levels of organic pollutants (PAHs and mineral oil) as well as high levels of 

sulphates and chloride were used. The contaminated materials were treated with a blend of 

OPC and high alumina cement at either 16 % or 21 % addition (w/w) as well as small 

amounts of un-named adsorbent additives. The results obtained ranged between 1.1 and 5.2 

MPa after 28 days curing. Another set of example results for comparison are those from 

Leonard and Stegemann (2010), who used OPC and a high carbon fly ash (HCFA) to stabilise 

petroleum drill cuttings. A Soxhlet extraction of the material shows it to have 66,700 mg/kg 

of extractable material (this is an approximate measure of the total degree of extractable 

organic contamination). A similar test was carried out on the contaminated soil used for the 

research reported in this thesis (an accelerated solvent extraction using toluene, see Chapter 

4). This test showed the contaminated soil to have an average of 37,128.66 mg/kg (standard 

deviation of 6336.36 mg/kg) of extractable material. This shows that the material used in the 

present study had a similar degree of organic contamination to the petroleum drill cuttings 

used in the study by Leonard and Stegemann (2010). In the work by Leonard and Stegemann 

the OPC and HCFA were used in a ratio of 1:1 or 1:0 (OPC:HCFA). They used a variety of 

waste to binder ratios (0:1, 3:2 and 1:4, waste:binder) hence they found a wide range of 

strength values. The strength values they reported ranged from 1.7 MPa to 36.3 MPa after 7 

days of curing and 4.7 MPa to 44.5 MPa after 56 days of curing. The lower values of 

strengths were obtained for the samples stabilised with a 1:1 mixture of OPC and HCFA, at 

the lower contaminated material, binder ratio (3:1). The authors also found that samples 

mixed with HCFA were less affected by the drill cuttings then samples treated with OPC 

alone, their results suggesting that HCFA can impede the detrimental effects of hydrocarbons 

in the medium being treated.

Figure 6-4 has been taken from Antemir et al (2010) and compares soil and rock strengths 

with those of various materials including concrete, rock and S/S treated soils. In their study 

the S/S treated soils consisted of samples extracted from several full scale S/S works, in the 

USA and the UK. The remedial works were undertaken between 1989 and 2006. The strength 

of the samples in their study ranged between 0.1 MPa and 4.2 MPa, comparable to stiff to 

hard soils or very weak to weak rock. The stabilised soil sample used in the study reported in
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the present work had UCS value of 1.58 MPa. This falls within the range of values found by 

Antemir et al (2010) and equates to the stabilised soil being similar in strength to a hard soil 
or a very weak rock.

0.01 0.1
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MATERIAL
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Figure 6-4 Comparison of the strengths of various materials including various stabilised soils, from
Antemir et al (2010)

The results of immersing the samples in either deionised water or Cardiff tap water for up to 

280 days, do not appear conclusive. The results presented in Figure 6-3 show an increase in 

the UCS of some samples, while others show a decrease in the UCS when compared to the 

control at 28 days. However, there is significant variability in the results and when the 

standard deviations are considered it does not appear that immersion in deionised water or 

Cardiff tap water has a significant effect on the UCS. One thing the data show is that there is 

not a drastic reduction in strength after immersion of up to 280 days. This supports the earlier 

claim that chemical setting reactions have taken place and not simply drying and hardening. 

If this had been the case the immersed samples would be expected to disintegrate.

Although the immersion test can be a useful indicator of the S/S materials durability and to 

determine if the sample has chemically set, it is not often used. Al-Tabbaa and Boes (2002) 

tested monolith samples that had previously been used for permeability tests. The samples 

were subjected to five pore volumes of water during the test. The samples were found to have 

compressive strengths consistent with those of samples that had not been subjected to 

permeability tests, indicating that saturation with water did not affect the sample UCS. 

Stegemann et al (1997) tested samples of electric arc furnace dust (EAFD) solidified with 

hydrated lime and silica fume in field scale trials. The samples were cured in laboratory 

conditions for 56 days, 7 months and 19 months. They were then tested before and after
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immersion. The results consistently show that the UCS after immersion is lower than the 

UCS before immersion. However, the standard deviations for the sets of UCS results are 

large. For example, after 56 days curing the UCS before immersion was 8.97 MPa (standard 

deviation of 6.40 MPa) while the UCS after immersion was 7.60 MPa (standard deviation of 

5.36 MPa). As with the results obtained for this thesis it appears they found a large degree of 
variability within the UCS results.

6.5 Summ ary

• The highly contaminated soil was successfully solidified, producing a material with 

improved geotechnical properties. No free water or free oil were evident during 

testing

• No swelling of the samples was observed during the immersion periods. This can be 

an indicator of the formation of deleterious hydration products (such as ettringite) 

which can cause cracking

• The treated material had a UCS of 1.58 MPa -  equivalent to a hard soil and a typical 

value for S/S treated materials

• Immersion of the treated samples in deionised water or Cardiff tap water does not 

appear to effect the UCS

• The results obtained had a high degree of variability, however due to there being a 

limited number of samples it was not possible to carry out more tests
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7 Pulverised fuel ash — formation and characterisation

For the second stage of experimental work presented in this thesis, pulverised fuel ash (PFA) 

samples were obtained from two UK coal fired power stations; Longannet power station in 

Scotland and Aberthaw power station in Wales. Both power stations bum anthracite coal but 

the different processes used result in PFA with different characteristics. Factors such as 

source of coal, grinding process (e.g. fineness o f ground product), combustion chamber 

design, fuel residence time and combustion temperature can all have an impact on the 

subsequent quality of the PFA by-product produced (Tillman, 1991). In addition to the raw 

PFA, samples of electrostatically separated PFA were obtained from Longannet power 

station. This chapter contains a general description o f the formation of PFA as well as a 

description of the processing involved to produce the PFA samples used in the experimental 

work. The chapter also presents the detailed characterisation o f the PFA used in this study.

7.1 Coal fired pow er stations and their by-products

Throughout the world, combustion of coal is one o f the primary means of generating heat and 

electricity. There are several different types of coal commonly used as solid fuel; these 

include brown, lignite, bituminous and anthracite (Tillman, 1991). The coal is normally 

pulverised to a fine particle size to improve the combustion efficiency. Coal mostly consists 

of carbonaceous materials (known as macerals) with small amounts of minerals and elements 

due to clays, pyrites and calcite and other minerals. When the coal is combusted it is these 

inorganic materials that remain and form coal ash. The minerals undergo physical and 

chemical changes due to the high temperatures encountered (typically 1500 °C) such as 

oxidation and the formation of complex glassy silicates. The principal metals, expressed as 

their oxides, that are usually present in coal ash include SiC>2 , AI2O3, Fe2C>3, CaO, MgO, 

Na2 0 , K2O and TiC>2 (UKQAA, 2002). Trace amounts of other elements can also be 

encountered depending on the feed coal used.

In addition to the inorganic materials in the ash, the coal ash can contain some unbumed and 

partially combusted carbon. This can occur if  small particles of the pulverised coal are carried 

out of the furnace before combustion can occur, or if the residence time in the furnace is not 

long enough so particles are only partially combusted. Research into the carbon contents of 

fly ash shows that the carbon occurs in three forms, 1 . non-combusted particles 2 . isotropic
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particles and 3. anisotropic particles (the latter two particles having been through a partial 
combustion stage) (Gray, 2002).

The actual characteristics of the ash depend on a number of factors including the 

characteristics of the parent coal, the fineness of the pulverised coal, furnace temperature, 

furnace residence time and type of boiler. Of the coal ash produced 70% -  85% is carried out 

of the furnace with the combustion gases, the rest of the ash falls to the bottom of the furnace 

where some of the ash sinters to form a coarser material, known as bottom ash. The ash 

carried out of the furnace with the combustion gases is generally quite fine. Because of this it 

needs to be extracted from the gases before they can reach the atmosphere. In modem coal 

burning power stations this is usually done through a series of electrostatic precipitators. This 

ash is known as pulverised fuel ash (PFA) or is sometimes called fly ash (FA).

The formation of particulate matter from the burning of solid fuels is considered 

schematically in Figure 7-1 (modified from Tillman, 1991). This is for one type of boiler, 

there are many different types and combinations of burners and boilers used in coal fired 

power stations. The first mechanism that controls generation of the particulate matter present 

in the ash involves finely divided particles and inert matter becoming entrained in the gaseous 

combustion products in the furnace and being carried out (the unbumed carbon and non- 

spherical mineral particles found in the ash). The second mechanism is when the fuel is 

pyrolyzed but not oxidised before it is carried out of the furnace with the gaseous products. 

This results in partially combusted carbon material (isotropic and anisotropic carbon). The 

third mechanism for particulate generation is when inert bed material becomes entrained in 

the combustion gas stream. If these materials enter a cool region in the furnace they can 

rapidly condense (resulting in the spherical, amorphous mineral particles that are commonly 

seen during petrography of PFA).
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Figure 7-1 Formation of combustion by-products in one type of boiler (modified from Tillman, 1991)

PFA collected from power stations has a long history of being utilised in a variety of 

industries. It is often used in the manufacture of Portland cement (PC) as it is pozzolanic 

(having cementitious properties when mixed with water and an alkali activator such as 

Ca(OH)2  (EA, 2004)) and is used as a partial cement replacement. This can result in 

technical, financial and environmental benefits. Other applications include soil stabilisation 

and use as load bearing fill. However, the variable nature of PFA from different sources and 

even within the same facility can limit its reuse; particularly in the cement industry where the 

carbon content of PFA can have a detrimental impact on the cement and concrete quality by 

discolouration, altering air entrainment behaviour and causing mixture segregation (Freeman, 

1997). There are significant advantages to be made from processing and separating PFA into 

different fractions. For example, removal of some of the carbon to approved levels enables 

the resulting material to be used as a cement addition (PFA in concrete is limited to a loss on 

ignition (LOI) of 5% by BS EN450). PFA cenospheres (inert, hollow, lightweight silicate 

spheres created by expansion of volatile material inside condensed particles) can be separated 

and used in production of paints, plastics, lubricants, ceramics and many other industries. 

Carbon rich PFA can be activated and used as an activated carbon substitute (Maroto-Valer et 

al, 1999), returned to a specialised boiler to recover the energy content of the carbon or even 

used as a low cost secondary binder for contaminated land/groundwater applications where 

less stringent standards may be required. For example Qiao et al (2006) used rejected fly ash
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(rejected due to its larger particle size and high loss on ignition) for the stabilisation of 

synthetic heavy metal sludge.

7.2  P rocessing m ethods for im p rovin g  PFA

Methods of ash beneficiation include carbon burnout, ffoth-flotation, magnetic separation and 

sieving. One of the PFA samples used in this research work has been subjected to 

electrostatic separation, so this technique is considered further. Electrostatic separation 

technology relies on particles becoming charged due to inter-particle contact. Carbon rich 

particles become positively charged while mineral rich particles become negatively charged. 

The PFA is then passed through an electric field and the particles are attracted towards the 

oppositely charged electrodes. The two sets of fly ash are then physically collected by a 

moving belt and transferred to separate storage silos. Figure 7-2 shows a schematic 

representation of the PFA processing system used in Longannet power station. This process 

equipment is manufactured by Separation Technologies Inc.; the images has been extracted 

from the company website (http://www.proash.com/wordpress/7page id=567). The locations 

that samples were collected from are labelled on the diagram.
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Figure 7-2 Schematic of PFA electrostatic precipitator system 
(http://www.proash.com/wordpress/?page_id=567)

7.3 PFA basic characterisation

Table 7-1 shows the PFA samples used in this study. The name, description of which 

processing stage the sample was taken from and a photograph of the PFA are shown.
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Table 7-1 PFA obtained from Aberthaw and Longannet coal fired power stations

PFA Type

Aberthaw Feed

Description

Particulate matter filtered from 
combustion gases -  unprocessed

pH

10.4 (0.1)

Longannet Feed Particulate matter filtered from 
combustion gases -  unprocessed 11.7 (0.1)

Longannet Carbon Carbon rich ash from electrostatic 
separation o f Longannet feed material 11.5 (0.0)

Longannet Mineral
Low carbon, mineral rich fraction from 

electrostatic separation o f Longannet feed 
material

11.4 (0.0)

The fly ash samples were supplied in a dry form. The samples were mixed within their 

respective containers and smaller subsamples were taken for easier access. The pH was 
obtained in triplicate for each sample by placing the fly ash in a container and adding 

deionised distilled water (1:10 w/v) and shaking for 24 hours. The mixture was allowed to 

settle and the pH was measured with a pH probe. The average pH for each PFA sample is 

shown in Table 7-1 (with the standard deviation in brackets), for Longannet Feed PFA the pH 

was 11.7, for Longannet Mineral PFA it was 11.4, for Longannet Carbon PFA it was 11.5, 

and for Aberthaw Feed PFA it was 10.4. There does not appear to be a significant difference 

between the pH of the different Longannet PFAs despite the processing they have been 

through. The pH of the Aberthaw Feed PFA is slightly lower than the pH of the Longannet 

PFA. Typical PFA pH values range from 9 up to 12 (UKQAA, 2002).

The raw data for chemical and physical analysis of the PFA samples can be found in 

Appendix D.

7.4 Particle size distribution

A Malvern Mastersizer (see Chapter 3) was used to analyse the particle size distribution 

(PSD) of the PFA samples. Table 7-2 shows a summary of the PSD data. The percentage of 

particles (by volume) under a particular size is shown; for example dio shows 10% of 
Aberthaw Feed PFA particles are less than 7.22 pm in diameter, dso shows that 50% of 

particles are less than 38.19 pm and dgo shows that 90% of particles are less than 142.7 pm.
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Figure 7-3 shows the results of the PSD analysis on the PFA graphically. The y-axis shows 
the % by volume under a particular diameter and the x-axis shows the particle diameter (pm) 
on a log scale.

Table 7-2 Summary of PSD data for the PFA samples

Aberthaw Feed 7.22 38.19 142.7
Longannet Feed 7.33 41.74 184.58
Longannet Carbon 7.3 37.89 217.18
Longannet Mineral 5.15 25.97 160.31
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Figure 7-3 Cumulative PSD for PFA samples

Table 7-2 shows that the Aberthaw and Longannet Feed both have 50 % of the particles 
under approximately 40 pm. The Aberthaw Feed has a finer PSD overall as it has 90 % of its 
particulates with diameters of 142.740 pm or less while Longannet Feed has 90 % of its 
particulates with diameters of 184.58 pm or less. This pattern is also shown by Figure 7-3 
where the blue line representing Aberthaw Feed and pink line representing Longannet feed 

are close together initially but get further apart as the particle size increases.

The effect of processing the Longannet PFA is also shown by the PSD results. The two 
products of the electrostatic separation are the Longannet Carbon and Longannet Mineral. 
Table 7-2 and Figure 7-3 show that the material with high carbon content has a slightly finer 

PSD then the feed material initially but is coarser overall as 90% of its particulates have a
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diameter of 217.18 pm or less in comparison with 184.58 pm for the feed material. Table 7-2 

and Figure 7-3 also show that the mineral rich fraction is finer than the high carbon fraction 

PFA and the feed PFA, which shows that the unbumed carbon char and partially combusted 

carbon have larger diameters then the spherical mineral particles formed during the 

combustion and cooling process.

Figure 7-3 generally confirms the summary results of Table 7-2. One small difference is the 

particle size distribution of Aberthaw Feed PFA. The material has a similar PSD to 

Longannet Feed and Longannet Carbon up to a certain diameter (around 40 pm). The shape 

of the PSD plot then indicates that there are fewer larger diameter particulates in the 

Aberthaw feed material in comparison to the other PFA samples (between 40 pm and 1000 

pm).

7.5 Chem ical analysis

Fly ash samples were subjected to the four acid microwave digestion method detailed in 

Chapter 3. The results of ICP AES analysis of the solid digests are shown in Table 7-3. 

Where appropriate the results have been converted to their known oxide form (e.g Si is 

known to be present as SiC>2 in PFA) and presented as a percentage of the total mass (e.g. 

SiC>2 is 42.5 %, by mass, of the Longannet feed PFA). The remaining elements, present at 

trace levels, have been presented as mg/kg of PFA. The standard deviation of each 

concentration is shown in brackets next to the mean in Table 7-3.

It can be seen from Table 7-3 that, of the main oxides, Longannet feed PFA has more Si02 

and CaO than the other PFA samples while Aberthaw feed PFA has more AI2O3 and Fe2C>3 

than the other PFA samples. Aberthaw Feed also has a higher C content than Longannet 

Feed; this is a result of the different combustion processes used.

The effects of electrostatic processing of PFA can be seen by comparing results of Longannet 

Feed with Longannet Mineral and Longannet Carbon. The main objective of the electrostatic 

processing is to produce a PFA with a low LOI i.e. reduce the C content. The results show the 

C content of the separated PFA fractions to be significantly different, 4.25 % in Longannet 

Mineral and 20.03 % in Longannet Carbon, from a feed material with a C content of 11.50 %. 

As well as affecting the C content, the electrostatic separation affected the partitioning of the 

mineral oxides and trace elements. Si and Al oxides have higher concentrations in Longannet 

Mineral while Ca and Fe oxides have higher concentrations in Longannet Carbon. Of the
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other major components in the PFA the S content is also altered, Longannet Carbon having a 

higher proportion then Longannet Mineral and Longannet Feed.

It can be seen from Table 7-3 that the main oxides form the majority of the PFA. The 

minimum sum total is 89.13 % for Longannet Carbon and the maximum value is 91.16 % for 

Longannet Mineral. The remainder of the samples are made up from the trace elements. The 

trace elements only form a small part of the total mass of the PFA samples; in the case of the 

four samples analysed they total less than 0.5 %.

Table 7-3 Results of ICP-OES analysis on PFA digests

Major constituents in PFA (%), average of 3 samples, standard deviation in brackets
Si02 37.56 (2.06) 42.51 (2.03) 46.35 (4.03) 34.17(0.43) 4 5 -5 2
AI2O3 21.05(0.38) 19.36 (0.18) 22.25 (0.31) 17.02 (0.25) 2 4 -3 2
CaO 2.57 (0.08) 4.47 (0.18) 3.91 (0.01) 5.32(0.10) 1.1-5.4
Fe20 3 6.52 (0.09) 5.53 (0.21) 4.85 (0.10) 6.70 (0.16) 7 -1 5
k 2o 1.88 (0.06) 1.34 (0.07) 1.67 (0.08) 1.35 (0.02) 2 .3 -4 .5
MgO 1.03 (0.01) 1.51 (0.08) 1.49 (0.11) 1.90 (0.02) 1 .2-4 .4
Na20 0.81 (0 .01) 0.77 (0.04) 0.81 (0 .01) 0.82 (0 .02) 0 .8 - 1.8
Ti02 0.71 (0.01) 0.96 (0.03) 0.99 (0.02) 0.92 (0.01) 0 .9 - 1.1

S 0.34 (0.01) 0.25 (0.03) 0.23 (0.01) 0.44 (0.01) S03:
0.35-1.7

c 18.17(0.08) 11.50 (0.33) 4.25 (0.07) 20.03 (0.16) LOI:
3 -2 0

Total 91.16 88.58 87.13 89.31

1 Trace elements in PFA (mg/kg), average of 3 samples, standard deviation in brackets |

Ba 1601 (25) 1495(50) 1593 (40) 1609 (48) 0-36,000
Bi 34(2) 45 (2) 33 (25) 42(2)
Co 37(1) 35(1) 36 (2) 36(1) 2 -1 1 5
Cr 72(1) 211(5) 198 (3) 239 (2) 22 - 192
Li 169 (3) 123 (3) 133 (2) 96(1)
Mn 1120 (29) 600(17) 549(17) 669 (6) 103 - 1555
Mo 9(3) 2 0 ( 11) 10 (0.4) 28(4) 2 -8 1
Ni 81(2) 68 (3) 70 (0.4) 77 (2) 35 - 583
Pb 7(1) 32 (5) 33 (2) 35 (2) <1 -  976
Se 8 (2 ) 16(1) 1 0 ( 1) 27(3) <1 - 162
Sr 845 (20) 666(39) 474(352) 559(226)
V 1 1 2 (2) 154 (3) 153 (2) 170 (2) 96-1339
Zn 85(3) 253 (8) 269 (4) 246 (2) 49-918
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7.6  Organic contam inants an a lysis

As the PFA samples being characterised were to be used for adsorption of organic 

compounds it was decided to check for any organic contaminants that may already be present 

in the samples. Persistent organic pollutants (POPs) such as PAHs and PCBs can be formed 

during the combustion of organic matter such as pulverised coal. The POPs can be carried out 

of the boiler with the flue gases and can be vented to the atmosphere or become adsorbed to 

fly ash surfaces (Tsytsik et al, 2008, Sahu et al, 2009).

The methodology applied for the extraction of any organic pollutants from the fly ash 

samples was the same as that employed for PAH extraction from the contaminated soils, as 

discussed in Chapter 3. The chromatograph for the DCM extraction of organic compounds 

from the different PFA samples is shown in Figure 7-4. Each chromatograph clearly shows 

several peaks. However some of these peaks (e.g. at 10.58 minutes and 19.40 minutes) were 

also present in the extraction blank sample and in the extracts from other PFA samples, which 

suggests they are contaminants potentially introduced by the process. Qualitative 

identification using the NIST libraiy did not give any clear suggestions as to what these 

contaminants may be. It is possible they are contaminants introduced by the extraction 

procedure.
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Figure 7-4 Chromatographs of the PFA accelerated solvent extraction by DCM

In addition to the unknown peaks identified, several very small PAH peaks were also 

observed. Anthracene or possibly phenanthrene was observed at 21.03 minutes in all of the 
extracts. It is difficult to be sure which compound it is as they have the same molecular mass 
and produce very similar mass spectra. In all cases the peak identified is very small and is not 
within an appropriate range for accurate quantification. For example the 
anthracene/phenanthrene peak for Longannet Carbon PFA had an area of 90,399 when 
integration was carried out. For comparison, a phenanthrene standard of 0.4 ppm, run on the 

GC MS using the same methods, had a peak area of 1,825,756. The sample peak was over 20 

times smaller than the peak of the lowest standard concentration for the calibration curve. 
The peak identified at 26.32 minutes as pyrene was found in all of the extracts. As with the 
previous identification the size of the peaks was very small and so accurate quantification 

was not possible.

7.7 X-ray diffraction analysis

XRD analysis was carried out in accordance with the method described in Chapter 3. Figure 

7-5 shows the results of XRD analysis. The figure shows the plots for the Longannet Feed 
PFA (red), Longannet Mineral PFA (blue), Longannet Carbon PFA (green) and Aberthaw
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Feed PFA (brown). The peaks are labelled with their identified crystalline mineral phases; 
these are quartz (Si02), mullite (AlOSi) and hematite (Fe20 3).
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Figure 7-5 XRD analysis of four fly ash samples including electrostatically processed and air classified fly
ash (Quartz (Q), mullite (M), hematite (H»

The results of XRD analysis show that all of the PFA samples contain the same crystalline 

mineral phases regardless of processing or source. All of the plots show a slight hump 
between °20 values of 15 and 35; this is the amorphous glassy material that makes up a 
significant proportion of fly ash. Comparison of Longannet Feed with Longannet Mineral 
shows the XRD plots are quite similar in the position and size of peaks. In Longannet Carbon 

however the clarity and size of the peaks are reduced, suggesting less of the crystalline phases 
are present. These results support the ICP AES analysis in which Longannet Carbon was 
shown to have the least amount of Si02 and A120 3 of all the Longannet PFA samples and the 

Longannet Mineral PFA was shown to have the most.

The Aberthaw feed XRD results show the material to have comparatively low amounts of the 

crystalline phases previously identified. This is demonstrated by the poor clarity and reduced 

size of the peaks.

7.8 Scanning electron m icroscopy analysis

During the course of the research work some scanning electron microscopy (SEM) analysis 
was carried out. This analysis was used in a qualitative manner to determine/confirm the 
types of phases present in the fly ash samples. The SEM analysis carried out was not
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exhaustive due to limitations on the availability of the equipment as well as operational 
problems encountered.

Figure 7-6 shows an SEM image of Aberthaw Feed PFA. The image shows several of the 
phases that would be expected in fly ash including a variety of spherical mineral particles 
(these are the amorphous, glassy particles), crystalline particles that have not been through a 

molten and condensing stage (such as crystalline quartz, mullite and hematite), and carbon 
particles that have passed through the process partially combusted. Examples of the different 
particles are highlighted on the SEM image.

The large particle in the centre of Figure 7-6 has an open porous structure which holds 
smaller spherical particles. A closer image of this can be seen in Figure 7-7. This shows that 
the small cenosphere particles sit in the open surface structure of the larger particle. 
Comparison of the particle in this image with SEM analysis carried out by Goodarzo and 
Hower (2008), and Kutchko and Kim (2006) would suggest this is a particle of either 

partially burned or unbumed carbon.

Hollow 
spherical 
particles 
caused by 
material 
condensing 
in gas 
stream

Angular 
particles, not 
having been 
through 
molten stage

Unbumed carbon 
particles

Figure 7-6 SEM image of Aberthaw Feed PFA
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Figure 7-7 Close up SEM image of carbon particle

Figure 7-8 shows an SEM image of the Longannet Carbon PFA. Again this shows several 
different types of particle as indicated on the image. The image shows examples of the carbon 

seen previously but it also shows some particles of carbon that have a different structure to 

the porous open particle seen in Figure 7-7. These particles appear to be long, thin fragments 
with a relatively smooth looking surface. It was previously noted that fly ash can contain 

different types of carbon. Some are only partially combusted while others do not bum. The 
latter tend to be inertinite, a type of carbon found in coal and is typically formed at high 

temperatures (e.g. forest fires) as a result it tends to bum less readily than other types of 
carbon (Goodarzi and Hower, 2008).

Angular 
particles, nol 
having been 
through 
molten stage Unbumed

carbon
particle

Spherical

particles

Different 
type of 
unbumed 
carbon 
particle

Figure 7-8 SEM image of Longannet Carbon PFA
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7.9 Discussion

Characterisation of four fly ash samples was undertaken. Two were samples of raw fly ash 

extracted from the exhaust gas of the power station boiler, labelled Longannet Feed and 

Aberthaw Feed. Two further samples were obtained; these were the result of further 

processing of Longannet Feed PFA. Longannet Mineral and Longannet Carbon PFA were 

produced following electrostatic separation of the feed PFA.

Detailed characterisation was undertaken to examine the chemical and physical differences of 

the materials. This was done to give an insight into the behaviour exhibited during the 

adsorption of selected polycyclic aromatic hydrocarbons (PAH) onto the different PFA 

samples in tests that have been carried out and are presented in Chapter 8  i.e. how do the 

different PFA samples perform during the adsorption of acenaphthene and phenanthrene and 

how might their different physical and chemical properties influence the adsorption.

The analysis of the PFA samples, presented in Table 7-1, showed that the pH values ranged 

from 10.37 to 11.68. There did not appear to be a significant difference between the pH 

values of the Longannet samples subjected to the electrostatic separation process when 

compared to the feed material. The pH of the Aberthaw feed was slightly lower than that of 

the Longannet samples but was still relatively high. According to the UKQAA (2002) the 

typical range of pH for UK fly ash samples is between 9 and 12. PSD analysis of the four fly 

ash samples was also carried out and is shown in Table 7-2 and Figure 7-3. The results show 

that the electrostatic separation procedure produced one material of finer PSD (Longannet 

Mineral PFA) and one of coarser material (Longannet Carbon PFA). At the smaller particle 

sizes there does not seem to be a significant difference between the PSD of Longannet Feed, 

Longannet Carbon and Aberthaw Feed. However, at the higher range of particle sizes (>100 

pm) the difference becomes more apparent, with Longannet Carbon having a greater amount 

of the larger particles. The chemical analysis presented in Table 7-3 shows the difference 

between the different types of fly ash and the effect of the electrostatic precipitation process 

on the distribution of the main oxides and trace elements found in PFA. The results show that 

the values are within or close to the typical values suggested by UKQAA (2002). A 

comparison of the PFAs from the different power stations shows that the Aberthaw PFA has 

the highest Al, Fe, K, S and C content while the Longannet PFA has a highest Si, Ca and Mg 

content. A comparison of the electrostatic separation samples shows that Si, Al, K and Ti 

tend to partition to the Longannet Mineral PFA while Ca, Fe, Mg, S and C tend to partition to
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the Longannet Carbon PFA. Similarly Vassilev et al (2001) found that char (unbumed 

carbon) concentrate produced from fly ash using froth flotation techniques was higher in Fe, 
Ca, S, Ti and P due to an association between the organic matter and some mineral phases. 
The chemical analyses are backed up by the XRD plots presented in Figure 7-5. These show 

reduced quartz (Si02) peaks for Longannet Carbon and Aberthaw Feed PFA when compared 

to Longannet Feed and Longannet Mineral PFA. SEM analysis of several of the fly ashes 
showed that they contained the phases typically found in fly ash i.e. spherical particles that 
have been through a molten stage and condensed rapidly in the gas phase, angular particles 
that passed through the boiler without being transformed, and unbumed carbon particles. The 

SEM analysis, while not exhaustive, did demonstrate several important features about the 
PFA carbon. There appears to be different types of carbon with different structures within the 

PFA. One type of carbon particle was generally rounded and had an open porous surface 

structure which contained small spherical mineral particles. The other type of carbon was 
angular with a smoother looking surface; this type of particle was only observed in 

Longannet Carbon PFA. Vassilev et al (2001) found, through their observations of char 

concentrate from fly ash, that a significant amount of glass and silicates fill or coat the 

organic particles. During specific surface area measurements this was shown to result in an 

increased blockage effect for the gas access to the char particles i.e. the particles attached to 

the carbon reduced its effective surface area. Goodarzi and Sanei (2009) examined the 

reduction of the release of very fine fly ash particles to the atmosphere. During SEM/EDX 
(scanning electron microscopy/electron dispersive spectrometry) analysis they showed that 
unbumed carbon particles can trap very fine mineral particles, as shown in Figure 7-9. The 

carbon particle in this image has a similar open porous structure to that observed during this 

work, as shown in Figure 7-7.

Figure 7-9 SEM image from Goodarzi and Sanei (2009)
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The nature of the carbon present in the PFA samples would appear to be important. During 

N2 adsorption experiments Maroto-Valer et al (1999) found that inertinite particles had a 

lower surface area (15 -  25 m2/g) when compared to isotropic coke (25 -  35 m2/g) and 

anisotropic coke (3 5 -6 0  m2/g).

The PFA samples were subjected to an accelerated solvent extraction procedure in order to 

examine if any PAH compounds were associated with the PFA samples. Whilst two PAH 

compounds were tentatively identified, the peaks were very small and it would not have been 

possible to carry out an accurate quantification of the compounds. In practical terms the main 

concern of the presence of the PAH compounds is if they interfere with cement hydration or 

if they leach into surrounding groundwater. However at such low concentrations, and 

considering the high concentrations of organic contamination in the soils used in this study 

(see Chapter 4) the concentration of PAHs in the PFA cannot be deemed significant. Another 

concern for the PAH compounds in the PFA is the effect they may have on the adsorption 

and desorption experiments presented in Chapter 8 . However, during the adsorption isotherm 

tests no signs of the PAH compounds were found in the solutions analysed. This would 

suggest that any PAHs partitioned to the PFA are not released during contact with water.

7.10  Summ ary

• PFA samples taken from different sources had different physical and chemical 

characteristics. These characteristics may have a significant impact on performance if 

used for S/S processes

• Electrostatic precipitation process produced two subsequent PFAs with different 

physical and chemical characteristics

• Longannet Carbon PFA had a higher carbon content and a coarser PSD while 

Longannet Mineral PFA had a higher Si02 content and a finer PSD

• SEM analysis has highlighted typical phases in the PFA samples. It also showed that 

there are several types of carbon in the PFA which may have an impact on the 

adsorption capabilities of the different PFAs.
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8 Adsorption of acenaphthene and phenanthrene to PFA

In the previous part of this study it was observed that the leaching of PAH and TPH was 

limited to a small fraction of the total mass in the sample. This would suggest that a fixation 

mechanism is preventing any further release of the PAH and TPH compounds into the 

leaching solution, despite the leaching solution being regularly renewed. This is supported by 

the leaching data interpretation presented in Chapter 5. According to the NEN 7375 standard 

method, the leaching pattern observed indicates a depletion of the available mass i.e. the 

remaining mass of contamination is fixed and unlikely to leach. There are several important 

mechanisms that could work to prevent the release of the organic contaminants from a 

complex system such a binder-soil composite material. The particular mechanism 

investigated in this section is the potential role of PFA, through its interaction with PAH 

compounds. The role of additives, such as PFA, is of some importance in practical terms. The 

amount of additives used is a key cost and technical factor that is determined by the Engineer 

designing the remediation strategy, whereas other important factors that affect the mobility of 

PAHs may not be controlled by the Engineer e.g. soil type and site hydro-geology.

8.1 Adsorption testing protocol

In order to examine the interaction between various PAH compounds and the PFAs used in 

the study, batch adsorption isotherms were undertaken. The first stage was to examine the 

conditions under which kinetic equilibrium would be reached. This was done by carrying out 

time dependant adsorption experiments using PFA samples of a set weight and solutions 

containing a known concentration of acenaphthene or phenanthrene. The next stage was to 

carry out adsorption isotherms using PFA samples of different weights and solutions of 

known concentration. Five different amounts of PFA were used to generate five data points 

for each isotherm. The nominal amounts of PFA used were 0.0025 g, 0.0050 g, 0.0100 g,

0.0250 g and 0.0500 g. Each sample contained 25 ml of solution saturated with acenaphthene 

or phenanthrene. This resulted in the following concentrations of PFA in solution: 0.1 g/L,

0.2 g/L, 0.4 g/L, 1 g/L and 2 g/L. The conditions of each set of isotherms were altered to 

examine the influence of solution pH and type of pH adjuster on the adsorption behaviour. 

The conditions under which the isotherms were carried out are shown in Table 8-1. Each set 

of conditions were repeated for acenaphthene and phenanthrene.
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Table 8-1 Conditions for adsorption isotherms

1 7 N/A
2 10 NaOH
3 12 NaOH
4 10 CaCOHL

5 12 Ca(OH)2

The reason for this set of conditions is that PFA is commonly used in combination with 

Portland cement for the purpose of soil stabilisation/solidification. When cementitious 

materials are hydrated there is an initial release of alkali species, particularly Ca(OH)2 . 

Therefore the potential effect of these alkali components on adsorption should be considered. 
To compare the effects of the alkali species in the solution NaOH has also been used as a pH 

modifier.

The general methodology for the adsorption isotherms is as follows:

I. Prepare acenaphthene and phenanthrene solutions
a. Weigh out approx 0.03 g o f acenaphthene or phenanthrene into a sample 

weighing scoop (record actual amount to 4 decimal places)

b. Measure 625 ml deionised water into 1 L glass bottle (25 ml / sample)

c. Transfer the PAH to the 1 L glass bottle

d. Shake bottle vigorously and leave for 48 hours to equilibrate

II. Prepare sorbent samples
a. Label pre-cleaned 30 ml clear glass vials.
b. For each sample place a vial on the balance and zero the balance.

c. Weigh appropriate amount of sample into vial. Record the actual mass to 4 

decimal places
d. These samples were repeated for all four of the different PFA samples and for 

the two PAH compounds.

III. Adsorption isotherm stage
a. Take the acenaphthene solution previously prepared and filter through a 47 

mm glass fibre filter (Fisher Scientific MF200)
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b. Adjust pH of the solution using the appropriate modifier as detailed in Table 
8-1

c. Measure out 25 ml of the solution into a 25 ml volumetric flask using a small 
funnel and disposable glass pipette

d. Transfer the solution into the first set of vials containing the different amounts 
of PFA.

e. In addition fill three vials with solution but no PFA. These are to be used to 

determine the initial concentration of the solution. They also allow for loses 

due to adsorption of the compounds to the vials or volatilisation due to the 

agitation of the solution

f. Clean the filtration equipment by successively rinsing with deionised water, 

methanol followed by deionised water

g. Follow the same procedure for the phenanthrene solution and transfer 25 ml 

into the second set of vials containing the different masses of PFA, again 

making three vials of solution but no PFA for determining the solution 

concentration

h. Place all the vials onto the rotating table, turn on and leave for 24 hours (as 

determined by the kinetic equilibrium studies)

i. After 24 hours remove the vials from the rotating table

j. Separate the PFA from the solution by filtration with a 25 mm diameter glass

fibre filter and 1 0 0  ml vacuum filtration flask

k. Transfer the used solution into a clean 40 ml amber glass vial with 

corresponding labelling.

1. Between samples thoroughly rinse the filtration equipment three times with 

deionised water, methanol followed by deionised water

IV. Extraction of acenaphthene or phenanthrene from solutions

a. Transfer the 40 ml amber vials containing the filtered solutions into a fume 

cupboard
b. Transfer 10 ml of HPLC analytical grade n-hexane (Fisher Scientific) to each 

vial in two applications using a 5 ml automatic pipette, shaking the samples 

between applications
c. Transfer the vials to a wrist action shaker table and set to 200 rpm for 1 hour
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d. After 1 hour remove the samples from the shaker table and return them to the 

fume cupboard. Allow the samples to sit undisturbed for 10 minutes to 

separate the hexane phase from the water

e. Using a disposable glass pipette transfer approximately 1.5 ml of the hexane 

that sits above the water into a 2  ml amber vial and crimp on the lid
f. The samples are now ready for GC MS analysis

The GC MS analysis provided a reading of the concentration of either acenaphthene or 

phenanthrene in the hexane solution (as mg/L). To get this data into a meaningful form i.e. as 

the equilibrium concentration of acenaphthene or phenanthrene in water it was necessary to 

carry out a calculation shown by Equation 8-1

Equation 8-1

where Ce is the equilibrium concentration of the compound in the water sample used in the 

adsorption test (mg/L), Cs is the concentration in the solvent (mg/L), Vs is the volume of the 

solvent hexane (L) used to extract the compound from the water sample and Vw is the volume 

of the solution (L) used in the adsorption test. When Ce is known it is also possible to 

calculate the solid phase concentration of the particular compound. For the adsorption stage 

this can be done using Equation 8-2

0  i c . - c . y ,
M,,,A

Equation 8-2

where Qe is the solid phase concentration (mg/g), Q is the initial concentration (mg/L), 

determined by running samples of solution with no PFA in them, Ce is the adsorption solution 

equilibrium concentration (mg/L), Vw is the volume of the solution used (L) and Mpfa is the 

mass of PFA added to the solution (g). The raw data for adsorption kinetics testing is shown 

in Appendix D. The raw data for adsorption equilibrium testing is shown in Appendix D.
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8.2 Kinetic equilibrium o f  acenaphthene and phenanthrene 
adsorption onto Longannet and Aberthaw PFA

Kinetic equilibrium experiments were carried out by shaking 100 mg of PFA with 25 ml of 

solution containing either acenaphthene or phenanthrene. The samples were contacted for 

increasing periods of time after which they were filtered and the liquid phase processed using 

the method previously detailed. Figure 8-1 shows the kinetics of adsorption of acenaphthene 

onto the four PFA samples. The x-axis shows the time for which the sample was tested 

(minutes) while the y-axis shows the amount of acenaphthene adsorbed to the PFA, Qe 

(mg/g). As samples were tested in triplicate the mean is presented with plus and minus one 

standard deviation from the mean being used for the error bars. The results show that, at a 

PFA concentration of 0.4 g/L, acenaphthene adsorption to Longannet Feed reaches 

equilibrium very quickly. The adsorbed concentration is 2.10 mg/g within 30 minutes of the 

start of the test. The adsorption increases only very slowly after this and by the end of the 

test, 4,200 minutes (70 hours), the adsorbed concentration is 2.41 mg/g. Acenaphthene 

reached kinetic equilibrium with Longannet Mineral PFA at a lower adsorption concentration 

than Longannet Feed. The maximum adsorbed value observed was 1.11 mg/g. A significant 

amount of the adsorption appears to be complete within the first 30 minutes of the test with 

the adsorbed concentration reaching 0.60 mg/g. This is followed by a slower rate of 

adsorption up to the end of the test. Acenaphthene reached kinetic equilibrium with the 

Longannet Carbon PFA at a higher concentration than any of the other PFA samples. As with 

the previous results the majority of adsorption appears to be complete very quickly, within 30 

minutes of the test start 2.23 mg/g acenaphthene was adsorbed. This increased only very 

slowly to 2.75 mg/g by the end of the test. Aberthaw Feed PFA had the lowest adsorption 

capacity for the liquid to solid ratio used in the kinetic equilibrium tests; the highest 

adsorption value observed was 0.76 mg/g. The adsorption of acenaphthene to Aberthaw Feed 

PFA was also slower in comparison to the other PFAs tested, with 0.36 mg/g being adsorbed 

within 120 minutes of the test start. The order of adsorption for the kinetic tests at a PFA 

concentration of 0.4 g/L was Longannet Carbon > Longannet Feed > Longannet Mineral > 

Aberthaw Feed.

Figure 8-2 shows the kinetics of phenanthrene adsorption from solution to the various PFA 

samples used in testing. As with the previous set of results, each data point is the mean of 

three samples and the associated error bars represent plus and minus one standard deviation 

from the mean. The results show that for all the PFA samples tested, the equilibrium
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concentrations adsorbed are lower when compared to the adsorption of acenaphthene. For 
example Longannet Feed adsorbed 2.41 mg/g acenaphthene after 4,200 minutes compared to 
0.75 mg/g of phenanthrene after approximately 4,100 minutes. The results show that 
phenanthrene reaches kinetic equilibrium with Longannet Feed PFA quite quickly, as it did 
with acenaphthene. The PFA adsorbed 0.70 mg/g within the first 30 minutes, which was 
followed by a slow increase in the adsorption. After 4,130 minutes the PFA had adsorbed 
0.75 mg/g. Phenanthrene reached equilibrium with the Longannet Mineral PFA more slowly 
and at a lower adsorption concentration. After 250 minutes the adsorption had reached 0.49 
mg/g, which then increased slowly to 0.64 mg/g after 4,130 minutes. Phenanthrene reached 
its equilibrium concentration with Longannet Carbon PFA very quickly. Within the first 30 

minutes of the test 0.66 mg/g phenanthrene had adsorbed to the PFA, this only increased 
slightly during the remainder of the test. The maximum value observed was 0.72 mg/g after 
2,930 minutes, which was slightly lower than the maximum value of phenanthrene adsorption 
to Longannet Feed PFA. The Aberthaw PFA appeared to take slightly longer than other 
samples to approach equilibrium with the phenanthrene. After 120 minutes 0.44 mg/g had 
been adsorbed. This increased only slowly through the remainder of the test to the final value 
of 0.52 mg/g after 4,275 minutes. The order for adsorption of phenanthrene, at a PFA 
concentration of 0.4 g/L, is Longannet Feed > Longannet Carbon, Longannet Mineral > 

Aberthaw Feed.
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Figure 8-1 Kinetics of acenaphthene adsorption to various PFA samples at unmodified solution pH
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Figure 8-2 Kinetics of phenanthrene adsorption to various PFA samples at unmodified solution pH

8.3 Adsorption o f  acenaphthene and phenanthrene onto Longannet 
and Aberthaw PFA

Based on the kinetics of adsorption equilibrium determined in the previous section it was 
decided 24 hours (1,440 minutes) would be an appropriate and practical amount of time to 
contact the sorbent and solution in the adsorption equilibrium tests. The results of the 
adsorption equilibrium testing, carried out according to the method given in Section 8.1, are 
presented and discussed in the following section.

Figure 8-3 shows the adsorption of acenaphthene to the four PFA samples. The x-axis shows 
the liquid phase equilibrium concentration, Ce (mg/L), while the y-axis shows the adsorption 
to the solid phase, Qe (mg/g). The results show that acenaphthene has a higher affinity for 
Longannet Carbon PFA then any other PFA. This is shown by the steep initial slope of the 
isotherm and the higher values for solid phase adsorption at any given solute concentration. 
The data show a non-linear isotherm that has not yet reached a plateau. This follows the 
pattern of an ‘L’ isotherm according to the Giles classification system, where the ratio 

between Ce and Qe decreases as Ce increases. This suggests a progressive saturation of the 
available sorption sites on the adsorbent surface. The maximum observed adsorbed 
concentration was 9.46 mg/g at an equilibrium concentration of 0.94 mg/L. Longannet Feed
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follows the same non-linear pattern as that observed for acenaphthene adsorption to 

Longannet Carbon. The initial slope of the isotherm and the maximum observed adsorbed 

concentration are lower for Longannet Feed than Longannet Carbon which shows that it has 

less available adsorption sites. Aberthaw Feed PFA has a similar maximum measured 

adsorption capacity to Longannet Feed (3.82 mg/g and 4.00 mg/g respectively) but the shape 

of the isotherm is different. The data show that acenaphthene has a higher affinity for 

Longannet Feed at lower solute concentrations but the acenaphthene affinity for Aberthaw 

Feed starts to increase at higher solute concentrations. The final data point for Acenaphthene 

adsorption to Aberthaw Feed (at Ce = 0.91 mg/L and Qe = 3.82 mg/g) shows an increase in 

the sorbed concentration (from 1.91 mg/g to 3.83 mg/g) for a slight decrease in the 

equilibrium concentration. The position of this data point may be erroneous, as an increase in 

the Qe would be expected as a result of an increase in Ce not a decrease. The shape of the 

adsorption isotherm would suggest an ‘S’ type isotherm, therefore different mechanisms may 

control the adsorption of acenaphthene to Aberthaw Feed PFA in comparison to Longannet 

Feed and Longannet Carbon PFA. Adsorption of acenaphthene to Longannet Mineral 

increases slowly as the equilibrium concentration increases without reaching a plateau until 

the final data point where there is an increase in the adsorbed concentration from 1.46 mg/g 

to 1.80 mg/g between the final two data points. A sudden increase in the data might indicate a 

second adsorption mechanism taking effect. The isotherm could potentially be ‘S’ shaped but 

there are not enough data points to confirm this. The maximum measured acenaphthene 

adsorption capacity was 1.80 mg/g for an equilibrium concentration of 1.53 mg/L. Therefore 

the order of acenaphthene affinity for the different PFA samples at an unmodified solute pH 

is Longannet Carbon > Longannet Feed > Aberthaw Feed > Longannet Mineral.

Figure 8-4 shows the isotherms for the adsorption of phenanthrene to the four PFA samples. 

Phenanthrene has the highest affinity for Longannet Carbon PFA, as shown by the very steep 

slope of the line and the highest measured adsorption capacity. The phenanthrene adsorption 

to Longannet Carbon PFA occurred at low equilibrium phase concentrations. The shape of 

the data would suggest a ‘H’ type isotherm according to the Giles classification system, 

where after initial very fast adsorption, the adsorption sites are filled and the isotherm curve 

quickly reaches a plateau. The isotherm for the adsorption of phenanthrene to Longannet 

Feed shows that it has a non-linear ‘L’ shape, without reaching a plateau. The adsorption
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occurred over a wider equilibrium range when compared to the Longannet Carbon isotherm 

and had a lower measured maximum adsorption capacity. This shows that phenanthrene has a 

higher affinity for Longannet Carbon than Longannet Feed. The Longannet Feed isotherm 

has a higher initial slope then the Aberthaw Feed isotherm, showing that phenanthrene has a 

higher affinity at lower solute concentrations. At higher solute concentrations phenanthrene 

appears to have a higher affinity for Aberthaw Feed PFA. Aberthaw Feed has a different 

shaped isotherm when compared with Longannet Feed and Longannet Carbon. The shape 

appears to show an ‘S’ adsorption isotherm. Phenanthrene has a lower affinity for Longannet 

Mineral in comparison to the other PFA samples used in the experiment, as demonstrated by 

the lower measured adsorption capacity and the slope of the adsorption isotherm. The 

isotherm for phenanthrene adsorption to Longannet Mineral PFA appears to show two 

phases. Initially, at lower equilibrium concentrations the adsorption appears to be reaching a 

plateau (between 0.01 mg/L and 0.16 mg/L). The next data point then shows a sudden 

increase in the phenanthrene adsorbed concentration (from 0.76 mg/g to 1.04 mg/g) as does 

the final data point. The shape of the data suggests an ‘S’ shaped adsorption isotherm, similar 

to that observed for Aberthaw Feed. The order of phenanthrene affinity for the different PFA 

samples at an unmodified solute pH is Longannet Carbon > Aberthaw Feed > Longannet 

Feed > Longannet Mineral.

Comparison of Figure 8-3 and Figure 8-4 appears to show that all of the PFA samples adsorb 

a greater amount of acenaphthene then phenanthrene. For example the maximum measured 

adsorption of acenaphthene to Longannet Feed was 4.00 mg/g, compared to 2.89 mg/g 

phenanthrene under the same conditions. However, direct comparisons can only take place by 

considering the equilibrium concentrations at which the adsorption takes place. For the 

example given above, the maximum equilibrium concentration that acenaphthene adsorption 

takes place at is much higher than that of phenanthrene (1.02 mg/L and 0.15 mg/L 

respectively). A direct comparison of the isotherms has been considered in the next section.
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Figure 8-4 Adsorption isotherm for phenanthrene adsorption to various PFA samples at unmodified
solution pH

8.3.1 Comparison o f acenaphthene and phenanthrene adsorption equilibrium 
using unmodified solution pH

Figure 8-5 shows the isotherms for acenaphthene and phenanthrene adsorption to Longannet 
Feed PFA at an unmodified solution pH. A direct comparison of the adsorption data shows 
several features; the isotherms follow the same non-linear pattern, the liquid equilibrium 
concentration range for acenaphthene adsorption is higher than for phenanthrene adsorption. 
A direct comparison shows that in the comparable equilibrium range (i.e. up to 0.15 mg/L) 
there is very little difference in the adsorbed concentrations; in fact adsorption of
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phenanthrene is slightly greater. The wider equilibrium concentration range is due to the 

higher solubility of acenaphthene in water. The higher solute concentration means there is a 

greater driving force for adsorption. Figure 8 - 6  shows the isotherms for acenaphthene and 

phenanthrene adsorption to Longannet Mineral PFA at an unmodified solution pH. The 

adsorption data for acenaphthene and phenanthrene have the same S shape isotherms but the 

isotherm for phenanthrene adsorption occurs at lower liquid equilibrium concentrations than 

for acenaphthene. Figure 8-7 shows adsorption of acenaphthene and phenanthrene to 

Longannet Carbon PFA. In this case the maximum observed Ce value for acenaphthene 

adsorption was 0.94 mg/L and for phenanthrene adsorption it was 0.02 mg/L. At the 

comparable solute equilibrium concentrations the adsorption of acenaphthene and 

phenanthrene are similar but as the concentrations increase the adsorption of acenaphthene 

slows down and reaches a plateau. These conditions were not reached for the adsorption of 

phenanthrene so it is not possible to know the final adsorption capacity. Figure 8 - 8  shows 

acenaphthene and phenanthrene adsorption to Aberthaw Feed. It was previously noted that 

the isotherms for acenaphthene and phenanthrene adsorption to Aberthaw Feed PFA were a 

different shape when compared to the isotherms for Longannet Feed and Longannet Carbon 

PFA samples. This effect can be seen for both acenaphthene and phenanthrene but takes 

place over a smaller range of Ce values for phenanthrene. As observed for the other 

adsorption isotherms, phenanthrene has the higher affinity for Aberthaw Feed, as 

demonstrated by the higher adsorption concentration at comparable solution equilibrium 

concentrations.
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8.3.2 Effect o f  solution pH on adsorption o f acenaphthene and phenanthrene to 
Longannet and Aberthaw PFAs

Solutions used for adsorption testing were altered by modifying the pH. NaOH and Ca(OH) 2 

were used to modify the pH to both 10 and 12 for each pH modifier. The results of the 

experimental work are presented in this section.

For previous adsorption isotherm graphs, for example Figure 8 -8 , the adsorbed concentration 

(Qe, mg/g) has been plotted against the liquid equilibrium concentration (Ce, mg/L). 

However, when solutions were made up using the different pH modifiers it resulted in 

variation in the concentration of acenaphthene or phenanthrene in the solution i.e. the Q 

values used to calculate the adsorption isotherms varied, as demonstrated by Table 8-2. If a 

compound is present in higher/lower concentrations in the solution it can give more/less 

driving force for adsorption. The effect of the pH and pH modifier are then masked by the 

variation in the solute concentration.

It is not expected that the variation in the concentration of acenaphthene and phenanthrene in 

the solution is due to the change in solution pH. Tiruta-Bama et al (2006) found that the 

solubility of naphthalene and phenanthrene in water was independent of pH between pH 3 

and 11. However, the addition of Na(OH) and Ca(OH) 2  to the solution has also affected the 

ionic strength. PAHs have been observed to have lower solubility in solutions with higher 

ionic strength (Tiruta-Bama et al (2006), Kim and Osako (2003). The results in Table 8-2 

show that the use of Na(OH) has slightly increased the concentration of acenaphthene and 

phenanthrene, while the addition of Ca(OH) 2  has decreased the concentration.

The values shown in Table 8-2 are lower than the reported solubility of acenaphthene and 

phenanthrene in water. This could be for a number of reasons including changes in the 

solubility of the compound in the solution, loses of the PAH compounds to the batch 

adsorption vessels, loses due to volatilisation during the shaking procedure in the batch test, 

incomplete extraction from the water to the solvent phase during extraction or even variation 

in the GC MS performance.

Because of the variation in the concentrations of acenaphthene and phenanthrene in the initial 

solution the subsequent adsorption data take the initial adsorption concentration into account. 

The amount adsorbed ( Q e )  and the concentration remaining in solution at equilibrium ( C e )  

have been normalised by the initial concentration i.e. Q e / C ,  (g/L) is plotted against CJC\ (no
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units) in the adsorption isotherms rather than plotting Qe against Ce as for the previously 
presented adsorption isotherms.

Table 8-2 Initial concentrations of acenaphthene and phenanthrene in solutions used for adsorption
isotherm testing

Unmodified pH 1.88 (0.02) 0.46 (0.01)
pH 10 NaOH 2.40 (0.28) 0.72 (0.04)
pH 12 NaOH 1.99 (0.06) 0.49 (0.01)
pH 10 Ca(OH>2 1.12(0.01) 0.37 (0.01)
pH 12 Ca(OH>2 1.56 (0.18) 0.46 (0.01)
n = 3, average with standard deviation in brackets

Figure 8-9 shows the isotherms for the adsorption of acenaphthene to Longannet Feed. Each 

isotherm represents a different set of conditions used in the test. For example ‘Longannet 

Feed pH 10 NaOH’ represents the adsorption equilibrium data from a set of samples tested 

with a solution modified to pH 10 with NaOH. The x-axis shows the CJC\ ratio (the 

normalised equilibrium value) while the y-axis shows Q e / C ,  (the normalised adsorption 

capacity, g/L). The results presented in Figure 8-9 show that, when the data have been 

normalised to take account of the variation in the initial solution concentration, the effect of 

pH on the adsorption characteristics is not large. The maximum CJC\ values observed for 

each isotherm ranged from 0.54 to 0.70. The maximum Q e / C i  values observed for each 

isotherm ranged from 1.69 g/L to 2.14 g/L. The Longannet Feed PFA samples tested with an 

unmodified solution, pH 10 NaOH and pH 10 Ca(OH)2  all had similar final values of C e / C ,  

and Q e / C i, however the isotherms using solutions of pH 12 NaOH and pH 12 Ca(OH)2  had 

slightly lower Q e / C ,  values. This suggests that the higher pH solutions may have had an effect 

on the adsorption of acenaphthene to Longannet Feed PFA. However, the pH and the pH 

modifier do not appear to affect the type of isotherm. The data sets in Figure 8-9 all have the 

non-linear ‘L’ shaped isotherms that indicate progressive saturation of the sorbent adsorption 

sites.
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Figure 8-9 Adsorption of acenaphthene to Longannet Feed PFA using various solution pH conditions

Figure 8-10 shows the isotherms for the adsorption of acenaphthene to Longannet Mineral 
PFA at the pH conditions previously described in Table 8-1. At low CJC\ values (less than 
0.5) the isotherms for all of the data sets follow a very similar line. At this point the isotherms 
start to separate. For the pH 12 NaOH data the isotherm shows a sharp increase followed by a 

decrease in Q e / C \ for the last two data points, despite an increase in CJC\. For the 
unmodified, pH 10 Na(OH) and pH 10 Ca(OH) 2 there is a slight increase in the Q e / C j  values 
for an increase in CJCX. For the samples tested in a solution of pH 12 Ca(OH) 2 there is a 

slight drop in the final QJC\ data point despite an increase in the CJC\ value. At pH 10 the 
isotherms closely follow the isotherm produced with an unmodified solution. At pH 12 using 
Na OH there is an increase in the normalised adsorption capacity but at pH 12 using Ca 

(OH) 2 there is a decrease in the normalised adsorption capacity. Modifying the pH does not 
appear to have affected the adsorption mechanisms. The isotherms appear to be ‘S’ shaped 

for all of the conditions tested.

Figure 8-11 shows the isotherms for the adsorption of acenaphthene to Longannet Carbon 
PFA at the pH conditions previously described in Table 8-1. The results show that the 
maximum observed CJCX values for each isotherm are spread out over a wide range, values 

ranged from 0.10 -  0.56. Similarly the maximum observed QJC\ values were over a wide 

range, from 3.22 g/L -  5.02 g/L. All of the isotherms observed had a similar shape, being 
classified as ‘L’ type isotherms according to the Giles classification system. This indicates 
that the pH value and pH modifier do not affect the mechanism of acenaphthene adsorption to
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Longannet Carbon PFA. The results shown in Figure 8-11 do indicate that the pH and pH 
modifier have an effect on the absolute values of the isotherm. For example, the isotherm 
formed using samples tested with a solution of pH 12 NaOH slightly reduced the normalised 
adsorption capacity of Longannet Carbon PFA when compared to the isotherm from the 

samples tested with an unmodified solute (at comparable CJC, values). The isotherm formed 
using samples tested with a solution of pH 1 0  Ca(OH) 2 appear to increase the normalised 
adsorption capacity. This was only comparable at low Ce/Q values (up to 0.1). A solution of 
pH 10 NaOH produced an isotherm that was very similar to that formed using the unmodified 
solution. However as with pH 10 Ca(OH) 2 the comparable range is small (up to 0.16). A 

solution of pH 12 Ca(OH) 2 reduced the observed normalised adsorption capacity more than 
any of the other pH conditions tested.

Figure 8-12 shows the isotherms for the adsorption of acenaphthene to Aberthaw Feed PFA 

at the pH conditions previously described in Table 8-1. The data show that the isotherms are 
very close together up to C e / C i  values of 0.6. All of the samples then show a sudden increase 
in the Q e / Q  values. The observed maximum Q e / Q  values are all very close; however the 
Ce/Cj values at which they occur are variable. The results show that the pH and pH modifier 
do not affect the adsorption mechanism as the isotherms all follow the same shape. The 
isotherms all have the very similar Q e / C ,  values for comparable C e / C j  values indicating the 

solution pH does not affect the adsorption capacity.
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Figure 8-10 Adsorption of acenaphthene to Longannet Mineral PFA using various solution pH conditions
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Figure 8-12 Adsorption of acenaphthene to Aberthaw Feed PFA using various pH solution conditions

Figure 8-13 shows the phenanthrene adsorption equilibrium isotherm to Longannet Feed PFA 
at the pH conditions described in Table 8-1. The results show that the maximum CJCj values 
observed during the testing occur over a wide range, from 0.04 to 0.32. However, at
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comparable C e / C i  values the Q e / C ,  values are quite close. The shape of the isotherms are all 

similar, being classified as ‘L’ shaped isotherms according to the Giles classification system. 

The results would suggest that the initial pH of the adsorption solution and the pH modifier 

used do not affect the capacity of Longannet Feed PFA to adsorb phenanthrene or the 
adsorption mechanism.

Figure 8 - 1 4  shows the phenanthrene adsorption isotherms for Longannet Mineral PFA at the 

pH conditions described in Table 8 - 1 .  The results show some variation in the adsorption 

isotherm data for the different pH conditions tested. For example, the isotherms produced 

from tests with an unmodified solution and a solution modified to pH 1 2  with NaOH 

produced ‘S’ type isotherms according to the Giles classification. However, the other 

isotherms appear to be ‘L’ types, as demonstrated by the fact they start to reach a plateau 

after a steep initial isotherm curve. The unmodified and pH 1 2  NaOH isotherms both have 

higher maximum CJCi values than the other isotherms. At higher Q / Q  values the other 

isotherms may have exhibited the ‘S’ type isotherm characteristics as well. Despite the 

potential differences in the shape of the isotherms the values observed do not differ 

significantly. At low C e / C i  values in particular (less than 0 . 1 )  the corresponding Q e / C j  values 

are quite close.

Figure 8 - 1 5  shows the isotherms for the adsorption of phenanthrene to Longannet Carbon 

PFA at the pH conditions described in Table 8 - 1 .  The results appear to show quite significant 

variation in the isotherms of the samples tested with different solutions. However, the 

adsorption occurs at very low CJC\ values. This can be seen by comparing the range of CJC\ 

values in Figure 8 - 1 5  (between 0 . 0 0 3  and 0 . 0 6 )  with those in Figure 8 - 1 3  (between 0 . 0 0 3  and 

0 . 3 2 )  and Figure 8 - 1 4  (between 0 . 0 0 4  and 0 . 7 2 ) .  The maximum observed Q e / Q  values in 

Figure 8 - 1 5  ranged from 3 . 7 6  g/L to 8 . 5 8  g/L. However, these are unlikely to be the 

maximum adsorption capacities as the isotherms did not reach a plateau. This indicates that 

the adsorption sites are not saturated. Despite the differences in the absolute values observed 

for the different isotherms, they all appear to be the ‘H’ type according to the Giles 

classification system. This is characterised by the very steep initial isotherm curve.

Figure 8 - 1 6  shows the isotherms for the adsorption of phenanthrene to Aberthaw PFA at the 

pH conditions described in Table 8 - 1 .  The results show that phenanthrene has a higher 

affinity for Aberthaw Feed PFA when using a solution of pH 12 modified with Ca(OH)2; this 

is followed by pH 1 0  Ca(OH)2, pH 1 2  NaOH, pH 1 0  NaOH and finally the unmodified

1 5 5



deionised water. This pattern is apparent for most of the CJC\ range observed. However at 
lower Ce/Ci values the difference in Qe/Q values is minimal. The results suggest that the pH 
and pH modifier can influence the adsorption capacity, with phenanthrene having a higher 
affinity for Aberthaw Feed PFA when the adsorption solution was modified with Ca(OH)2. 
However, the pH and pH modifier do not appear to modify the adsorption mechanism. All of 
the isotherms appear to be ‘S’ types according to the Giles classification system, as indicated 
by the increase in adsorption for the highest Ce/Q points. These results were not necessarily 

expected as no clear effect was visible when the same conditions were used to examine 
acenaphthene adsorption to Aberthaw Feed PFA, as shown in Figure 8-12
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Figure 8-13 Adsorption of phenanthrene to Longannet Feed PFA at various pH conditions
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Figure 8-16 Adsorption of phenanthrene to Aberthaw Feed at various pH conditions

Table 8-3 has been produced in order to summarise the effect of the adsorption solution pH 

and the pH modifier on the types of isotherm. The shape of the isotherm gives an insight into 

the adsorption mechanisms that control the partitioning of acenaphthene and phenanthrene 
onto the PFA samples. The results show that the pH conditions did not affect the shape of the 

isotherm. The exceptions are for the adsorption of phenanthrene to Longannet Mineral. In 
this case there were some isotherms that appeared to be ‘L’ type but may well have been ‘S’ 
type if the test was extended over a wider Ce/Cj range. Acenaphthene and phenanthrene 
appear to have the same adsorption mechanisms for each PFA sample, although phenanthrene 

had a higher affinity which led to ‘H’ type isotherms for Longannet Carbon (these are 
effectively the same as ‘L’ type isotherms but the initial slope is steeper).
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Table 8-3 Classification of adsorption isotherms according to Giles classification system

Unmodified L L

10 NaOH L L
Longannet Feed 12 NaOH L L

10 Ca(OH)2 L L

12 Ca(OH)2 L L

Unmodified S S

10 NaOH S L (possible S)

Longannet Mineral 12 NaOH s S

10 Ca(OH)2 s L (possible S)

12 Ca(OH)2 s L (possible S)

Unmodified L H

10 NaOH L H

Longannet Carbon 12 NaOH L H

10 Ca(OH)2 L H

12 Ca(OH)2 L H

Unmodified S S

10 NaOH S S

Aberthaw Feed 12 NaOH S s
10 Ca(OH)2 S s
12 Ca(OH)2 S s

8.4 Freundlich m o d e llin g  o f  adsorption isotherm  data

Adsorption isotherm data can be modelled in order to generate an empirical relationship 

between the solid phase adsorption and the liquid phase equilibrium concentration. These 

models can be used to generate results which can help to predict sorbent and pollutant 

behaviour in real environments as well as giving information on the mechanisms that control 

the interactions between the compounds and the adsorbing surface. Isotherm models can also 

be useful to generate empirical data for comparison of the isotherms. There are several 

different types of equation that can be fitted to adsorption isotherm data. The models can be 

linear or non-linear and require various assumptions to be made when being used. The results 

presented have shown that the adsorption data take on a non-linear form; therefore a 

commonly used non-linear isotherm model has been employed. The analysis is presented in 

the following sections.
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Non-linear isotherms can be described by the Freundlich isotherm model. The relationship 

between Qe and Ce is described by Equation 8-3 where Kf is the Freundlich adsorption 

capacity constant (L/g) and n is the linearity constant (dimensionless) that is related to the 

heterogeneity of the adsorbent surface. If n is equal to 1 the Freundlich model becomes a 
linear distribution coefficient.

Qe = K f c ;
Equation 8-3

Fitting of the Freundlich equation can be done in several ways. Typically the equation shown 

in Equation 8-3 is linearised by taking logarithms of both sides of the equation. The resultant 

equation is of the straight line y = mx + c form and is shown in Equation 8-4. By plotting the 

transformed data and carrying out linear regression Kf and n can be determined (the y-axis 

intercept and the slope of the line respectively).

LogQe = LogK f  + nLogCe

Equation 8-4

Another method to fit the Freundlich model to the adsorption data is to use non-linear 

regression. An iterative approach is required to test various combinations of Kf and n to 

determine the smallest sum of squared errors (SSE) between observed and calculated values 

of Qe. The non-linear equation can be fitted directly to the untransformed data through non

linear regression functions in statistical analysis software such as SPSS or Graphpad. This 

approach is preferred as it does not require the data to be transformed to a linear form and 

hence reduces the potential for bias to be introduced (Bolster and Homberger, 2007).

Figure 8-17 shows the non-linear Freundlich modelling of acenaphthene adsorption to the 

various PFA samples where the x-axis is the liquid phase equilibrium concentration, Ce 

(mg/L), and the y-axis is the solid phase adsorbed concentration, Qe (mg/g). It can be seen 

from this example graph that the Freundlich model fits the data for adsorption of 

acenaphthene to Longannet Feed, Longannet Mineral and Longannet Carbon, under 

unmodified pH conditions, quite well (R2 correlation coefficients were measured as 0.977, 

0.904 and 0.986 respectively). However the Freundlich model did not produce a good 

correlation coefficient for Aberthaw Feed PFA under the same conditions (R2 of 0.478).
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Figure 8-18 shows the Freundlich modelling of phenanthrene adsorption to the various PFA 
samples. It can be seen that the Freundlich model produced a reasonable fit for all of the PFA 

samples. The R2 correlation values are as follows: Longannet Feed 0.902, Longannet Mineral 
0.925, Longannet Carbon 0.901 and Aberthaw Feed 0.935.
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Figure 8-17 Freundlich non-linear regression for modelling of acenaphthene adsorption to various PFA
samples at unmodified pH
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Table 8-4 shows the results of Freundlich isotherm modelling for the adsorption of 

acenaphthene to the four PFA samples under the various solution pH conditions. The 

Freundlich adsorption capacity constant Kf and the adsorption linearity constant n are shown 

with their respective standard errors from the non-linear least squares fitting process. The 

non-linear correlation coefficient R2 is also shown. The non-linear Freundlich isotherm model 

appears to fit the data well for the adsorption of acenaphthene to Longannet Feed PFA at all 

of the different solute pH conditions tested, all of the R2 values are over 0.910. The n values 

are all quite low, ranging from 0 . 2 1  up to 0.28, which indicates that the adsorption sites are 

quite heterogeneous. This would be expected due to the variable nature of PFA. The Kf value 

for the sample tested with an unmodified solution is 4.15 L/g. Modifying the solution pH 

using either NaOH or Ca(OH)2  resulted in a decrease in the Longannet Feed acenaphthene 

adsorption capacity with the exception of pH 10 NaOH where a slight increase was observed 

( K f  of 4.70 L/g). Lower K f  values were observed for the adsorption of acenaphthene when the 

solution pH was adjusted with Ca(OH) 2  when compared to NaOH.

Reasonably good R2 values were also observed for Freundlich modelling for adsorption of 

acenaphthene to Longannet Mineral PFA under the different pH conditions. All the samples 

had R2 > 0.904 with the exception of pH 12 NaOH which was 0.792. The n values calculated 

are fairly low, as they were for Longannet Feed, ranging from 0.21 up to 0.30, with the 

exception of pH 12 NaOH which was 0.63. However, the standard error associated with this 

value was also quite large at 0.25. The K f  values are lower than those calculated for 

Longannet Feed and range from 0.94 L/g up to 1.91 L/g. Using an unmodified solution the 

Longannet Mineral PFA had a K f  value of 1.48 L/g. Increasing the solution pH with NaOH 

increased the Kf value while increasing the solution pH with Ca(OH)2  decreased the Kf 

values.

Good linear correlation coefficients were calculated for the Freundlich modelling of 

adsorption of acenaphthene to Longannet Carbon PFA. R2 values were over 0.979 with the 

exception of pH 10 NaOH which was 0.867. The n values calculated are generally higher 

than those of the other Longannet PFA samples ranging from 0.26 up to 0.34. This indicates 

the high affinity the acenaphthene has for the Longannet Carbon PFA. The Kf values are also 

higher than those of the other Longannet PFAs. The K f  value for the unmodified pH test was 

9.83 L/g, this increased to 12.20 L/g for pH 10 NaOH. However, the regression for this 

isotherm produced a high standard error of 2.61 L/g due to the fairly poor fit of the non-linear
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equation. Increasing the solution pH to 12 with NaOH resulted in a slight decrease of the K f  

value to 9.58 L/g whilst increasing the pH to 10 or 12 with Ca(OH)2  resulted in decreases in 

the Kf values (8.85 L/g and 6.54 L/g respectively).

The Freundlich isotherm model for adsorption of acenaphthene to Aberthaw Feed PFA did 

not produce good correlation coefficients (R2 between 0.478 and 0.815) which would suggest 
that the Freundlich isotherm model is not appropriate for the data. Due to the low correlation 

coefficients, the non-linear fitting produced n and Kf values with large standard errors. Based 

on the adsorption equilibrium isotherm characteristics described previously an isotherm 

model that takes into account the potential for mixed adsorption mechanisms may be more 

appropriate.

Table 8-5 shows the Freundlich isotherm modelling results for the adsorption of 

phenanthrene to the four PFA samples under the various solution pH conditions. The 

Freundlich adsorption capacity constant Kf and the adsorption linearity constant n are shown 

with their respective standard errors from the least squares non-linear fitting process. The 

non-linear correlation coefficient R is also shown. The Freundlich isotherm model does not 

appear to fit the data well for the adsorption of phenanthrene to Longannet Feed PFA at all of 

the different solute pH conditions tested, the R2 correlation coefficient values are between

0.789 and 0.98. The K f  and n values observed also have large associated standard errors. 

Where the Freundlich model does fit the data for adsorption to Longannet Feed and the R 

values are reasonably high, for sample pH 12 NaOH it can be seen that K f  and n values are 

higher for the phenanthrene adsorption model (7.19 L/g and 0.46 respectively) than the 

acenaphthene adsorption model (3.42 L/g and 0.21 respectively).

The Freundlich isotherm model fits the data for adsorption of phenanthrene to Longannet 

Mineral PFA reasonably well. R2 values were in the range of 0.913 up to 0.975. n values 

ranged from 0.38 up to 0.62 and were generally higher than those seen for the acenaphthene 

adsorption model, while Kf values ranged from 1.72 L/g up to 2.74 L/g. Standard errors for 

both parameters were smaller than those observed for the Longannet Feed model. Increasing 

the adsorption solution pH to 10 with either NaOH or Ca(OH)2  resulted in increased Kf 
values (2.43 L/g and 2.74 L/g respectively) and increased n values (0.53 and 0.62 

respectively). Increasing the pH to 12 with NaOH resulted in increased K f  and n values but to 

a lesser extent than the effect observed at pH 10 (2.06 L/g and 0.43 respectively). Increasing 

the pH to 12 with Ca(OH) 2 resulted in K f  and n values that were veiy similar to those from
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the unmodified solution pH adsorption isotherms. K f  and n values for Freundlich modelling 

of phenanthrene adsorption to Longannet Mineral PFA are lower than those of phenanthrene 

adsorption to Longannet Feed PFA but as previously commented on the Freundlich model 

did not fit all of the Longannet Feed adsorption data well.

The Freundlich model did not fit the data for the adsorption of phenanthrene to Longannet 

Carbon PFA well, with R2 values ranging from 0.814 up to 0.935. The reasonably low R2 

values resulted in very high standard errors in the K f  and n values observed.

The R2 correlation coefficients for the adsorption of phenanthrene to Aberthaw PFA at 

various pH conditions show the model fits the data reasonably well. The R2 values ranged 

from 0.925 up to 0.964. It was previously shown, in Table 8-4, that the model did not fit the 

acenaphthene adsorption data well, n values were quite high and ranged from 0.69 up to 1.08 

while Kf values ranged from 6.82 L/g up to 17.75 L/g. Increasing the solution pH to 10 or 12 

with NaOH or Ca(OH) 2  resulted in increased n and K f  values. In particular the use of 

Ca(OH)2  resulted in larger increases in Kf at pH 12 than NaOH.
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Table 8-4 Freundlich parameters for acenaphthene adsorption isotherms at various pH conditions

Unmodified pH pH 10 Na OH pH 12 Na OH

Kf (L/g) SE* n SE R2 Kr (L/g) SE n SE R2 Kf (L/g) SE n SE R2

Longannet Feed 4.15 0.23 0.23 0.03 0.977 4.70 0.32 0.28 0.05 0.956 3.42 0.32 0.21 0.06 0.910

Longannet Mineral 1.48 0.08 0.26 0.07 0.904 1.91 0.09 0.30 0.04 0.977 1.91 0.21 0.63 0.25 0.792

Longannet Carbon 9.83 0.44 0.28 0.03 0.986 12.20 2.61 0.34 0.09 0.867 9.58 0.23 0.33 0.02 0.996

Aberthaw Feed 2.57 0.73 0.88 0.86 0.478 2.85 1.12 1.34 1.22 0.567 2.70 0.89 1.13 0.96 0.551

■■
Longannet Feed 2.78 0.33 0.21 0.05 0.916 2.94 0.10 0.25 0.02 0.990

Longannet Mineral 1.21 0.08 0.30 0.05 0.970 0.94 0.06 0.21 0.04 0.950

Longannet Carbon 8.85 1.15 0.33 0.04 0.980 6.54 0.49 0.26 0.03 0.979

Aberthaw Feed 3.19 1.04 2.65 1.51 0.748 3.17 1.03 2.07 0.91 0.815

* Standard Error of parameter



Table 8-5 Freundlich parameters for phenanthrene adsorption isotherms at various pH conditions

m m
Longannet Feed 6.99 1.98 0.44 0.10 0.902 183.83 268.66 1.46 0.50 0.789 7.19 1.08 0.46 0.06 0.980

Longannet Mineral 1.73 0.29 0.38 0.10 0.925 2.43 0.54 0.53 0.13 0.913 2.06 0.29 0.43 0.08 0.952

Longannet Carbon 63.93 53.70 0.68 0.19 0.901 6.66 x 109 2.74 x 1010 5.46 1.04 0.935 39.36 19.90 0.64 0.13 0.930

Aberthaw Feed 6.82 2.28 0.69 0.21 0.935 17.75 9.08 1.08 0.32 0.947 14.83 5.06 0.92 0.22 0.964

Longannet Feed 322.89 677.03 1.50 0.60 0.816 19.17 14.08 0.63 0.16 0.871

Longannet Mineral 2.74 0.55 0.62 0.10 0.975 1.72 0.26 0.38 0.07 0.962

Longannet Carbon 2.74 xlO 19 2.92 x 1020 9.22 2.20 0.896 1.02 x 10s 3.82 x 105 1.91 0.66 0.814

Aberthaw Feed 13.09 6.12 0.81 0.28 0.925 16.71 5.56 0.80 0.21 0.951
* Standard Error of parameter



8.4.1 Correlation between Freundlich parameters and PFA characteristics

Previous research has shown that the adsorption of hydrophobic, non-polar organic 

compounds (including PAHs) to solid phases such as PFA, soils and sediments is dependent 

on the organic carbon content of the solid phase (Low and Bately (1986), Mott and Weber 

(1992), Banerjee et al (1995)). No interaction between organic compounds and the mineral 

constituents of fly ash (the adsorbent) was observed by Baneijee et al (1995).

Further investigation of the data collected for the research work presented in this thesis was 

carried out. The aim of which was to determine if the trends highlighted in the literature, 

regarding adsorption of organic pollutants to the carbon fraction of the sorbent, are repeated 

for the data presented in this thesis. Correlation between the carbon content of the various 

PFA samples and the Freundlich parameters Kf and n was carried out. Figure 8-19 shows the 

correlation between the PFA carbon content (shown on the x-axis, %) and the Freundlich 

adsorption capacity parameter Kf (shown on the y-axis, L/g) for the adsorption of 

acenaphthene at an unmodified solution pH. The four data points can be seen for the four 

different PFA samples, the error bars associated with the x-axis are from the standard 

deviation of the carbon content measurements presented in Chapter 7, Table 7.3. The error 

bars associated with the y-axis are the standard errors from the fitting of the Freundlich 

model to the adsorption data. It can be seen in Figure 8-19 that when all of the data are used 

the R2 value suggests there is only a low correlation between the Kf value calculated from the 

adsorption isotherm and the PFA carbon content, with an R2 value of 0.465. However, the 

Freundlich model was not a good fit for the adsorption of acenaphthene to Aberthaw Feed 

PFA and if this data point is removed the correlation between Kf and C is good, as shown in 

Figure 8-20 where an R2 value of 0.975 can be seen.
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Figure 8-19 Correlation between Kr and C content for acenaphthene adsorption to PFA at an unmodified
solution pH
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Figure 8-20 Correlation between Krand C for acenaphthene adsorption to Longannet PFAs only, at
unmodified solution pH

Table 8-6 shows the results of linear regression carried out between the carbon content of the 

different Longannet PFA samples and the Freundlich parameters Kf and n. The table shows 

the linear regression equation and the R2 correlation coefficient for K f  and the carbon content, 

and n and the carbon content. As with Figure 8-20 the Aberthaw PFA data has been excluded 

as the adsorption isotherm results were shown not to fit the Freundlich model. The table 

shows that there is a good positive correlation between the PFA carbon content and the
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Freundlich adsorption capacity factor Kf (with R 2  values over 0.918) i.e. as the carbon 

content of the PFA increases the adsorption capacity of the PFA also increases linearly. The 

effect of the different solution pH conditions on the relationship between the PFA carbon 

content and the Freundlich isotherm adsorption capacity term can also be observed. 

Increasing the solution pH to 10 with NaOH increases the slope of the linear regression line 

from 0.53 to 0.66, while the y intercept of the line decreases from -1.21 to -1.59. However 

under the remaining conditions tested the slope of the linear regression line decreases. This is 

most notable for the samples tested in a solution of Ca(OH)2  at pH 12. Under these conditions 
the slope of the linear regression is reduced to 0.36, while the y intercept increases to -0.78. 

The PFA carbon content was also correlated with the Freundlich parameter n. Good 

correlations between C and n were not observed for any of the PFA samples as indicated by 

the low R 2  values. This shows that the sorbent surface heterogeneity is not directly correlated 

to the sorbent carbon content.

Table 8-6 Correlation between PFA C content and Freundlich parameters for acenaphthene adsorption
to Longannet PFAs

Unmodified pH Kf= 0.53C —1.21 0.975 n = 0.001C + 024 0.194

pH 10 NaOH Kf= 0 .6 6 C - 1.59 0.956 n = 0.003C + 0.27 0.259

pH 12 NaOH Kf = 0.49C — 0.91 0.918 n = -0.018C + 0.61 0.439

pH 10 Ca (OH)2 Kf = 0.49C — 1.56 0.923 n = 0.002C + 0.25 0.082

pH 12 Ca(OH>2 Kf= 0.36C — 0.78 0.987 n = 0.003C + 0.20 0.862

Linear regression of the Freundlich parameters for adsorption of phenanthrene to PFA, with 

the PFA carbon content was also carried out. However it was shown previously that the 

Freundlich model was not appropriate for all the data for phenanthrene adsorption to the PFA 

samples used in the present study. The results for linear regression of K f  against C  and n 

against C  for all conditions are shown in Table 8 - 7 .  Table 8 - 7  shows that the linear regression 

of the Freundlich parameters K f  and n against the PFA C  content does not produce a close 

correlation. The R 2  values for K f  against C  ranged from 0 . 0 2 1  up to 0 . 9 8 1  but were generally 

very low. The R 2  values for n against C  ranged from 0 . 1 7 2  to 0 . 9 9 3 .  Although the Freundlich 

model did fit the data for the adsorption of phenanthrene to PFA samples, as shown by the
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reasonably high R 2  values in Table 8 - 5 ,  there were high standard errors associated with the K f  

and n values obtained. The large standard errors may explain why the linear regression of Kf 

and n against C did not produce good correlations for phenanthrene adsorption.

Table 8-7 Correlation between PFA C content and Freundlich parameters for phenanthrene adsorption
to three PFA samples

Unmodified pH Kf = 0.37C + 0.99 0.746 n = 0.02C + 0.25 0.873

pH 10 Na(OH) Kf= 1.24C + 19.11 0.045 n = 0.04C + 0.47 0.653

pH 12 Na(OH) Kf= 0.92C — 2.32 0.981 n = 0.04C + 0.21 0.776

pH 10 Ca(OH>2 Kf = 0 .8 9 C -22.61 0.021 n = 0.01 C + 0.68 0.172

pH 12 Ca(OH)2 Kf-  1.10C — 0.14 0.652 n = 0.03C + 0.26 0.993

8.5 Repeatability o f  adsorption testing

Adsorption of acenaphthene and phenanthrene to the four PFA samples was repeated under 

the unmodified pH conditions. This was carried out to examine the repeatability of the 

adsorption isotherm testing procedure. If the results showed significant variability between 

sets of samples carried out under the same conditions but at different times it would suggest 

that the results of testing adsorption under different pH conditions may not be comparable 

due to variability in the process.

Figure 8-21 shows the adsorption of acenaphthene to Longannet Carbon PFA. Three sets of 

samples were tested, at different times, under the same conditions. It can be seen from the 

graph that the data points follow a very similar pattern up to an equilibrium concentration of 

around 0.5 mg/L. After this point the data for the third adsorption test starts to reach a 

plateau. The data for adsorption test one and adsorption test two follow a very similar pattern 

across the whole equilibrium range tested.
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Figure 8-21 Comparison of the adsorption of acenaphthene to Longannet Carbon PFA under the same
conditions

In order to compare the data, the Freundlich isotherm values, K f  and n, have been used. 

Figure 8-22 shows the Kf values obtained from the Freundlich modelling of the repeated 

adsorption tests. The y axis shows the Kf value, while the x axis shows the different types of 

PFA used. Each K f  value has the associated standard error from the modelling process.
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Figure 8-22 Comparison of Kf values for repeated acenaphthene adsorption isotherm tests under the
same conditions

A summary of the K f  and n values obtained from the modelling is shown in Table 8-8, 

including the average value for each PFA (from the three tests) and the standard deviation. It 

can be seen from Table 8-8 that average K f  values range from 1.80 L/g to 9.01 L/g. The 

standard deviations for the average K f  are generally quite small, with the exception of 

Longannet Carbon. Figure 8-22 shows the Longannet Carbon K f  value for adsorption
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isotherm 3 is lower than those from the other adsorption tests. This resulted in Longannet 

Carbon having a reasonably large standard deviation (2.02 L/g) from the mean K f  value (9.01 

L/g). This standard deviation is equivalent to 22.4 % of the total average K f  value. The 

average n values ranged from 0.28 to 3.66. The standard deviations for n values were 

generally quite large, with the exception of Longannet Carbon PFA.

The repeated adsorption experiments were also carried out for phenanthrene adsorption to the 

four PFA samples. The statistical analysis of these data is shown in Table 8-9. The results 

show that K f  values range from 1.48 L/g to 100.01 L/g; this is a much wider range of K f  

values than observed for acenaphthene adsorption to the different PFA samples. With the 

exception of adsorption of phenanthrene to Longannet Mineral PFA, the standard deviations 

from the mean average K f  are large. For example, the average K f  for adsorption of 

phenanthrene to Longannet Feed PFA was 5.03 L/g but the standard deviation was 1.71 L/g 

i.e. 34 % of the average. The data in Table 8-9 suggest that the adsorption experiments have 

large differences and do not have good repeatability.

Table 8-8 Average Kf and n values for repeated acenaphthene adsorption isotherms tests under the same
conditions

Longannet Feed 4.39 0.38 0.31 0.12

Longannet Mineral 1.80 0.31 0.55 0.37

Longannet Carbon 9.01 2.02 0.28 0.03

Aberthaw Feed 2.88 0.31 3.66 3.13

Table 8-9 Average Kf and n values for repeated phenanthrene adsorption isotherms tests under the same
conditions

Longannet Feed 5.03 1.71 0.35 0.08

Longannet Mineral 1.48 0.25 0.35 0.04

Longannet Carbon 100.01 81.41 0.69 0.20

Aberthaw Feed 6.13 4.00 0.63 0.25
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8.6 D iscu ssion

Adsorption kinetic and equilibrium isotherms have been carried out to investigate the 

interaction between two PAH compounds that frequently contaminate groundwater and soils 

(acenaphthene and phenanthrene) and four PFA samples that can be used as additives during 

S/S remedial works. The PFA samples were obtained from two coal fired power stations; 

Aberthaw and Longannet. At Longannet power station electrostatic separation had been used 

to process the material, this subsequently resulted in two further processed PFAs.

8.6.1 Adsorption kinetics

The kinetics of adsorption was investigated to give an indication of how long the adsorption 

process takes. The results show that both acenaphthene and phenanthrene reach equilibrium 

with the different PFA samples at different solid phase concentrations. This would be 

expected due to the different chemical compositions of the PFA samples. The results 

presented in Figure 8-1 and Figure 8-2 show that acenaphthene and phenanthrene take 

different amounts of time to reach equilibrium with the PFA samples. For example, 

acenaphthene adsorption to Longannet Feed PFA reached 87.5 % of the equilibrium 

concentration after only 60 minutes of the kinetic testing. Acenaphthene adsorption to 

Aberthaw Feed reached 67.1 % of the equilibrium value after 240 minutes of the kinetic test. 

Comparatively, phenanthrene adsorption to Longannet Feed reached 93.3 % of the 

equilibrium concentration after only 30 minutes of kinetic testing and phenanthrene 

adsorption to Aberthaw Feed reached 84.6 % of the equilibrium concentration after 120 

minutes of kinetic testing. The results consistently show that phenanthrene reaches 
equilibrium with the different PFA samples faster than acenaphthene. The trend for the 

kinetics of adsorption shown in Figure 8-1 and Figure 8-2 appears to be a very fast initial 

adsorption followed by a second phase of slower adsorption. This pattern has also been 

observed by other researchers. Rivas et al (2008) showed that the kinetics of various PAH 

compounds (including acenaphthene and phenanthrene) sorption to soils could be described 

by an initial fast sorption where PAH uptake was almost complete followed by a longer, 

slower, second stage in which the uptake steadily increased to equilibrium conditions. After 

110 minutes the PAHs had reached equilibrium with the sorbents (with the exception of the 

low concentrations of sorbents). Arafat et al (1999) also observed this pattern when testing 

the kinetics of phenol adsorption to virgin and regenerated activated carbon. They found that 

between 50 -  60 % of the phenol was sorbed within 2 0  -  170 minutes of the test start.
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Valderrama et al (2007) also showed that the sorption kinetics for various PAH compounds to 

activated carbon was a two stage process. In this case the PAH compounds had reached 

equilibrium with the activated carbon within 400 minutes. The initial fast rate of sorption 

appears to be due to the acenaphthene and phenanthrene filling the easily accessible 

adsorption sites on the surface of the sorbent. As these sites become filled there follows the 

second, slower adsorption where the PAHs diffuse into the internal, harder to reach sorption 

sites. Rivas et al (2008) showed that when the soil concentration was increased gradually 

from 0.5 g/L to 4 g/L the initial sorption stage became faster due to the increase in readily 

available adsorption sites. In the experimental work reported in this thesis a PFA 

concentration of 0.4 g/L was used in the adsorption tests.

It is useful to understand the adsorption kinetics, partly in order to design the batch 

equilibrium adsorption tests but also to understand how the PAH compounds and sorbent 

might interact within a stabilised soil system. For example, a sorbent used in a cement matrix 

(such as PFA, activated carbon or organoclays) would have to work quickly before the matrix 

set hard and the contaminants were denied access to the sorbent sites. Arafat et al (1999) 

examined the kinetics of phenol adsorption on virgin and regenerated activated carbon in 

cement based S/S matrices. They found that carbon particles encapsulated in a fine cement 

matrix had a reduced adsorption capacity for phenol. This was significantly more pronounced 

when the hydration time of the cement was over 10 hours. The results suggest that either a 

very fast acting sorbent would be more effective or potentially mixing the additive with the 

contaminated material prior to the binder addition.

8.6.2 Equilibrium adsorption isotherms

Based on the kinetics data shown in Figure 8-1 and Figure 8-2 it was decided that an 

equilibrium test with 24 hours contact time would be appropriate. Examining the literature in 

this field shows that a wide range of times are selected for batch adsorption tests. Banerjee et 

al (1995) showed that various alcohols, aromatics and ketones were close to reaching 

equilibrium with the PFA sorbent within 2.5 hours. A 72 hour sorbent/solution contact time 

was used in their equilibrium experiments. Konstaninou and Albanis (2000) used a 

sorbent/solution contact time of 24 hours when examining the adsorption of selected 

herbicides to soil/PFA mixtures, whilst Mott and Webber (1992) used a sorbent/solution 

contact time of 1 week when investigating the sorption of low molecular weight organics to 

PFA.
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Batch adsorption equilibrium tests were carried out at solid/liquid concentrations of 0.1 g/L,

0.2 g/L, 0.4 g/L, 1 g/L and 2 g/L. The varying amounts of each fly ash were shaken with a 

fixed amount of solution (25 ml) in glass vials with Teflon lined screw caps. This is a typical 

batch adsorption methodology used for examining the interaction between hydrophobic 

organic compounds and different sorbents. See Mott and Weber (1992), Baneijee et al 

(1995), Konstantinou and Albanis (2000), Rivas et al (2008), and Sun and Zhou (2008) for 

examples of these. Huang et al (1998) examined different methodologies for batch 

adsorption/desorption experiments. They showed that the methodology used can have 

significant impacts on the results, and protocols involving multiple decant-refill steps and 

capped bottle reactor systems can incur dramatic solute losses.

The adsorption results shown in Figure 8-3 and Figure 8-4 show that there is a significant 

difference between the isotherms of the different PFA samples (for acenaphthene adsorption 

and phenanthrene adsorption). The results show that the Feed PFA samples from different 

power stations adsorb different amounts of acenaphthene or phenanthrene and the isotherms 

have different shapes. This suggests that different adsorption mechanisms may control the 

adsorption of acenaphthene or phenanthrene to Longannet Feed and Aberthaw Feed PFA. 

The results also show that the samples from Longannet power station, after being subjected to 

the electrostatic separation process, adsorb different amounts of acenaphthene or 

phenanthrene. The differences between the adsorption capacities and isotherm shapes of the 

PFA samples used in the study are not surprising. Chapter 7 of this thesis shows the chemical 

and physical characteristics of the PFA samples are all different, for example the particle-size 

distributions and the carbon contents of the PFA. It is these characteristics that have a direct 

bearing on the adsorption of the organic compounds. Baneijee at al (1995) examined the 

adsorption of organic compounds to seven types of fly ash obtained from different power 

stations combusting different types of coal. During continuous column adsorption tests they 

found that all seven PFAs had different adsorption capacities of the organic compounds 

tested.

8.6.2.1 Effect of PAH compound on adsorption equilibrium isotherms

As well as the sorbent type, the sorbate has a significant effect on the adsorption isotherm 

characteristics. Figure 8-5 to Figure 8 - 8  show comparisons of acenaphthene and 

phenanthrene adsorption to the same types of PFA. These compounds come from the same 

‘family’ of organic compounds, PAHs. Acenaphthene consists of two aromatic rings bridged

175



with two further carbon molecules, while phenanthrene consists of three aromatic rings. The 

structures of the two compounds are shown in Figure 8-23, a and b.

a b < ~ \
>

Figure 8-23 structure of acenaphthene (a) and phenanthrene (b)

Some characteristics of the two compounds are shown in Table 8-10. These data were 

compiled in the Toxicological Profile for Polycyclic Aromatic Hydrocarbons carried out by 

the US Agency for Toxic Substances and Disease Registry (ASTDR, 1995). The critical data 

in Table 8-10 are the water solubility, the KoW partition coefficient and the Koc partition 

coefficient. Acenaphthene has higher water solubility then phenanthrene, therefore a 

saturated water solution of acenaphthene has a higher concentration than one containing 

phenanthrene. The higher concentration of acenaphthene in solution leads to a greater driving 

force for adsorption to the solid phase. This can be observed in Figure 8-5 to Figure 8 - 8  in the 

comparisons of acenaphthene and phenanthrene adsorption at an unmodified solute pH. Table 

8-10 also compares the Log KoW of the two PAH compounds. This is a measure of how each 

compound partitions in a mixture of octanol and water and is known as the octanol water 

partition coefficient. Compounds with a high Log Kow will tend to partition to the organic 

octanol phase and as such are classified as hydrophobic. Both acenaphthene and 

phenanthrene have reasonably high Log KoW values and are very hydrophobic. It can be seen 

in Table 8-10 that phenanthrene has a higher Log KoW value than acenaphthene and therefore 

has a higher affinity for organic phases then water phases. Similarly the Log Koc is a measure 

of how the compound partitions to organic carbon in a sorption test. Log Koc values can be 

calculated when the relationship between the isotherm equilibrium phase (Ce) and the 

isotherm adsorbed phase (Qe) is linear. In the case quoted in Table 8-10, phenanthrene has a 

higher Log Koc value than acenaphthene which indicates that it will have a higher affinity for 

the carbon in the sorbent phase. This is shown by the results in Figure 8-5 to Figure 8 -8 , 
where phenanthrene adsorption is slightly higher than acenaphthene adsorption at comparable 

solution equilibrium concentrations.
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Table 8-10 Chemical properties of acenaphthene and phenanthrene as reported by ASTDR (1995)

Chemical Formula c 12h 10 c 14h 10
Molecular weight (mol/g) 154.21 178.2
Water Solubility (mg/L) @ 25 °C 1.93 1.20
Log Kow partition coefficient 3.98 4.45
Log Kqc partition coefficient 3.66 4.15

8 .6.2.2 Effect of initial solution pH on adsorption

Adsorption equilibrium experiments were carried out using solutions with a modified initial 

pH. NaOH or Ca(OH)2  solutions were added to the acenaphthene or phenanthrene solution to 

get to a pH of 10 or 12. One of the aims of this research is to examine how PAH compounds 

might interact with PFA in a cement-PFA-contaminated soil matrix. When cement based S/S 

systems are hydrated a large amount of Ca(OH)2  is produced and precipitates in the cement 

pores. This produces a significant source of alkalinity and increases the pore water pH 

(Arafat et al, 1999). In situations where PFA and cement are mixed with the contaminated 

soils at the same time any adsorption to the PFA would potentially occur under these high pH 

conditions.

The data gathered from the adsorption isotherms at different pH conditions was normalised 

by dividing the equilibrium concentration (Ce) and the sorbed concentration (Qe) by the initial 

concentration of the compound in the solution (C,). This was carried out as it was noticed that 

the Cj values for each set of isotherm tests was quite different, as shown in Table 8-2, which 

can make it difficult to compare the isotherms. The resulting normalised adsorption 

equilibrium isotherms show quite varied results. For example, when acenaphthene was 

sorbed onto Longannet Feed PFA using a solution modified to pH 10 with NaOH or Ca(OH)2  

the isotherms appear to be very close to the isotherm from the unmodified solution. The same 

can be said for the sorption of phenanthrene onto Longannet Feed PFA. When the solution 

was modified to pH 12 with NaOH or Ca(OH) 2 the results show a slight decrease in the 

normalised adsorption capacity of acenaphthene when compared to the unmodified 

adsorption isotherm. Despite the slight variation in the values observed the shapes of the 

isotherms appear to be the same for the adsorption of acenaphthene or phenanthrene to 

Longannet Feed PFA. When acenaphthene was adsorbed to Longannet Carbon PFA at 

different solution pH the normalised isotherms appear to be quite similar, indicating that the 

pH did not affect the adsorption capacity of the PFA. However, when phenanthrene was 

adsorbed to Longannet Carbon PFA using solutions modified to pH 10 with NaOH or
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Ca(OH)2  there appears to be a significant decrease in the normalised adsorption capacity. pH 

12 NaOH results in a slight decrease in the normalised adsorption capacity and pH 12 

Ca(OH)2  results in a slight increase in the normalised adsorption capacity. Due to the high 

affinity of phenanthrene to Longannet Carbon PFA these isotherms are at very low 

equilibrium values. This may distort the data and make the isotherms look quite different. 

Despite any differences in the absolute values one thing that seems to be consistent is that 

modifying the solution pH does not alter the shape/type of the isotherm. The exception to this 

is phenanthrene adsorption to Longannet Mineral PFA. A summary of the isotherm shapes is 

shown in Table 8-3. This shows that changing the pH of the adsorption solution to 10 or 12 

using NaOH or Ca(OH)2  does not affect the mechanism of acenaphthene or phenanthrene 

adsorption to the PFA samples used in this study.

In general the effect of altering the pH of the adsorbate solution to pH 10 or 12 using NaOH 

or Ca(OH)2  is not conclusive. However, there are exceptions such as phenanthrene 

adsorption to Aberthaw Feed where the change in solution pH results in an increase in the 

adsorption capacity in relation to the isotherm for the unmodified solution. When examining 

the adsorption of phenol to activated carbon Arafat et al (1999) found that adsorption was 

sensitive to pH. Increasing the solution initial pH from 3.5 to 7 decreased the adsorption 

capacity. Increasing the solution initial pH from 7 to 9.5 had no effect on the adsorption 

capacity, while increasing the solution initial pH from 9.5 to 12 further decreased the 

adsorption capacity. They found that this was due to changes in the surface charge of the 

activated carbon at higher pHs (becoming negatively charged) and to changes in the phenol 

structure at higher pH (from phenol to phenolate at pH > 10). These experiments used HCL, 

NaOH and H3PO4 to modify the pH of the solution. They also carried out adsorption tests at 

three different Ca(OH)2  concentrations to examine the potential effect of using activated 

carbon in cement based SS systems. They found that Ca(OH)2  had no effect on adsorption at 

concentrations of 3 mg/L, 6  mg/L and 10 mg/L. Rivas et al (2008) examined the adsorption 

of several PAH compounds to soils. Solution pH of 3, 6  and 9 were found not to affect the 

adsorption of the PAHs used in the study (acenaphthene, phenanthrene, anthracene and 

fluoranthene). Perchloric acid and NaOH were used to modify the solution pH. In addition 

Zeledon-Toruno et al (2007) found that several PAH compounds were not affected by the 

initial solution pH during adsorption to Leonardite (a low grade brown coal) at pH of 2, 4 and 

6 . The one exception was for the adsorption of Fluorene where increasing the solution pH 

from 2 to 6  resulted in a greater removal of the compound from the solution. They postulated
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that this may be due to the polarity of the sorbent, Leonardite, decreasing with the increasing 

pH, which had a greater effect on Flurene then the other PAH compounds as it was the 

smallest PAH compound used in their study. In the current study it is not expected that any 

variation in the adsorption behaviour of acenaphthene or phenanthrene is due to the change in 

pH of the solution effecting the PAH compounds. PAHs have a low tendency for being 

ionised or protonated (Rivas et al, 2008) and hence the molecules are fairly stable. This is in 

part due to the bond linkages — the cyclic arrangement of the molecules that give PAH 

compounds many of their characteristics (Zeledon-Turuno et al, 2007).

If changes in the behaviour of acenaphthene and phenanthrene can be ruled out, and variation 

of the solution starting concentration has been accounted for by normalising the data, this 

leaves changes to the PFA as a possible explanation for any variation in the adsorption 

isotherms due to the changing solution pH.

When the PAH solution is added to the fly ash in the sorption reactor vials several reactions 

take place before equilibrium conditions are reached. It is known that PFA contains several 

soluble inorganic species that will leach into the adsorption solution, the PAH compound in 

the solution will be adsorbed to the carbon in the PFA (as shown by the results from this 

study) and some water will be adsorbed to the hydrophilic phases of the PFA. It is possible 

that the use of alkaline solutions in the adsorption tests resulted in the activation of the 

pozzolanic minerals in the PFA. This could affect the ability of the PAHs to access the 

adsorption sites. However, the results obtained do not support this hypothesis. In some cases 

using the alkaline solutions resulted in increases in the adsorption capacity. The testing 

carried out did not investigate if changing the pH of the solution to 10 or 12 using NaOH or 

Ca(OH)2 has an effect on the surface structure of the PFA.

8.6.3 Freundlich modelling

Adsorption equilibrium isotherm results were modelled using the Freundlich equation, the 

results of which are shown in Section 8.4. This model was selected as it is commonly 

encountered in research on the adsorption of hydrophobic organic compounds to organic 

sorbents. Examples of successful use of the Freundlich isotherm, as defined by a high 

correlation of the Freundlich line of best fit to the adsorption data (i.e. the R2 value), include 

sorption of multiple PAHs to immature coal (Zeledon-Toruno et al, 2007), sorption of PAHs 

to soils (Rivas et al, 2008), adsorption of PAHs to fly ash (Low and Batley, 1986), sorption of
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PAHs to charcoal (Sun and Zhou, 2008), sorption of alcohols, aromatics and ketone 

compounds to fly ash (Baneijee, 1995) and sorption of selected herbicides to fly ash — soil 
mixtures (Konstantinou and Albanis, 2000).

The Freundlich isotherms model is an empirical model based on the relationship between the 

adsorbed quantity (Qe) and the concentration remaining in solution (Ce). It has been noted 

that the Freundlich is better suited to sorbents with heterogeneous surfaces (such as PFA) 

then other commonly used models such as Langmuir. The Langmuir model makes the 

assumption that all adsorption sites are identical. It can be seen, that in theory, a variable 

material such as PFA is better suited to the Freundlich model. The Freundlich modelling 

process is frequently carried out by linearising the equation and transforming the data, as 

shown in Equation 8-4. This procedure was used by many authors including Zeledon-Toruno 

et al (2007), Low and Batley (1986), Mott and Weber (1992), and Banerjee (1995) amongst 

others. A less frequently used method is the use non-linear regression functions within 

statistical software packages to model the data, as shown by Gong et al (2007). Bolster and 

Homberger (2007) used the non-linear method to model data with the Langmuir equation, 

another isotherm model that is frequently transformed to a linear equation before modelling. 

In the present research the SPSS statistical data analysis program was used to carry out non

linear regression of the adsorption data. The method uses an iterative approach to fit the 

modelling parameters that give the smallest resulting sum of squared errors (SSE). The 

software package also gives the standard errors (SE) associated with each calculated 

parameter and the correlation coefficient (R2). The results of the Freundlich equation non

linear regression for acenaphthene adsorption to the four PFA samples are shown in Table 

8-4. The results for phenanthrene adsorption to the four PFA samples are shown in Table 8-5. 

When the data for the adsorption of acenaphthene to Longannet PFAs was modelled using the 

Freundlich equation the R2 correlation coefficients were generally quite high. This produced 

Kf values ranging from 2.78 L/g to 4.70 L/g for Longannet Feed; 0.94 L/g to 1.91 L/g for 

Longannet Mineral; and 6.54 L/g to 12.20 L/g for Longannet Carbon. However, when the 

model was applied to the data for the Aberthaw Feed PFA the R2 correlation coefficients 

were very low. This shows that the Freundlich model is not applicable for all of the sorbents 

investigated in this study. When the data for the adsorption of phenanthrene to Longannet 

PFAs was modelled using the Freundlich equation the R2 correlation coefficients were 

reasonably high but not as good as those for acenaphthene. The lower correlation coefficients 

also resulted in larger standard errors associated with the Freundlich parameters (as shown in
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brackets following the K f  values). For example, K f  values ranged from 6 . 9 9  L/g ( 1 . 9 8  L/g 

standard error) to 3 2 2 . 8 9  L/g ( 6 7 7 . 0 3  L/g) for Longannet Feed; 1 . 7 2  L/g ( 0 . 2 6  L/g) to 2 . 7 4  

L/g ( 0 . 5 5  L/g) for Longannet Mineral; and 3 9 . 3 6  L/g ( 1 9 . 9 0  L/g) to 2 . 7 4  x 1 0 19  L/g ( 2 . 9 2  x 

1020 L/g) for Longannet Carbon. When the Freundlich model was applied to the Aberthaw 

Feed adsorption data, the R2 values were higher than those calculated for acenaphthene 

adsorption to Aberthaw Feed. This resulted in K f  values ranging from 6 . 8 2  L/g ( 2 . 2 8  L/g 

standard error) to 1 7 . 7 5  L/g ( 9 . 0 8  L/g). It can be seen from this data that there are very large 

standard errors associated with this modelled data.

The Freundlich modelling results were correlated with the carbon content of the various PFA 

samples. In some cases the K f  values were excluded as the adsorption isotherm model did not 

fit the data well e.g. for the adsorption of acenaphthene to Aberthaw Feed PFA. Table 8-6 

shows the linear regression analysis of the correlation between the PFA carbon content and 

the Freundlich parameters for acenaphthene adsorption. There was a high correlation between 

Kf and C for the adsorption of acenaphthene to the Longannet PFAs at all the pH conditions 

tested, however the corresponding correlation between n and C were very low for all pH 

conditions tested. The same correlations were calculated for the Freundlich parameters and 

the carbon content of the PFA for the adsorption of phenanthrene, as shown in Table 8 - 7 .  In 

this case the majority of the correlation coefficients were very low, indicating that there was 

not a linear relationship between the Freundlich parameters, K f  or n, and the C  content of the 

PFA. Many authors have investigated the link between the adsorption of hydrophobic 

compounds and the carbon content of the sorbent material. This is particularly relevant in 

materials such as PFA where the predominant species are hydrophilic inorganic minerals 

such as Si02. For example, Low and Batley ( 1 9 8 6 )  found a linear relationship between the 

carbon content of the fly ash and the calculated Freundlich adsorption capacity for 

anthracene. Mott and Weber ( 1 9 9 2 )  found that residual carbon in class F fly ash has a 

significant role in the adsorption of halogenated organic contaminants e.g. trichloroethene 

and was comparable with the organic carbon typically associated with soils and sediments. 

Banerjee et al ( 1 9 9 5 )  found that except for the carbon, the other major chemical constituents 

of fly ashes did not correlate well with their ability to adsorb several organic contaminants 

including alcohols, aromatics and ketones.

Several authors have shown that the carbon content of PFA and its adsorption capacity for 

organic compounds correlate well. However, it has also been noted that it is the number of
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accessible/available carbon adsorption sites that regulates the kinetics and equilibrium 

conditions of adsorption, rather than the total carbon content (Low and Bately (1986), Ran et 

al (2003)). In the present study the carbon content of the three Longannet PFAs were found to 

correlate linearly with their respective adsorption capacities of acenaphthene. The Aberthaw 

PFA did not fit with this correlation. It was also observed that the kinetics of adsorption and 

equilibrium isotherms differ for Aberthaw PFA in comparison to the Longannet PFAs. This 

suggests that the type and/or availability of carbon adsorption sites in the Aberthaw PFA 

differ to those of the Longannet PFAs.

8.6.4 Repeatability testing

In order to determine the repeatability of the test method used, one set of adsorption 

experiments were repeated two further times. As a result there were three data sets for the 

adsorption of acenaphthene and phenanthrene to the four PFA samples using a solution with 

an unmodified pH.

The results of the repeated adsorption experiments are shown in Section 8.5. In order to make 

a comparison of the three data sets the results were modelled using the Freundlich equation, 

as detailed previously in Section 8.4. This enabled the Kf and n values to be compared and 

averages and standard deviations to be calculated. Table 8-8 shows the statistical analysis of 

the repeated adsorption isotherm tests for acenaphthene adsorption to the various PFA 

samples. It can be seen from the results that the standard deviations from the mean average K f  

vary from 8.66 % to 22.42 %. The variation in the n values was much larger, with standard 

deviations ranging from 10.71 %  to 85. 52 %. The same analysis was carried out for 

phenanthrene adsorption to the various PFA samples. In this case it was found that the 

standard deviations from the mean are also large for both Kf and n. The standard deviation for 

the average K f  ranged from 16.89 to 81.40 while the standard deviation for the average n 

values ranged from 11.43 % to 39.68 %.

Many of the standard deviations from the calculated mean values are quite large. This could 

indicate that the testing methodology does not have good repeatability. In some cases the 

poor repeatability may be due to the Freundlich isotherm not fitting the data e.g. 

acenaphthene adsorption to Aberthaw Feed PFA. In other cases the variation could be due to 

the testing methodology outlined in Section 8.1. Possible sources of variation in the result 

could include human error in weighing out and measuring materials used in the experiments,
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or experimental error such as the variation in the GC MS response (see Chapter 3). Other 

possible sources of variation in the results could include room temperature and the 

subsequent effects on adsorption equilibrium. The adsorption experiments were not carried 

out in a constant temperature environment although the maximum and minimum temperature 

was recorded during each set of experiments. These typically varied between 18 °C and 23 
°C.

8.7 Sum m ary

• The kinetics of acenaphthene adsorption to the four PFA samples used in the study is 

fast at a PFA concentration of 0.4 g/L. For example, Longannet Feed PFA adsorbed 

87.5 % of the final equilibrium concentration within 60 minutes

• The kinetics of phenanthrene adsorption to the four PFA samples is faster than that of 

acenaphthene. For example, Longannet Feed PFA adsorbed 93.3 % of the equilibrium 

concentration within 30 minutes

• Acenaphthene and phenanthrene showed the same behaviour in the kinetics tests for 

all the PFA samples. A fast initial sorption while the readily available adsorption sites 

are filled, followed by a slower longer term adsorption as the compounds access the 

less readily available sorption sites.

• The different PFA samples had very different adsorption capacities and behaviour for 

both acenaphthene and phenanthrene during adsorption equilibrium experiments

• The order of acenaphthene affinity was Longannet Carbon > Longannet Feed > 

Aberthaw Feed > Longannet Mineral. The isotherms were either L or S shaped 

according to the Giles classification system

• The order of phenanthrene affinity was Longannet Carbon > Longannet Feed > 

Aberthaw Feed > Longannet Mineral. The isotherms were either L, H or S shaped 

according to the Giles classification system

• Phenanthrene has a greater affinity to all of the PFA samples when compared with 

acenaphthene.
• The solution pH and the pH modifier do not affect the type/shape of isotherm 

produced but had variable effects on the absolute values of adsorption

• The Freundlich isotherm model produced good fits for acenaphthene adsorption to 

Longannet PFAs at all of the solution pHs tested but not for Aberthaw Feed PFA
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• The Aberthaw Feed PFA was found to behave differently to the Longannet PFAs. 

Possibly due to differences in the type or availability of the carbon adsorption sites.

• The Freundlich isotherm model produced reasonable fits for phenanthrene adsorption 

to the PFA samples at all solution pHs, tested but the standard errors associated with 

the Freundlich constants ( K f  and n) are generally very large

• Freundlich adsorption capacity constant ( K f )  was found to have a good correlation 

with the carbon content of the PFA for the Longannet PFAs when adsorbing 

acenaphthene

• Freundlich adsorption capacity constant ( K f )  was found to have a poor correlation 

with the carbon content of the PFA for the Longannet PFAs when adsorbing 

phenanthrene. This is due to the large standard errors associated with the Kf values 

obtained from the modelling of phenanthrene adsorption

• The method used for the adsorption equilibrium isotherms was found to have quite 

poor repeatability, particularly for phenanthrene adsorption experiments. This may be 

due to the high errors associated with the Kf values used to compare the repeated 

adsorption isotherms
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9 Conclusions

This aim of this chapter is to summarise why the experimental work was carried out and 

present the findings and key conclusions based on the data and discussions presented in this 
thesis.

9.1 Introduction

In recent years the UK has seen a rise in interest in the redevelopment and management of 

brownfield land. In some instances the previous activities on the site have resulted in 

contamination of the soil and or groundwater. Stabilisation/Solidification is a technology that 

has been used in the UK to treat contaminated brownfield sites using both in-situ and ex-situ 

on site methods. This treatment method usually does not rely on the destruction, reduction or 
degradation of the contaminants of concern. Instead it relies on them being locked within the 

treated material chemically (e.g. precipitation, adsorption or substitution) and/or physically 

(e.g. reduced permeability and micro/macro-encapsulation). As contaminant concentrations 

are not reduced, there is a residual liability associated with the treated material and an 

emphasis is placed on the durability of the resulting stabilised material e.g. long term 

leaching rates and long term physical integrity. The literature review of the subject areas 

relating to this thesis has shown that the long term durability of S/S treated materials is a key 

issue.

The research work presented in this thesis began in 2005 and coincided with full scale 

remedial work at a site in Caerphilly, South Wales by Celtic Technologies Ltd. An in-situ S/S 

treatment program was being used to remediate the site to enable future redevelopment for 

residential purposes. A bulk sample was recovered from an area of the site which was known 

to contain high levels of organic contamination. The samples were subjected to physical and 

chemical characterisation before being mixed with binders and additives at the same rate as 

that used at the site works. Further testing was then carried out on the subsequent stabilised 

materials.

The main aim of the research work carried out on the stabilised material was to investigate 

the longer term behaviour of S/S treated soils containing high levels of organic contaminants. 

This was to be achieved by examining the long term leaching of TPH and PAHs from the 

monolith samples during lab scale leaching tests. The effects of sample volume/surface area
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ratio and the type of leaching solution were also investigated. In addition, the strength of the 

stabilised material was determined following moist curing for 28 days and subsequent 
immersion in different solutions.

Following the leach testing on the stabilised soil samples, it was decided to carry out further 

work to examine potential mechanisms that may bind the organic contaminants within the 

treated material. The reactions and mechanisms that help to bind/reduce leaching of various 

contaminants include chemical reactions such as precipitation, substitution, adsorption, and 

physical mechanisms such as macro/micro-encapsulation, reduced free water and reduced 

permeability. Stabilised soils, as used in this research work, are complex composite materials 

and contain a variety of component parts that may have an impact on the retention of organic 

contaminants. A typical soil may contain sand, silt, clays, gravels, natural soil organic matter 

and water. Another layer of complexity is added when OPC and PFA are added to the matrix. 

All of the above are likely to play some role in the binding of the organic compounds, be it 

physical or chemical.

During the design of a stabilisation/solidification remediation strategy, one of the key design 

decisions is the type and quantities of any binders used. This has significant impact on the 

cost and technical success of the process. In the case of the research work presented a mix of 

OPC and PFA were used. A review of the literature (Chapter 2) has shown that OPC alone 

will not interact with organic contaminants such as PAHs. This is because hydrated OPC 

typically forms surfaces which are hydrophilic and polar (such as calcium-silicate-hydrates), 
while PAHs are strongly hydrophobic and non-polar, and have no functional groups. PFA is 

frequently used in addition with OPC for S/S projects and can result in increased technical 

performance (e.g. lower permeability and less leaching) and economic advantages. PFA, 

being a coal-combustion by product, also contains some residual carbon which has been 

shown to have adsorbent properties. It was decided to investigate the adsorption of several 

PAH compounds onto different samples of PFA in controlled adsorption experiments. 

Research work was carried out to examine the adsorption of acenaphthene or phenanthrene to 

PFA samples from two coal fired power stations. One of the PFA samples had been further 

treated by the power company to produce a mineral rich PFA fraction and a high carbon PFA 

fraction. Adsorption experiments produced adsorption kinetic isotherms and equilibrium 

isotherms, these were carried out at several solution pHs.
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9.2 Key conclusions

The following section outline the key conclusions that have been drawn from the research 
presented in this thesis.

1. OPC and PFA can be used in S/S treatments to form a material with stable, low level long
term leaching behaviour and durable strength, even when the soil being treated is
significantly contaminated with aromatic hydrocarbons (up to approx. 4.2 % by weight).
• Following the treatment of the contaminated soil it was clear that there was an initial 

set of the material within 24 hours of the mixing process. The subsequent immersion 

of samples in water for testing demonstrates that this was genuine set and not a ‘false 

set’. A ‘false set’ may have resulted in the samples disintegrating following saturation 

with water. In addition, the samples were not friable and did not crumble at the edges 

when being handled as is sometimes the case.

• The long term leaching test showed the pH of the leaching solution (which was 

replaced at each stage of the test) increased quite rapidly during the initial stages but 

then remained stable to the end of the test at 406 days. There were no sudden 

increases or decreases in the solution pH during this period. This suggests that there is 

no dissolution of the OPC-PFA hydration compounds and there is no significant 

reduction in the buffering capacity of the material.

• The results show that the total leaching of both TPH and PAH during the 64 day test, 
as a fraction of the solid content in the sample, is very low (0.154 % and 0.113 % 

respectively). No further release of TPH and PAH compounds were detected during 

the extended version of the leach test. The remaining mass of TPH and PAH was 

effectively locked up within the monolithic sample and can be considered unlikely to 

be released under the leaching conditions imposed.

• The amount of each PAH leached is proportional to, but not limited by, the 

compounds’ solubility in water.

• The analysis of the leaching data using the NEN 7375 methodology showed there was 

diffusion leaching between stages one and four, followed by very low leaching. 

Overall the data showed a depletion of the available mass of the organic contaminants 

during the leaching test.
• The behaviour in the initial period of the leaching test may be due to the diffusion of 

the organic compounds already dissolved in the pore water at the start of the test.
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• The results suggest the release of TPH and PAH may be due to diffusion from a 

leaching zone at the outer edge of the sample. Not necessarily the core of the sample.

• The amount of TPH and PAH leached (and the pH of the leachate) is highly 

dependent on the leaching fluid. Using Cardiff tap water resulted in a significant 
decrease in the amount leached

• The UCS of the treated material was comparable to a hard soil, making it suitable for 
reuse on site

• Immersion of samples in deionised water or Cardiff tap water did not have a 

significant detrimental impact on the strength of the sample, even after 280 days of 

immersion. This is a good indicator that the material is durable and if it was in regular 

contact with groundwater or rainwater it would not be expected to have significant 

impact on the materials physical ability to prevent release of the contaminants.

2. A decreased sample volume/surface area ratio will not necessarily have a significant

impact on the overall durability and long term release rate o f  the in-situ mass o f  treated

material.

• The results of the leach test carried out on the stabilised soil samples of decreasing 

V/SA shows that the leaching solution pH is not dependent on the sample V/SA ratio

i.e. for a given V/SA decrease, there is not an increase in the leaching solution pH

• The data for TPH and PAH leaching shows a high correlation for the sample V/SA 

ratio and the cumulative fraction leached from the sample. This is true for using 

deionised water and Cardiff tap water as the leaching solution. This means that if the 

sample surface area is increased (for a set sample volume) there is a proportional 

increase in the fraction of the contaminant released

• The above observation should be taken in context of the more detailed examination of 

the leaching results. The results show that the release of TPH and PAH compounds 

from the monolith samples is almost complete by stage 4 or stage 5 of the tank 

leaching test (days 4 and 9 respectively). This is followed by very low level leaching 

or even no detected release. This pattern is observed for all of the samples regardless 

of their V/SA ratio. Therefore even if a sample has an increased surface area, it would 

be expected that over the long term the difference in the release rate of the organic 

compounds would be negligible
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3. PFA is an additive that can be used successfully in S/S remediation to help reduce the

adverse effects o f  organic contaminants due to its ability to adsorb polycyclic aromatic

hydrocarbons such as acenaphthene andphenanthrene

• The kinetics of PAH adsorption to the PFA samples used in the study is very fast. 

This means contaminants should be able to sorb to the PFA before cementitious 

reactions produce hydration products which may prevent access to sorption sites

• The PFAs used in the study had different adsorption capacities and adsorption 

isotherm shapes

• The Freundlich adsorption capacity constant ( K f )  of the PFA correlated well with the 

PFA carbon content for acenaphthene but less well for phenanthrene

• It is possible that different types of residual carbon in the Longannet PFAs in 

comparison to the Aberthaw PFA resulted in the different shape isotherms

• Changing the pH of the solution used in the adsorption experiments did not affect the 

shape or type of adsorption isotherm produced but had a variable effect on the 

adsorption capacity of the PFA

• The results suggest that using PFA in S/S systems should not have an effect on the 

PFAs ability to adsorb organic contaminants

• In real systems it is likely that the organic contaminants will have less access to the 

sorption sites on the PFA. This is likely to be the factor that limits the adsorption of 

the organic compounds

4. The type o f  PFA used in remedial works should be targeted towards the type o f

contaminants and soil being stabilised

• Each PFA sample studied had different chemical and physical characteristics which 

would be expected to have different performance in subsequent S/S trials

• Targeting the type of PFA to the S/S application may produce cost savings and 

technical improvements. Fly ashes that contain high carbon contents or have a coarser 

PSD are less in demand for typical cement/concrete applications where high 

performance is required. These could be used for S/S applications where they can 

interact with organic contamination and possibly reduce the retarding effect on binder 

hydration
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9.3 Further w ork

In addition to the work carried out and presented in this thesis there are several pieces of 
further work that could be carried out. Some further ideas to advance this research are 
considered below:

• Determination of the mechanism resulting in less leaching of PAH and TPH in tap 

water compared to deionised water. The results have showed that significantly less 

PAH and TPH are released during the leaching test when Cardiff tap water replaced 

deionised water as the test fluid. It has been hypothesised that this may be due to the 

reduced solubility of PAHs and TPH in tap water because of the increased ionic 

strength and/or because of the reduced leaching of the S/S matrix due to the higher Ca 

concentration in the tap water. Further work could investigate specifically the effect 

of the Ca ion concentration on leaching.

• Quantification of the role played by soil organic matter (SOM) on the binding/release 

from the S/S matrix in the leach test. The analysis of the contaminated soil has shown 

that it has a significant amount of SOM. The effect of the concentration of SOM in 

the solid phase, its release into the leaching fluid, and the subsequent effect on the 

leaching of the PAH and TPH compounds has not been quantified in the presented 

work.

• Long term laboratory leaching tests of site recovered, aged S/S materials. The results 

of the longer leaching tests carried out and presented in this thesis have been carried 

out on laboratory mixed and cured samples. Further work in this area could recover 

in-situ mixed material from the site and repeat the long term leaching test. The 

existing literature examining site recovered, aged stabilised material tends to use short 

term, single stage leaching tests that only give limited information regarding the 

mechanisms that control leaching of contaminants.

• S/S trials using different types of PFA. The adsorption isotherm testing has shown 

that the PFA with higher carbon content can adsorb more acenaphthene and 

phenanthrene than the other types of PFA tested. Further laboratory trials using soil 

with organic contamination, OPC and the different types of PFA could be carried out 

to examine if the additional adsorption potential of high carbon fly ash results in 

improved strength and decreased leaching of organics.
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11 Appendices

Appendix A — GC MS support data

A significant amount of time was spent in developing the appropriate conditions under which 

to run the GC MS for the samples analysed for the research presented in this thesis. As such 

some further information in included in this appendices.

11.1.1 Parameters for GC MS analysis

The following section considers the parameters of GC MS analysis that are alterable by the 

user and how they can influence the analytical results. Factors such as detector type and 

ionisation method are not considered here as these were not alterable with the GC MS system 

used. Factors such as sample preparation have been presented separately in Section 3.1.2 and 

Section 3.1.3.

Injection o f sample into GC: the Clarus 500 GC MS has an automated sample injector. 

When operating the injector uses a 5 pL syringe to take a 1 pL sample and inject it into the 

GC. The injector block is heated (typically 250 °C) and the sample is vaporised and mixed 

with the carrier gas before passing into the column. The GC injector unit can be operated in 

split or splitless modes. The type of injection depends on the sample type and concentration. 

With split injections part of the sample and the carrier gas are vented through the split outlet 

as shown in Figure 11-1. The amount of sample being passed through the column is reduced, 

which can be useful to screen samples and avoid overloading the GC column and MS 

detector if the samples have high concentrations of organic compounds. The second injection 

option is using the splitless mode. Some samples may have very low concentrations of the 

analytes of interest so it is necessary to pass the whole sample onto the column. In this case 

the split outlet is shut during the injection which increases the sensitivity of the GC MS 

system and allows for trace analysis.
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Figure 11-1 Schematic of split/splitless GC injector 
(http://acpcommunity.acp.edu/Facultystaff/hass/ocl/exp/nabh4/nabh4des.html 04/12/2008).

Gas chromatograph oven temperature: the temperature settings of the GC oven are 
computer controllable. Ramping the GC oven temperature up helps the compounds to 

become mobile and pass through the column, aiding separation. When creating a temperature 

program several different temperatures and ramping rates can be used to achieve separation. 
The temperatures and ramping rates used in the program can depend on the number of 

substances being analysed. For example if a mixture has a large number of compounds for 

separation it may be necessary to have a fairly slow temperature increase to allow the 

compounds to separate fully.

GC column type: GC columns are typically made from fused silica. A chemically active 

viscous liquid is bonded to the internal wall of the silica column; this is the stationary phase 

in the chromatographic separation. Stationary phases differ considerably depending on the 

application. The stationary phase should be able to interact with the analytes of interest and 

hold them in the column. Some columns may have a non-polar stationary phase which 

enables them to interact with non-polar compounds’. These types of column usually provide a 

separation that parallels the compounds boiling point i.e. compounds with low boiling points 
have less interaction with the stationary phase and pass through the column quickly. As the 

boiling point increases so does the interaction with the stationary phase, therefore the time 

taken to pass through the column increases. The column used during analytical work for this 
thesis contained a 5% diphenyl 95% dimethyl-polysiloxane stationary phase; this is a column 

recommended for use when analysing non-polar organic compounds such as PAHs.

Mass spectrum scanning mode: The mass spectrum scanning mode determines which ions 
will be measured by the detector. There are two scanning types that can be employed when
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using mass spectrum detectors. The first is total ion count (TIC) the second is selective ion 

monitoring (SIM). TIC scans for all ions in a specified range while SIM scans for one ion. 
Figure 11-2 shows a sample analysed on the GC MS using TIC scanning. The sample was 

made containing only one compound (acenaphthene) and the mass spectrum was set to scan 

for ions with mass/charge ratios between 50 Da and 300 Da. As the MS scans for all ions in 

this range each ion only gets a few milliseconds scanning time. It can be seen that the peak in 

Figure 11-2 has a poor shape and has a relatively low signal to noise RMS ratio as indicated 

by the value above the peak (200.07). The same sample was run on the GC MS again but this 

time SIM scanning was used. Using previous data and the NIST library it was determined 

that the characteristic ion of acenaphthene occurs at a mass/charge ratio of 153 Da (i.e. the 

most abundant ion after fragmentation by the ion source). A SIM scanning method was set up 

to scan for ions with a mass/charge ratio of 153 Da only, the results of which can be seen in 

Figure 11-3. It can be seen from the chromatograph that the peak has a better defined shape 

than the TIC method. It can also be seen that the signal to noise RMS ratio is significantly 

higher (19,812.79).
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Figure 11-3 TIC versus SIM mass spectrum scanning methods
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The higher signal to noise ratio is due to the fact that the mass spectrum is only scanning for 

one particular ion fragment and hence the scan time for that ion is significantly increased. 
The Turbomass software is used to specify the ion to monitor and the quadrupole in the MS is 

adjusted so that any ions that are not the specified ion collide with the walls of the quadrupole 

and do not make it to the detector. This technique is particularly useful when analysing 
compounds present in low concentrations.

11.1.2 GC MS conditions for analysis o f PAH and TPH compounds

So far the general principles of GC MS operation have been considered. The following 

section gives details of the conditions that were used during the analysis of samples. The 

importance of the various parameters was considered in Section 11.1.1. Table 11-1 and

Table 11-2 show the conditions used for analysis of PAH and TPH compounds respectively. 

These are methods where several compounds have had to be analysed in one run, because of 

this the TIC scanning mode has been used. Settings such as the oven temperature program 

and the MS conditions were developed from information made available from Perkin Elmer 

(the GC MS manufacturer) and Thames Restek (the GC column manufacturer), based on the 

characteristics of the compounds being analysed. For example the 16 PAH compounds are 

known to elute from the column at temperatures that fall within the range of 100 °C to 310 °C 

and are also known to become fractionated into fragments with mass/charge ratios that fall 
between 50 Da and 400 Da. Laboratory trials were carried out with contaminated soil 

samples in the CLEER laboratories to determine an appropriate split for the degree of 

contamination in the samples used in the present study.

Table 11-1 GC MS conditions for analysis of PAH

GC Conditions MS Conditions

100 °C hold 2 min Scanning type TIC

Oven temperature program Ramp 4 °C/min to 310 °C Ion mode EI+

Hold at 310 °C for 4 min Inter scan delay (s) 0.05

Injection volume (p.L) 1 Scan time (s) 0.2

Injector temperature (°C) 250 Start time (min) 3

Injection type Split (30 ml/min) End time (min) 58

Start Mass (Da) 50

End Mass (Da) 400
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Table 11-2 GC MS conditions for analysis of TPH

GC Conditions MS Conditions

Oven temperature program

40 °C hold for 4 min Scanning type TIC
Ramp 15 °C/min to 330 °C Ion mode EI+

Hold at 330 °C for 20 min Inter scan delay (s) 0.05
Injection volume (pL) 1 Scan time (s) 0.2

Injector temperature (°C) 250 Start time (min) 3

Injection type Split (30 ml/min) End time (min) 58

Start Mass (Da) 50

End Mass (Da) 400

Table 11-3 and Table 11-4 show the GC MS conditions used to analyse the individual 

compounds acenaphthene and phenanthrene used during adsorption isotherm experiments. As 

individual compounds are being analysed it is possible to use SIM scanning.

Table 11-3 GC MS conditions for analysis of acenaphthene

GC Conditions MS Conditions

Oven temperature program 50°C Scanning type SIM

Ramp 10°C/min to 100°C Ion mode EI+

Ramp 5°C/min to 200°C Inter channel delay (s) 0.01

Ramp 10°C/min to 250°C Span (Da) 0.5

Hold at 250°C for 3min Start time (min) 3

Injection volume (pL) 1 End time (min) 33

Injection temperature (°C) 250 Mass (Da) 153

Injection type Splitless Dwell (s) 0.1

Table 11-4 GC-MS conditions for analysis of phenanthrene

GC Conditions MS Conditions

Oven temperature program

50°C Scanning type SIM

Ramp 10°C/minto 100°C Ion mode EI+

Ramp 5°C/min to 200°C Inter channel delay (s) 0.01

Ramp 10°C/min to 250°C Span (Da) 0.5

Hold at 250°C for 3min Start time (min) 3
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Injection volume (pL) 1 End time (min) 33
Injection temperature (°C) 250 Mass (Da) 178

Injection type Splitless Dwell (s) 0.1

11.1.3 Calibration and quantification o f  results

In GC MS analysis the response of the system to a compound is determined by the size of the 

peak it produces, it is therefore necessary to integrate the peak to determine the area under it. 

This can be done using the Turbomass software, an example of which is shown in Figure 

11-4 (the peak has an area of 256,340).

14.73;153;256340

Figure 11-4 A GC peak after being integrated

The response of several standard samples of known concentration can be used to form 

calibration curves for individual compounds. The unknown sample can be compared to the 

calibration curve and the concentration of individual compounds in the sample can be 

calculated. An example of a calibration curve is shown in Figure 11-5. It can be seen that the 

response over a concentration range of 0.05 -  50 ppm is linear with good correlation 

coefficients (fitted using Microsoft Excel least squares regression analysis) achieved for the 

PAH compounds acenaphthene and phenanthrene.
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Figure 11-5 Example acenaphthene and phenanthrene calibration curves generated forG C MS analysis

Calibration standards were run on a regular basis as the response of the GC MS system is not 

constant e.g. servicing or changing a part may change the system response to a particular 

compound. In order to ensure the response was as expected, a single concentration standard 

was run to compare with the full calibration response for every set of samples run. Full 
calibration curves for multi-compound and single compound analysis are shown with the raw 

data in the relevant appendices.
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A ppendix  B  -  R isk  assessm en ts

The following information includes sections of the risk assessments that were carried out 
during the course of the research presented in this thesis.

Risk assessment 1

Description of activity

Characterisation of contaminants in soil samples. The procedure involves the extraction of 

contaminants into solvents using accelerated solvent extraction system and then evaporating 

the solvent to concentrate the contaminants. This work will be undertaken in W/0.28 -  the 

organics analysis room in the CLEER labs

Hazards involved

Identity of 
hazard/activity

Type of 
hazard Form of hazard Existing control 

measures Severity Likelihood Inherent
risk

Use of organic 
solvents Chemical

Flammable 
liquid and 
vapour. Contact 
causing irritation 
to eyes/skin. 
Inhalation 
causing 
respiratory 
irritation/illness

Correct storage 
of solvents in 
lockable 
cabinet. No 
ignition sources 
stored in room. 
Solvent used in 
fume cupboard. 
Correct PPE 
worn

5 1 5

Contaminated
soils Chemical

Contact causing 
irritation to 
eyes/skin. 
Inhalation of 
VOCs causing 
respiratory 
irritation/illness

Stored in 
airtight 
container. 
Handled in 
well-ventilated 
area. Correct 
PPE worn 
including 
gloves, glasses 
and lab coat

3 1 3

ASE equipment
Electrical
equipment.
Heat.

Electrical fault, 
hot surfaces

Equipment 
maintained and 
PAT tested. All 
samples in and 
out of ASE 
handled with 
thermal gloves

5 1 5

Evaporator Chemical

Flammable 
liquid and 
vapour. Contact 
causing irritation 
to eyes/skin. 
Inhalation

Solvents heated 
at temperatures 
lower than their 
flash points. 
Evaporation 
carried out in

5 1 5

2 1 0



Identity of 
hazard/activity

Type of 
hazard Form of hazard Existing control 

measures Severity Likelihood Inherent
risk

causing
respiratory
irritation/illness

fume cupboard

Risk assessment 2

Description of activity

Microwave digestion of powdered samples in hydrofluoric acid, nitric acid and hydrochloric 

acid. Acids are added to individual vessels, this is carried out within a fume cupboard. 

Vessels are then assembled with screwed caps and placed in the rotor before being transferred 

to the microwave. After digestion in microwave the vessels are returned to the fume cupboard 

and boric acid is added to neutralise the hydrofluoric acid. They are then returned to the 

microwave for final process before contents are transferred to a glass beaker and the volume 

of solution is made up to a known volume. After analysis any excess is stored in a glass 

container for disposal. Carried out in W/0.29, a red area.

Hazards involved

Identity of 
hazard/activity

Type of 
hazard

Form of 
hazard

Existing control 
measures Severity Likelihood Inherent

risk

Dispensing
acids Chemical

Chemical 
bum caused 
by contact 
with acid

Trained personnel 
only. Lab designated 
red area. Signs on 
door when HF in use. 
No other persons to 
use the fume 
cupboard at same 
time. HF antidote 
stored in lab. First 
aider informed of 
procedure. Safe 
storage of acids and 
correct PPE worn

5 1 5

Microwave
Physical
and
electrical

Microwaves
Annual maintained 
equipment and PAT 
tested

5 1 5
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Risk assessment 3

Description of activity

Following collection of contaminated soil samples from site they will be mixed with various 

powdered binders — including cement and PFA. The mixing will be carried out using a 

Hobart mixer. The mixed samples will be compacted into moulds and then cured. Following 
curing the samples will be cut to size for subsequent testing.

Hazards involved

Identity of 
hazard/activity

Type of 
hazard Form of hazard Existing control 

measures Severity Likelihood Inherent
risk

Handling
contaminated
soils

Chemical

Irritation/illness 
due to contact 
or inhalation of 
contaminants

PPE include vapour 
mask, disposable 
nitrile gloves and 
safety glasses. 
Storage in sealed 
container

4 1 4

Handling 
cement and 
PFA

Chemical

Irritation/illness 
due to contact 
with powdered 
materials or 
inhalation of 
dust

PPE include dust 
mask, disposable 
nitrile gloves and 
safety glasses. 
Storage in sealed 
container

4
■

4

Mixing soils 
and
cement/PFA

Physical

Use of
mechanical and
electrical
equipment

PPE including lab 
coat, nitrile gloves, 
vapour mask, safety 
boots and safety 
glasses. PAT tested 
equipment. Ensure 
equipment is 
electrically isolated 
before removing 
mixing bowl. Keep 
hands away from 
mixing bowl while in 
operation

4 1 4

Cutting
samples

Physical
and
chemical

Use of
mechanical and 
electrical 
equipment with 
cutting blade. 
Dust from 
cutting

PPE including safety 
glasses, lab coat, dust 
mask and gloves. Use 
of PAT tested 
equipment. Ensure 
guard is down while 
cutting. Inform lab 
technician process is 
taking place.

5 1 5

2 1 2



A ppend ix  C -  Trial pit lo g  sheet

The trial pit log sheet shown in Figure 11-6 describes the area of the site where samples were 

subsequently taken for the work report in this thesis.

Trial P it N u m ber: TPL
P r o je c t N o: C 965 

S ite  Location.-wKi

P lan t: JCB  8080

E n gin eer:  J. Howe 

E a stin g :  0 

N o rth in g s:  0

Client:'

C on tractor:

SUBSURFACE PROFILE SAMPLE WATER

DESCRIPTION

Q  o_

0.00 G round S u rface0.0 0.0 - TPL - 0.1m 
T P L -0 .3 m
TPL - 0.6m

M ade G ro u n d
Lt Brown/yellow sand  with s to n es  and gravels, slight 
contam inant staining

-0.30

M ade G ro u n d
Grey/Black, sem i solid silty, gravel fragm ents, V.wet,1 . 0 - 1 .0 - TPL - 1.0m

2 . 0 - 2 .0 -

3.03 .0 -

4.0-4 . 0

5.0-5.0'

6 .0 -

7.0-7.0

8.0 -8.0 -

Start Date: 05.12 .05 C om m ents/S ide Stability:
Width:

Datum:
Length:Sheet: 1 of 1

CELTIC Ltd. Columbus House, Greenmeadow Springs, Tongwynlais, Cardiff, CF15 7NE.

Figure 11-6 Trial pit log sheet
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A p pend ix  D  -  R aw  D ata

The raw data for the various analysis carried out can be found on the data disc attached to this 
thesis. The disc is labelled ‘A. Shirani -  Thesis Appendix D’ and contains the following:

• D1 -  Soil substrate characterisation raw data

• D2 -  TPH and PAH leaching raw data

• D3 -  PFA sample characterisation raw data

• D4 -  Adsorption kinetics raw data

• D5 -  Adsorption equilibrium raw data
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