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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 (R* 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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OPC
PAH
PC
PCB
PFA
POP

Acid neutralisation capacity

Accelerated solvent extraction

Agency for toxic substances and disease registry
Benzene, toluene, ethylbenzene and xylene

Carbon

Equilibrium concentration in adsorption tests (mg/L)
Cumulative fraction released during leaching test (%)
Concentration released during stage i of leaching test (mg/L)
Cumulative concentration released up to stage n of leaching test (mg/L)
Concentration of contaminant in sample (mg/kg)
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Contaminated land exposure assessment
Concentration in solvent extract (mg/L)
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Effective diffusion coefficient (m’/s)
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Deionised water

Environment Agency

Electric arc furnace dust

Electron dispersive x-ray spectrometry

Cumulative leaching flux at stage i of leaching test (mg/m’)
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Fly ash

Maximum recorded force in UCS test (kN)

Flame ionisation detector

Gas chromatography mass spectrometry

Ground granulated blast-furnace slag

Gas liquid chromatography mass spectrometry

High carbon fly ash

Hydrophobic organic compounds

Inorganic carbon

Inductively coupled plasma atomic emission spectroscopy
Freundlich adsorption capacity constant (L'g)
Organic carbon partitioning coefficient

Octanol water partitioning coefficient

Loss on ignition (%)

Moisture content (%)

Manufactured gas plant
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Mass of sample (kg)

Municipal solid waste

Mass charge ratio (Da)

National institute of standards and technology
Natural organic matter

National rivers authority

Oxygen

Ordinary Portland cement

Polycyclic aromatic hydrocarbon

Portland cement

Polychlorinated biphenyl

Pulverised fly ash

Persistent organic pollutant
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PSD
QAS

RCRA

SA
SEM
SGV
S/S
SOM

TC
TCLP
TEM
TOC
TPH
TS
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UKAS
USEPA

Particle size distribution

Quaternary ammonium salt

Solid phase concentration during adsorption test (mg/g)
Resource conservation and recovery act
Sulphur

Surface area of sample (m’)

Scanning electron microscopy

Soil guideline values
Stabilisation/Solidification

Soil organic matter

Testing time (s)

Total carbon

Toxicity characteristic leaching procedure
Toluene extractable matter

Total organic carbon

Total petroleum hydrocarbons

Total sulphur

Unconfined compressive strength (MPa)
United Kingdom accreditation service

United States environmental protection agency
Volume of sample (m’)

Volume of leachant used in leaching test (L)
Volatile organic compounds
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1.1.2 Extent of 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:

e Fuel and power production and associated processes
e Metal production and processing

e Mineral industries

e Chemical industry

e Waste disposal and recycling

e 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 NHy, CN", SO,
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:

e Town and Country Planning Act 1991

e Part 2A of the Environmental Protection Act 1990



e Pollution Prevention and Control Regulations 2000
e 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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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
o o <
9 .9 o - = < (5]
pe] pel b =1 S o =] &
Target compounds g % :§ Z g -% ‘§ =& -% g g 2
=2 28|28 5| 5 |2S|E8 2 |88| £ £
=3 2|3 g 7 g = € 23158 E 2 g g 3
S5|E5|d5| 8| S |a3|EE| 5|85 & | 3
Metals
x x x v v v x v
(fines and soluble) v O O
Metals x x x v v v x | v x x x
(larger particulate)
Volatile organic v v x x v v x
compounds 0 x 0 O
Semi-volatile organic v v v x v v v x
compounds 0 x 0
Halogenated v o v v x x v o v v x
organics
Oil hydrocarbons (0) v v v x x v | x v v x
Coal tars x 0] O v v v v x v (0] x
Asbestos x x x x v v x v x x x
Coal x x x v v x x x x x x
Dioxins x x x v v v v v v 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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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:

e 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.

e 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).



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),. Hence these by-
product additives are often used in combination with OPC or lime which provide a source of
Ca(OH),; 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):

e Adsorption to binder-soil matrices

e pH dependent precipitation

e Redox-controlled precipitation of insoluble compounds

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

e 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



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):

e Many organic contaminants are non-polar and hydrophobic, whereas the most
commonly used binders are polar and hydrophilic

e 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):

e Inhibition of bonding of the material to the binder

e Retardation of setting

e Reduction in the stability of the matrix resulting in increased potential for leaching of
the material

e 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 (Cioffo, 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
Non-halogenated volatiles

Halogenated semi-volatiles

Non-halogenated semi-volatiles and non-volatiles

PCBs

Pesticides

Dioxins/Furans

Organic cyanides

QOrganic corrosives

Inorganic Volatile metals

Non-volatile metals

Asbestos

Radioactive materials

Inorganic cyanides

Inorganic corrosives

Reactive Oxidizers

Reducers

Il = 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

ANRREEEmoO O oo ONmNE <X

1.2.4 Practical implementation of 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:

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

e The contaminated ground may not be able to support construction equipment prior
to S/S

e There may be underground services present at the site
e Controllability of binder addition and mixing through varying layers of soil

The plant used to carry 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 (Fleri 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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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 m’ 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 £55/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/m’> and £100/m’ of contaminated material treated. Ex-situ
stabilisation/solidification costs ranged between £3/m’ and £75/m> of treated material (both
sets of prices are for larger sites where >5000 m® was treated). For comparison, ex-situ
biological treatment costs at sites where >5000 m® was treated ranged from £9/m’ to £65/m’
and costs of landfill of contaminated material ranged from £30/m’ to £300/m’.

1.2.7 Current state of 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):

e Relatively low cost and widespread use of disposal to landfill prior to the
implementation of the landfill directive

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

materials

e 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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e 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:

e 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

e Determine the mechanism that controls the release of hydrocarbons from the treated
material

e 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), 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 of
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 of 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 of 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 of 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
(HOC:s). 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 of 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.

Banerjee 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 SiO, — 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 of the S/S of 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 Fleri 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 of 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, freeze-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 of 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-Barna 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.
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Figure 2-1 Schematic showing the leaching mecha;;)lz) of heavy metals from S/S waste forms (Qiao et al,
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,
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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-Barna 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 (Fleri and
Whetstone (2005), Antimir et al (2010) Al-Tabbaa and Boes (2002)).

2.6.2 Unconfined compressive strength of 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-Barna 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),.
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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 S0 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 Na,SO; (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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10.

11.

12.

13.

14.

I5.

16.

Place the extraction cell inside the oven when the oven has reached the correct

temperature
Start the run with the specified conditions

The ASE unit pre-heats the sample to the specified temperature and for the
specified time

The ASE unit pumps solvent into the cell and applies pressure. The static time

defines how long the solvent remains in the cell

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

When the run is complete the glass bottle contains the solvent and organic

compounds that have been extracted (typically around 50 ml)

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

After reduction of the sample volume transfer it to a volumetric flask (typically 25

ml) and add fresh solvent until the volume is correct

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

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
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the risk assessment was kept in the laboratory 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

ASE Parameter Value

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 seil

ASE Parameter Value

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, viv)
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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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:

10.

11.

12.

. Filter water sample through a glassfibre filter and transfer to a glass bottle with a

Teflon lined cap

Mark the water level on the side of the bottle

. Transfer the sample to a 500 ml separation funnel held in a clamp stand

Add 20 ml HPLC grade DCM to rinse the sample bottle and then add to the

separating funnel with the sample

. Replace the separator lid and shake the funnel for approximately five minutes

(periodically venting the separating funnel to reduce the pressure that builds up)

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)
Collect the DCM phase in a clean glass beaker and set aside

Repeat steps four to seven two further times and combine the DCM samples after

each repetition resulting in a 60 ml sample

Evaporate the DCM sample on a heating block at 40 °C under a gentle stream of

nitrogen until approximately 5 ml is remaining

Pass the 5 ml sample through a column of Na,SO4 (anhydrous) to remove any

residual water present

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

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

Concentration Extraction rate

(mg/L) (%)
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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3.2.1 General principles of 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

46



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 (HNO;) and hydrochloric acid (HCL))

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 20 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 of 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

33 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 SevernMulti 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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