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CHEMICAL FIXATION OF SOILS CONTAMINATED 
 WITH ORGANIC CHEMICALS 

 
N.A. McLeod B.Sc., Envirotreat Limited, Kingswinford, U.K. 

 
 

1. INTRODUCTION 
 
 

The Envirotreat process is an in-situ remediation technology, which has been 
developed with the financial support of the UK Department of the Environment 
under the auspices of their Environmental Technology Innovation Scheme (ETIS).  
The research and development programme has been carried out with the 
collaborative support of Warren Spring Laboratory, the University of Birmingham 
and May Gurney Limited, a UK based civil engineering contractor. 
 
 
The research and development programme has comprised of laboratory treatment 
and evaluation trials followed by a full-scale demonstration of the in-situ process at 
a Ministry of Defence site in West Drayton, Middlesex, UK. 

 
 

The treatment technology is an advanced stabilisation/solidification process 
incorporating specialist modified clays developed by Envirotreat and validated by 
the University of Birmingham.  These clays have the potential for diverse 
environmental application and are compatible with conventional 
stabilisation/solidification process materials.  The clay technology is primarily 
targeted at organic waste contaminants but also has the capability to treat both 
cationic and anionic heavy metal species by a combination of ion-exchange 
processes and chemical interaction with the pillaring agents and other 
intercalatants. 

 
 

The in-situ treatment methodology utilises modified continuous flight auger drilling 
and injection techniques.  The treatment materials are injected in a slurry form into 
the contaminated ground and mixed with the soil in-situ.  The prime objective is to 
ensure that the contaminated soil and treatment media are mixed homogeneously.  

 
 

Envirotreat are now evaluating the in-situ process as an Active Containment 
System and are considering a number of options including the application of the 
technology in permeable barriers/reactive treatment walls.  The paper also includes 
a brief summary of the proposed application of modified clays in Active 
Containment Systems. 
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2. TECHNICAL BACKGROUND 
 
 
The treatment of hazardous industrial waste containing inorganics and heavy 
metals using cementitious and pozzolanic materials has been practised for many 
years as a landfilling pre -treatment stabilisation / solidification process.  It is now 
acknowledged that this technique is inappropriate for treatment of waste 
contaminated with organic materials due to reported detrimental effects on cement 
hydration and structural formation. 
 
 
In response to the need to develop a new generation of cost effective treatment 
technologies which can be successfully applied to low and medium level organic 
wastes (typically 1-10%) in addition to general inorganic wastes, leading specialist 
organisations in this field have endeavoured to address the inherent problem of 
organic interference in cement hydration reactions.  The approach adopted in most 
cases has been to develop a range of specialist additives with the capability of 
providing a linking mechanism between the organic waste materials and the 
inorganic aluminosilicate matrix thereby reducing the potential for organics to 
interfere cement hydration reactions.  The use of organophilic clays, which are 
commonly employed in the paint, oil, and related industries, has been evaluated as 
a preabsorbent prior to solidification. 
 
Commercial organoclays are typical quaternary ammonium salt substituted 
phyllosilicate smectite clays e.g. montmorillonite.  Smectite clay minerals possess 
a combination of cation exchange, intercalation and swelling properties which 
make them unique.  The diagrammatic structure of smectite clays is as shown in 
Figure 1.  The organophilic clay structure produced by substitution of the 
exchangeable cations (i.e. Na + / Ca2+) by quaternary ammonium salts is as shown 
in Figure 2. 
 
 
The substitution of integral cations within the clay structure with lower valency 
cations induces an overall negative layer charge.  In montmorillonite, for example, 
octahedral Al3+ can be substituted with Mg2+ to varying degrees depending on the 
clay source.  Electroneutrality is maintained by the intercalation of hydrated alkali 
metal and alkali earth cations.  These cations are readily exchangeable and be 
readily exchangeable and can be replaced by a wide range of positively charged 
groups.  The use of quaternary ammonium ions is just one example.  Other 
positively charged ions can also be intercalated.  These include a range of 
specially developed pillaring agents, which are currently being developed for use 
as potential catalysts. 
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Pillared clays have been developed with the ability to withstand excessive 
dehydration without loss of stability.  The intercalated “pillars” act as molecular 
props creating a two-dimensional porous interlayer structure.  These clays are 
suited to reaction processes involving larger molecules, for example, multiring 
polycyclic aromatic hydrocarbons.  Examples of pillaring agents include transition 
metal complexes, heteropoly acids/polymers and organometallic cations. 
 
 
Smectite clays that have been exchanged with strongly oxidising transition metals, 
for example, Cu2+ and Fe3+, have been shown to be highly reactive with the 
capability of stripping electrons from neutral organic molecules thereby reducing 
the substrate molecule into a radical cation.  The resulting cation will subsequently 
react with the clay surface or interact with other organics present producing 
breakdown products, which can then polymerise and become entrapped within the 
matrix.  Intercalated transition metals have the capability to chemically react with 
organics by ligand bonding processes.  Examples of transition metal bonding with 
aromatic organic species are as shown in Figure 3.  Substituted Ferric ions (Fe3+) 
are commonly found in certain montmorillonites.  These include additional reactivity 
of a non specific nature by electron transfer via delocalised electrons . 
 
 
Aluminium ions are often substituted in relatively small amounts in the tetrahedral 
layer (for Si4+ ions).  As with the substitution of Fe3+ ions in the octahedral layer, 
the degree of substitution varies considerably depending on the source of raw 
material.  The presence of Al3+ ions in the zone adjacent to the interlamellar space 
provides effective sites for Lewis acid/base reactions with chlorinated 
hydrocarbons and heterocyclics etc.  Aluminium ions are also available for Lewis 
type reactions in the pillaring agents.  An example of potential reactivity with 
Pyridine (heterocyclic) is as shown in Figure 4. 
 
 
Numerous other forms of chemical bonding and reaction can occur within the 
interlamellar spaces ranging from Van Der Waals attraction forces and dipole 
reaction to full covalent bonding and/or molecular alteration.  Treatment of mixed 
wastes requires the application of multiple reaction and treatment techniques.  
Modified intercalated smectite clays can provide an effective treatment media. 
 
 
Supporting background information on the above can be found in references 1-5 
on page 27. 
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The Envirotreat technology is essentially an advanced stabilisation/solidification 
process targeted at soils contaminated with both organic and inorganic/heavy 
metal waste materials.  The process is based on the use of modified smectite clays 
which incorporate reactive species.  Once intercalated, the reactive properties of 
the clay and the presence of reactive species will ensure that the waste 
contaminant is effectively immobilised within the substrate material.  The 
chemically immobilised material can then be solidified by conventional cement 
hydration techniques using a mixture of Ordinary Portland Cement and pozzolan. 
 
The prime objectives of intercalation are:- 
 
1. To create adequate interlamellar spacing to accommodate larger molecules 

(e.g. PCB’s and PAH’s) and to increase the effective surface areas and 
potential reactivity by the introduction of selected pillaring agents. 

 
 
2. To create an organophilic environment of va rying polarity to attract organics 

into the interlamellar spaces by absorption/adsorption. 
 
 
3. To provide a reactive environment in which the organic substrates can be 

permanently bonded to the clay surfaces and pillaring agents. 
 
 
4. To provide an active medium for effective treatment of heavy metals [both 

cationic and anionic (e.g. CrO4
2-)] and other inorganics by cation exchange 

processes and/or interaction with the intercalated species (which can then be 
immobilized within the cementitious matrix following alkaline precipitation). 

 
 
By selective use of available smectite clays and intercalation of appropriate 
quaternary ammonium ions in conjunction with other relatively low cost pillaring 
agents and reactants (principally Fe/Al compounds), it is possible to produce highly 
efficient and multifunctional treatment media which can be applied on a cost 
effective basis.  An illustration of the potential multireactivity with Chlorobenzene is 
as shown in Figure 5. 
 
 
There are a number of modified clay formulations which can be applied to 
contaminated land and groundwater remediation strategies.  The generic forms are 
as shown in Figure 6.  
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Envirotreat have developed a range of modified organoclays and inorgano-
organoclays which address the stated objectives of intercalation. Diagrammatic 
representations of the generic modified clays are as shown in Figures 7 (a) and 
(b). It should be noted that modified inorganoclays (no organophilic substitution) 
can be applied in situations where there is no significant organic contamination 
(e.g. for the primary treatment of heavy metal contamination and/or for trace 
organic contamination) and/or where the organic contamination is of a highly 
soluble nature (e.g. organic acids). Aluminium pillared inorganoclay have been 
successfully applied in the sorption of trace amounts of dioxins (Nolan et al6) and in 
the treatment of humic acids (Lacey et al7). 
 
 
It was perceived by Envirotreat that there would be a need for a range of clays with 
varying hydrophobicity and chemical composition to address the issue of 
contaminated land which can have complex organic contamination problems (in 
addition to contamination with heavy metals etc.). In order to address the perceived 
problems with organic contaminants (with widely diverse chemical and physical 
properties), it was decided for practical reasons to develop a range of clays which 
would deal with five identified groups of organics (as summarised in Figure 8). It 
was acknowledged that this approach would not cover all eventualities, however it 
was felt that the majority if not all of the likely organic contaminants would have the 
potential to react with the appropriate modified clay in one form or another. The 
modified clays are designed to have the potential for multireactivity (i.e. can react 
in a number of ways with the target organic(s) by well known chemical bonding 
phenomena e.g. ligand bonding; Lewis acid-base reactions etc.). Where there is 
more than one type of organic contaminant within a site, the objective is to use 
more than one clay formulation as deemed appropriate. The potential reactivities of 
modified clays with examples of organic pollutants from each identified group are 
as shown in Figures 9, 10, 11, 12 and 13. 
 
 
Adsorption tests have been carried out with the three representative organic 
chemicals viz.: Benzene, Orthodichlorobenzene (referred to as Chlorobenzene in 
the text and appendices) and Pyridine. The results obtained with Benzene and 
Orthodichlorobenzene show significant absorption with all clay formulations. Both 
of these chemicals have limited solubility in water. The results for Pyridine (which 
has a relatively high water solubility by comparison) clearly indicate that the more 
hydrophilic (inorganic) clay formulations are generally more effective in removing 
organics of a higher solubility. The results confirm the need for a range of suitable 
modified clays which can be used as appropriate to deal with complex organic 
contamination problems. 
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Further sorption tests with organics have been carried out by the University of 
Birmingham, England (Lacey et al7). Their research has focused on the capability 
of pillared clays to sorb humic acids, a common organic constituent of 
groundwater, which when chlorinated as part of the disinfection process, can give 
rise to mutagenic or carcinogenic substances. The University of Birmingham 
carried out sorption tests on fulvic acid (a light humic acid) using Iron pillared and 
Aluminium/Aluminium+Phosphoric acid pillared clays. They also formulated and 
tested a combined Iron/Aluminium pillared clay. The results show that Aluminium 
and Aluminium+Phosphoric acid pillared clays were most effective in sorbing fulvic 
acid from water. Iron pillared clay was generally less effective for this application 
and a combined Iron/Aluminium pillared clay was least effective (probably due to 
the low surface area of the clay variant). Absorption isotherms are as shown on 
Figure 14. It was agreed with the University of Birmingham that the preferred 
approach would be to use aluminium pillared clays intercalated with transition 
metals rather than a combined pillaring technique. 
 
 
Conventional smectite clays exhibit cation exchange properties in similar fashion to 
zeolites, which can be utilised in the treatment of cationic species/toxic heavy 
metals under controlled conditions. They are not however suitable for the treatment 
of problematic anionic and complexed anionic species, in particular 
Chromates/Dichromates, Arsenates and Ferri/Ferrocyanides etc. 
 
 
Modified pillared clays have been shown to be effective in absorbing anionic 
species. Laboratory demonstration trials have been carried out at Bachy, France 
on Hexavalent Chromium solutions. Results of batch sorption tests comparing a 
modified pillared clay and untreated bentonite are as shown in Table 1. The 
sorptive properties of the modified clay are clearly demonstrated. Straight-line 
absorption graphs were obtained using modified aluminium pillared clay as shown 
in Figure 15. Untreated bentonite was ineffective in absorbing anionic CrO4

2-. The 
modified clay formulation provided a reactive media for the treatment of both 
cationic Cr3+ and anionic CrO4

2-/Cr2O7
2-. 
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The in-situ treatment methodology involves the use of modified continuous flight 
augers developed by a UK civil engineering contractor, May Gurney Limited based 
in Norwich, England. The auger is attached to a standard piling rig. The treatment 
materials are mixed off-plant in a conventional mixer and pumped through the 
auger system via a central hollow tube. The current auger design has the capability 
to process up to 900mm diameter columns of any reasonable depth (e.g. á 30 – 
50m) depending on site circumstances and operating equipment limitations. May 
Gurney advise that greater depths can be achieved with suitable processing plant. 
 
 
The in-situ remediation process can be used for the construction of an active 
containment system, treatment of ‘hotspots’ and can be used in conjunction with 
other civil engineering processes such as piling to jointly remediate and redevelop 
a contaminated site. This has clear commercial advantages. 
 
 
3. EXPERIMENTAL PROGRAMME AND RESULTS 
 
 
3.1. Demonstration Site 
 
  
The site selected for the project was the Ministry of Defence Research Agency 
located at West Drayton, Middlesex.  The Ministry of Defence in London offered 
the use of this site to the NATO/CCMS Pilot Study as their contribution to the 
Envirotreat research and development programme. 
 
 
The specific area of the site chosen for the demonstration of the Envirotreat in-situ 
treatment process has been contaminated with a variety of inorganic and organic 
pollutants over a significant time period.  A variety of chemical plants have existed 
on the site since the turn of the century including a chemical waste quarantine 
store, chemistry laboratory, flammable store, battery bank, engine testing areas, 
underground oil storage tanks and nucleonics laboratory.  This created the 
potential for a wide range of contamination problems arising from the use of 
flammable materials solvents, concentrated sulphuric acid, oils, petrol, radiation 
and a range of unknown chemicals. 
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A specific area of the site was allocated for the project work. A trial pit was 
excavated to a depth of 2.3m in one part of the area. The ground conditions were 
as shown in Table 2, which shows that to a depth of 1.7m the soil consisted of 
made ground comprising of sand and sandy clay and contained fragments of 
bricks, timber, metal, concrete and glass. Beneath this made ground there was a 
layer of gravely sand of 0.3m depth and then a layer of sandy gravel down to the 
base of the excavation. 
 
 
Previous chemical analysis records of the site provided some data on the 
concentration of a number of heavy metals and referred to general organic 
contamination with specific reference to acid tars in the vicinity of the trial pit. Soil 
samples were collected from three depths within the trial pit viz. 0.5m, 1.5m and 
2.3m. These samples were used for detailed chemical analysis to identify the 
concentrations of a number of heavy metals and PAH’s of interest in the project. 
The results are as shown in Tables 3, 3.1, 3.2, 3.3 and 3.4. 
 
 
The PAH’s were analysed by high performance liquid chromatography and the 
heavy metals were analysed by atomic absorption spectrometry. The analysis 
results indicated that there were potentially 17 PAH’s present in the soil. The 
PAH’s stipulated by the World Health Organisation (WHO), these being 
Fluoranthene, Benzo (b) and Benzo (k) fluoranthene, Benzo (a) pyrene, Benzo 
(ghi) perylene and Indeno (123 cd) pyrene (see figure 16). The total concentration 
of the 6 WHO PAH’s ranged between 7.4 and 12mg/kg of dry soil with the most 
abundant PAH being Fluoranthene with a concentration of up to 4.3mg/kg of dry 
soil. 
 
 
3.2 Design Criteria 
 
 
The most commonly used criteria for the design of solidified waste material are 
strength and leachability. These criteria are imposed to ensure that the solidified 
material has sufficient strength to be handled and transported and that the 
concentrations of leached contaminants are reduced to acceptable levels. Other 
criteria such as permeability, durability and compressibility are often imposed 
depending on the end-use of the solidified material. A pH criterion was imposed on 
this development project as it was felt that there could be risk with leaching of 
heavy metals at low (acidic) pH’s due to the aggressive nature of the TCLP 
leaching media. By stipulating a pH criterion, the metal leachabilities should be 
reduced to a maximum of their solubility as hydroxides (nominally 1 – 5mg/l). 
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Three design criteria were used in the development of the initial soil-grout mixes. 
These criteria were unconfined compressive strength, leachability and pH as 
detailed below: 
 
1. Unconfirmed compressive strength (UCS) design criterion: The most 

commonly used criterion was used, this being based on the 
recommendation of the U.S. Environmental Protection Agency (USEPA) 
specifying a UCS value for the solidified material of at least 50psi (~350kPa) 
at 28 days curing. 

 
 
2. Leachability design criterion: This criterion was based on the Toxicity 

Characteristic Leaching Procedure (TCLP), which is a Federal test in the 
U.S.A. and is commonly used by USEPA to evaluate the performance of 
stabilisation/solidification technologies. The TCLP uses aggressive acidic 
leaching media and is a fairly stringent evaluation procedure. The USEPA 
applies a multiplying factor to drinking water standards to give the maximum 
allowable concentrations for specific contaminants in the TCLP leachate. 
The multiplier frequently used is 100x which allows for dilution of the 
contaminants in the environment. The UK drinking water standard for the 
sum of the 6 WHO PAH’s is stipulated to be 0.2µg/l (see figure 17). 

 
It was agreed with Warren Spring Laboratory and the UK Department of the 
Environment that the Envirotreat project should aim fo r a more stringent 
target of 50x drinking water standards giving a maximum allowable 
concentration of the 6 WHO PAH’s in the TLCP leachate of 10µg/l. In 
addition to this target value, it was subsequently stipulated that Benzo (a) 
Pyrene should have an individual limit based on 50x drinking water standard 
of 0.5µg/l. 
 
Based on the analytical data obtained from the West Drayton site, this 
leachate value represented a target remediation factor of 103 for the 6 WHO 
PAH’s. 
 
 

3. pH design criterion: This criterion was specifically introduced by Envirotreat 
to address the potential risk of acidic leaching of heavy metals during the 
TLCP procedure, particularly with weaker cementitious (less alkaline) mixes. 
The pH criterion relates to the pH value of the leachate at the end of the 
TCLP test. The pH range usually specified for optimum precipitation of 
heavy metals is 7 – 11. A for the more stringent pH range of 8 – 10 following 
a 28 day curing period was initially aimed to ensure minimal solubility of the 
heavy metals. 

 



10 

4. Four heavy metals were targeted for TCLP evaluation, these being 
Chromium, Copper, Lead and Zinc.  Target levels relating to 50x UK 
drinking water standards were used as the basis for evaluation.  For Lead, 
this represented a target remediation factor of nominally 103. 

 
 
Once optimum soil-grout mixes were developed using the above 3 design criteria, 
further tests were carried out including wet-dry/freeze-thaw durability and 
permeability. 
 
 
3.3 Soil Materials for Initial Treatability Studies 
 
 
Substantial quantities of soil were required for the initial treatability work on the 
development of optimum mixes.  It was therefore decided to use model soils 
representing real site soils for the initial work programme.  The granular size 
fraction of the two soils was duplicated using Leighton Buzzard sand and standard 
aggregates used in concrete mixes and the cohesive fraction of the two soils was 
duplicated using Keuper Marl clay.  The in-situ moisture content of both soils was 
duplicated.  Since the full extent of the contamination in the site soils was unknown 
and since the main objective of the work was to develop a treatment methodology 
for PAH’s, it was decided for simplicity to contaminate the model soils with PAH’s 
only.  In addition, since all the 6 WHO PAH’s are strong carcinogens, it was 
decided to represent the total PAH content of the soils with one representative 
PAH i.e. Pyrene which had the least suspected carcinogenic effects.  Pyrene was 
therefore used as a marker for PAH’s in the initial treatability studies.  The soil 
sample from a depth of 2.3m was analysed for Pyrene and showed a concentration 
of 6.4mg/kg of dry soil indicating the presence of Pyrene in significant 
concentrations which justified the decision to use Pyrene as a marker.  The soil 
was contaminated with 20mg of Pyrene per 1kg of dry soil, this being the average 
concentration of known PAH’s in the soil.  The soil contents were initially mixed 
and Pyrene was then added (in powder form because of its low solubility in water).  
The resulting contaminated soil was then thoroughly mixed to ensure homogeneity 
as far as practically possible. 
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3.4 Development of Modified Clays 
 
 
Prior to the commencement of the DOE sponsored research project, Envirotreat 
carried out significant development work on a laboratory scale.  The intention was 
to develop multi-reactive organo/inorgano-organo modified clays and to establish 
the basis for a preparation technique.  It was not possible at this preliminary stage 
to carry out detailed evaluation.  The subsequent invo lvement of the University of 
Birmingham’s enabled the development programme to proceed with the necessary 
resources to fully evaluate the structure of the modified clays and to determine 
whether the stated objectives of intercalation had been achieved. 
 
 
The University of Birmingham were instructed to synthesise the modified clays 
from the base materials, using the technique developed by Envirotreat.  This 
presented the opportunity to duplicate the synthesis procedure, thereby ensuring 
that the technical rationale for the modified clay synthesis could be authenticated.  
The University of Birmingham’s Soil Colloids Department has a number of 
knowledgeable and respected research scientists in the field of pillared clays and it 
was felt that their contribution would be beneficial. 
 
 
The modified clays were prepared in August 1994 from a conventional Ca2+ 
Bentonite clay (pre -mixed with 5%w/w Na 2CO3).  The following 7 preparations were 
prepared: 
 
Clay 1: Al3+ pillared bentonite 
 
Clay 2: Fe3+ exchanged and Al3+ pillared bentonite 
 
Clay 3: Fe3+ exchanged, Al3+ pillared and then treated with Benzyl  

QAS (Quaternary Ammonium Salt) 
 
Clay 4: Fe3+ exchanged, Al3+ pillared and then treated with 2HT   
  (Aliphatic) QAS 
 
Clay 5: Al3+ pillared and Fe3+ exchanged (spiked) bentonite 
 
Clay 6: Al3+ pillared, Fe3+ exchanged (spiked) and then treated  

with Benzyl QAS 
 

Clay 7: Al3+ pillared, Fe3+ exchanged (spiked) and then treated with   
  2HT QAS 
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Samples of each clay preparation were then taken for X-ray diffraction (XRD) 
measurement.  Orientated clays were prepared by pippetting the pillared clay 
preparations onto a glass slide and the liquid was then allowed to evaporate.  Two 
samples were prepared for each treatment.  One sample was allowed to dry by 
placing on top of an oven (open to the air) and the other sample was dried in an 
oven (at 100°C).  Diffraction data was obtained using the High Resolution X-ray 
Diffractometer in the University of Birmingham’s School of Physics. 
 
 
All of the spectra showed a small (001) peak around 10Å and this referred to the 
small amount of clay in each which was not pillared or intercalated.  In all cases, 
the treated clay had expanded to a 001 spacing of 18-22Å.  The peak sizes 
indicated that the vast majority of the base clay had undergone intercalation and 
consequently the stated objectives had been achieved.  The University of 
Birmingham confirmed that all of the clays had been effectively pillared/intercalated 
as a result of the treatment process specified.  Examples of the XRD scans for one 
of the selected clay formulations (clay 6) are as shown in Figures 18 and 19.  The 
relative peak heights and sizes are clearly demonstrated on these scans. 
 
 
3.5 Treatment Materials  
 
 
The following treatment materials were used: 
 

(i) Ordinary Portland Cement (OPC) 
 
(ii) Pulverised Fly Ash (PFA) 

 
(iii) Modified Clays (as prepared in 3.4.) 

 
(iv) Quicklime (used as an alternative to cement for raising pH) 

 
 
The modified clay was produced in solution form (0.5g modified clay per 10g of 
solution).  The treatment materials were combined into a grout and the modified 
clay solution was used as a source of water to generate the slurry. 
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3.6 Laboratory Development Work using Model Soil-Grout Mixes 
 
The grout mix was added to the contaminated soil and thoroughly mixed with the 
soil samples.  The grout mix in all cases had to be pumpable as required for the in-
situ application using the auger, consequently each grout was visually inspected to 
ensure that it contained sufficient water for the purpose intended.  In addition, May 
Gurney Limited carried out a number of preliminary trials using the auger with 
selected grouts and confirmed their pumpability.  The soil-grout mixture was then 
prepared for unconfined compressive strength and leachability testing.  The details 
of the test procedures are given in Appendix A. 
 
 
The initial development work focused on grout mixes containing only the OPC and 
PFA.  Parameters which affect the properties of the soil-grout mix such as 
cement:PFA ratio, soil:grout ratio, water:cementitious materials ratio and the 
amount of modified clay added were considered.  In order to examine the effect of 
the contamination on the properties of the soil-grout mixes, uncontaminated soil-
grout samples were also tested.  Initial trial and error testing resulted in the 
selection of the  first set of mixes as detailed in Table 4, which was applied to both 
soils.  This table shows that the OPC:PFA ratio was varied between 3.1 and 5.1 
and the water:cementitious material ratio was maintained at a constant value of 
0.4:1 (as typically used for concrete mixes). 
 
 
Initial estimates for the amount of modified clay to be added based on available 
information in the literature (LaGrega et al8) indicated an addition rate of 0.5 – 
3g/kg of dry soil for the known concentrations of PAH’s present in the soil.  The 
modified clay solution was added as a constituent part of the water used in grout 
formation and added in the required amount to provide 0.5g of modified clay for 
each kg of dry soil. 
 
 



14 

Unconfined Compressive Strength Testing 
 
 
The UCS test was carried out in accordance with the ASTM test method D1633 as 
detailed in Appendix A.  The results of the UCS tests for the soil-grout mixes (1 - 9) 
for the respective made ground/sand and gravel soils are as shown in Figure 20.  
Graphs were plotted for each of the soil types as shown in Figures 20 (a) and (b).  
Four samples of each mix were tested and the average result was quoted allowing 
for a margin of error of approximately + 20%.  The figures show that all of the 
mixes achieved UCS values significantly greater than the design value of 350kPa 
after 28 days curing.  The two soils gave similar strength values at low OPC:PFA 
ratios the sand however for high OPC:PFA ratios the sand and gravel soil 
produced greater strength values.  The increase in UCS values with increasing 
OPC:PFA and decreasing soil:grout ratios is clearly demonstrated. 
 
 
Following these tests, a limited number of soil-grout mixes were prepared using the 
real site soils. These latter tests indicated that the real contaminated soil-grout 
mixes produced treated soils with a UCS of approximately 50% of the value 
achieved with the model soils. Using Figure 20 as a means to predict the likely 
scenario with real soil samples, it was agreed to double the target strength criterion 
for the model soils to achieve the equivalent for the real soils (i.e. equivalent to 
700kPa for the model soils). Using this criterion, all of the soil-grout mixes for the 
model soils still satisfied the strength criterion. 
 
 
On physical examination, a similar degree of homogenous mixing was observed for 
all three different soil:grout ratio mixes. Consequently, a decision was made to 
proceed with a soil:grout ratio of 5:1, thereby using the minimal amount of grout to 
achieve the overall objective with regard to UCS. This had the dual benefit of 
minimising overall soil volume increase. 
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Leachability and pH Testing  
 
 
All nine mixes were leached after 28 days curing using the TCLP testing procedure 
as detailed in Appendix A. The pH of the leachates was measured and analysed 
for Pyrene using spectrofluorometric techniques. The results are as shown in Table 
5. The pH values were moderately acidic for the weaker OPC mixes and increased 
in value with increasing OPC addition rates. The results indicated that, for weaker 
mixes, the pH of the acidic leaching media predominated over alkalinity arising 
from the OPC and that this effect was gradually overridden with increasing OPC 
concentration. The concern with weaker mixes highlighted in the design criteria 
3.2. had now been demonstrated and it was clearly imperative to ensure that heavy 
metals did not leach out of the treated matrix at these lower pH values. The pH 
values of the sand and gravel soils were found to be generally higher than those of 
made ground. The table also shows that a number of mixes did not satisfy the pH 
criterion of 8-10 for both soils. 
 
 
The results of the TCLP leaching test for Pyrene indicate that all leachate 
concentrations with the exception of one sample were below the target value of 
10µg/l for total PAH’s. Subsequent analyses of the leachates using more 
sophisticated spectrofluorimetric equipment showed Pyrene levels significantly 
below those indicated in Table 5. These values were typically in the order of 0.5 - 
5µg/l. It was therefore concluded that, at these very low concentrations, there was 
a significant margin of error which could be attributed to the quality of the analytical 
equipment. All further evaluations were carried out using more sophisticated 
spectrofluorimetric equipment and preferably HPLC techniques. 
 
 
The results obtained with both of the above testing procedures related to model 
soils and were therefore considered to have limited usefulness in the assessment 
of the stabilisation/solidification technique for in-situ application. They did however 
provide some useful indicators which were taken into account when developing the 
real soil mixes. 
 
 
3.7  Laboratory Development Work using Real Soil Mixes 
 
 
It was decided to continue with a soil:grout ratio of 5:1, even though the pH values 
were found to be lower than the target 8 – 10 criterion. Two options were 
considered for increasing pH; these were to increase the amount of OPC in the 
grout or alternatively to introduce quicklime into the grout. 
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Initial trial and error testing resulted in the selection of the six mixes as shown in 
Table 6. Mixes 10 – 12 were similar to model soil mixes 8 and 9. Mix 10 was 
included to investigate the effect of using a weaker mix to reduce the OPC 
requirement. Mixes 13 – 15 were designed to introduce a relatively small amount of 
quicklime into the grout. In each case the amount of quicklime was reduced as the 
OPC concentration was correspondingly increased. The water:cementitious 
material ratio was slightly increased to 0.42:1 following evaluation of the 
requirements for pumpable grout mixes containing quicklime. Concern was 
expressed regarding the effects of heat of hydration using quicklime; it was 
perceived that any significant temperature rise could create problems with release 
of volatiles. The temperature rise of all the mixes containing quicklime was 
monitored and was not found to be significant (only increased by a few degrees). 
There was as expected a slight temperature increase with the use of OPC through 
hydration processes but this was also not found to be significant. 
 
 
The presence of quicklime in the soil-grout mix was found to retard the 
development of UCS and significantly reduce the mix strength after 28 days curing. 
 
 
It was also noted that curing conditions in-situ were likely to be different from curing 
conditions in the laboratory. This particularly applied to the affect on pH values, 
with the possibility of variation with time due to air exposure. It was therefore 
agreed that some flexibility would be employed in selecting suitable mixes. It was 
also agreed that UCS strength and pH criteria must be investigated 
simultaneously. 
 
 
UCS, Leachability and pH Testing 
 
 
UCS, Leachability and pH values after 28 days curing for all six mixes and for both 
soil types are as shown in Table 7. Mixes 10 – 12 for both soils satisfied the 
strength criterion while only four out of the six 13 – 15 mixes achieved a 
satisfactory UCS level. The pH values ranged from 6.5 – 10.5, with only mix 14 
satisfying the pH criterion for both soils. Further pH testing on a number of samples 
from the same soil-grout mix indicated that pH levels could vary by a factor of ±1. It 
was therefore concluded that the design criterion of 8 – 10 was too stringent and a 
revised target range of 7 – 11 was introduced. On this basis, all mixes wi th the 
exception of mix 10 for the made ground sample satisfied the pH criterion. 
 



17 

The leachate results for Pyrene were all found to be satisfactory in terms of the 
target 10µg/l value (leachate values ranged between 0.7 – 3.4 µg/l).  At this stage 
of the development work it was decided to proceed on the assumption that 
leachate values for the 6 WHO PAH’s should also be within the target value based 
on the previously determined respective levels in the soil samples.  Following 
further development work, a sample of West Drayton soil was treated with a grout 
mix containing clay formulation 7. Leachate samples were analysed by HPLC 
techniques and the results are as shown in Table 7.1. The blank concentrations 
are as shown in Table 7.2. The PAH concentrations were extremely low (4 PAH’s 
were below detection levels and 2 PAH’s were found in concentrations of 0.03 and 
0.06 µg/l respectively). It was therefore felt that the project could continue with the 
appropriate mix strategy. 
 
 
Taking the three criteria as a whole, it was apparent that only mixes 11 and 12 
produced satisfactory results overall.  Mix 10 was satisfactory for sand and gravel 
but not for made ground (although the latter only failed to achieve the pH criterion 
by a factor of 0.5, which was probably not significant in itself).  In the evaluation of 
the mix strategy for the in-situ site trial, it was agreed to proceed with a number of 
selected mixes with a view to carrying out comparative assessment trials.  It was 
also agreed to include quicklime in some of the selected mixes to assess whether 
curing in-situ produced different results to the laboratory findings.  Consequently 
four mixes were selected for further testing with a view to using in the site trial, 
these mixes being 10, 11, 13 and 14 respectively.  Mix 11 was chosen in 
preference to mix 12 as it contained less cement (i.e. potentially more cost 
effective as a grout mix) and mix 10 was chosen to assess performance in-situ.  
Mixes 13 and 14 both contained quicklime. Durability and permeability tests were 
subsequently carried out on the selected soil-grout mixes prior to use in the         
site trial. 
 
 
Durability Testing 
 
 
Both wet-dry and freeze-thaw durability tests were carried out using ASTM test 
methods as detailed in Appendix A.  These tests determine material losses 
produced by repeated wet/drying and freeze/thawing of monolithic solidified waste 
samples and assess the resistance of the treated material to these environments.  
The procedure followed for both tests in terms of sample preparation and testing is 
similar, the only difference being that the temperatures applied to the samples 
relate to the environmental conditions represented by the test procedures. 
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Six samples of each sample were used for the tests, three were used as test 
samples and three were used as controls.  The results of the test are reported in 
terms of accumulative relative average dry mass loss when comparing the test 
samples to the control samples.   Samples are considered to have failed when the 
percentage mass loss exceeds 30%. 
 
 
The results for the wet-dry tests are as shown in Table 8.  All selected mixes 
survived the requisite 12 cycles with minimal percentage dry mass loss.  The 
negative sign indicated that the test samples performed better than the control 
samples.  The results show that the greatest percentage loss was for mix 10 i.e. 
4%.  This was well within the acceptable target value. 
 
 
All mixes effectively failed the freeze-thaw tests.  The mixes which survived for the 
longest period were mix 11 (made ground) and mix 14 (sand and gravel), both of 
which were survived only 3 cycles.  Several samples disintegrated at the end of the 
first cycle.  The freezing temperature specified in the ASTM freeze-thaw test is         
-20°C, which is extremely severe and unlikely to be experienced in practise in the 
UK (or within most soils below a certain nominal depth irrespective of the external 
environmental conditions).  It was therefore decided that this temperature criterion 
was inappropriate and that a new temperature value of 0°C should be instigated for 
the site trial evaluation. 
 
 
It was decided to test all the wet-dry durability samples for unconfined compressive 
strength values to evaluate the effect of wet-dry testing on the inherent strength of 
the samples.  A direct comparison was carried out between the test samples and 
the controls.  The results are shown in Table 9.  In all cases the inherent UCS 
values for each sample were largely unaffected by the wet-dry durability testing 
procedure and no detrimental effects were observed. 
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Permeability Testing 
 
 
The permeability tests were carried out in standard triaxial cells using the 
procedure as detailed in Appendix A.  A target value for permeability of 1x10-9 m/s 
(1x10-7 cm/s) was considered appropriate, as this is the value commonly used in 
the design of landfill liners in the UK etc.  It should be noted that permeability is not 
an overriding consideration when considering active containment where the 
intention is to use an in-situ reactive wall as a treatment medium i.e. the 
groundwater permeates through the wall and is purified (‘filtered’) by the wall 
constituents (treatment materials).  One sample from each mix was initially tested 
and the samples, which produced permeability values greater than the target 
value, were retested to determine the accuracy factor (margin of error).  This was 
shown to be approximately ± 30%.  The permeability values obtained are as shown 
in Table 10.  Allowing for the margin of error identified previously, the results in 
Table 10 show that the permeability values obtained for mixes 10, 13 and 14 
(made ground) and for mix 10 (sand and gravel) were lower than the specified 
target.  Only mix 10 and 14, there was a possibility that the presence of quicklime 
could have had a detrimental effect on the permeability values.  The variation in the 
results could also be attributed to the respective homogeneities of the samples 
resulting from the formation process. 
 
 
4. DEMONSTRATION SITE TRIAL  
 
 
4.1. Preparations for the Site Trial 
 
 
The four soil-grout mixes previously selected were relabelled A, B, C and D 
respectively as shown in Table 11.  Two additional mixes were selected for 
inclusion in the site trial; these being mixes E and F respectively (see Table 12).  
Mix E had similar properties to mix C, but was added to the soil at a higher soil: 
grout ration (3.5:1).  Mix F was included to investigate the effect of using bentonite 
in addition to modified clays/cement; this mix was designed to further reduce the 
permeability of the treated soil material.  A further mix option was evaluated during 
the site trial; this was a variation of mix D with reduced water content labelled D* 
(see options in Table 11). 
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It was decided to use clay formulation 6 in the site trial mix (this clay formulation 
has similar reactive properties to clay 7 but was easier to prepare in bulk for the 
development programme).  The modified clay was produced in solution from at the 
University of Birmingham and transported to the site in steel drums.  Samples of 
the modified clay were taken for XRD analysis (se Figures 21 (a) and (b)) and 
these showed clear intercalation/successful pillaring as experienced previously 
with the laboratory development work.  It was decided to use the modified clay 
solution as a means of hydrating the cementitious materials.  Approximately 1200 
litres of modified clay solution were prepared at a concentration of 0.2/10g of 
solution (2.5x more dilute than the solution used for laboratory treatability trials). 
 
 
4.2 The Prototype Auger 
 
 
The auger mixing and injection system was developed and manufactured by May 
Gurney Limited, a civil engineering contractor based in Norwich, UK.  The objective 
of the development project was to develop a practical method for in-situ treatment 
of contaminated soil, which enabled the treatment materials to be homogeneously 
mixed with the soil particles.  May Gurney developed the prototype auger with the 
intention of using piling rigs (with the necessary drive mechanisms and supportive 
ancillary equipment). 
 
 
The four main elements identified by May Gurney for the development programme 
were as follows: 
 
 

1. The piling rig should remain largely unadapted. 
 
 

2. The standard injection system used for conventional continuous flight 
augers would need to be replaced by a system capable of injecting 
smaller volumes of material at higher pressures. 

 
 

3. The auger system itself would require extensive modification to inject 
smaller volumes of material and would need to be adapted to ensure that 
the in-situ mixing process produces homogeneously treated soil (as far 
as practically possible), without significant displacement of the soil to the 
surface (minimal spoil generation). 

 
4. The auger system and supporting ancillary equipment would be purpose 

designed to accommodate the injected cementitious slurry material 
containing the modified clays developed by Envirotreat. 
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Several auger prototypes were developed and tested for mixing efficiency prior to 
use on the site trial.  Testing was carried out at a suitable site in the local Norwich 
area.  Individual columns and overlapping columns were produced in-situ.  The 
individual columns were examined after 7 days curing.  These columns were 
integral and generally well defined with diameters slightly larger than the prototype 
auger diameter (600mm).  A visual examination was made of the columns which 
indicated that the unconfined compressive strength was in the order of 150kPa.  
Overlapping columns were subsequently produced using a more advanced auger 
prototype.  The configuration used was intended to represent a section of a 
potential active containment barrier / in-situ reactive wall, which could be applied in 
practice when treating contaminated sites.  The grout mix proposed by the 
University of Birmingham for this prototype trial comprised of a OPC:PFA ratio of 
2:9 and a water:cementitious materials ratio of 0.4:1 respectively.  No modified 
clays were added to the grout mix at this stage.  The overlapping columns were 
examined after 4 days curing and core samples were taken for unconfined 
compressive strength testing.  The results showed consistent compressive strength 
values of 3,000kPa which was well above the target criterion.  It was agreed to 
proceed with this prototype auger design for the subsequent site trial. 
 
 
4.3 The Site Trial 
 
 
Following discussions with the MOD, it was agreed to treat an area of 6m2 with 
average depth 2.5m giving a total volume of 15m3.  A grid treatment plan was 
prepared as shown in Figure 22.  The approach adopted with the seven soil-grout 
mixes identified in 4.1 was to designate specific columns for each mix, with minimal 
overlap between different mixes.  The chosen column configuration allowed for an 
overlap of nominally 50%; this was done intentionally to evaluate the rate of spoil 
generation in the worst-case scenario.  The properties of the stabilised / solidified 
soil-grout material were investigated for single as well as overlapping column areas 
to ensure that homogenous mixing had taken place and that no weak areas and/or 
areas of preferential flow had been created during column formation. 
 
The site trial took place over two days in April 1995.  The solid line columns in 
Figure 22 were installed on the first day and the dotted line overlapping columns 
were installed on the second day.  The symbol of the soil-grout mix used in each 
column is as shown in Figure 22. 
 
 
The method used to construct the soil-grout columns was to advance the auger 
into the soil down to the depth of the column, mixing the soil in-place during the 
auger descent and then injecting the grout slurry into the soil with simultaneous 
mixing on the auger withdrawal. 
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Only minor problems were encountered during column installation.  Problems were 
encountered on the first day with the injection of mix F which was found to be too 
flowable.  Only one column of mix F was installed.  Mix D* was used in place of mix 
F in the construction of the column allocated for mix F.  It was observed that 
minimal spoil was generated on the first day; this was largely due to the auger 
design which incorporates paddles designed to enhance cavitation effects; the 
majority of the spoil generated was effectively recompacted by the auger action.  
The construction of the overlapping columns on the second day of the site trial 
proved to be more difficult in terms of grout addition as the considerable column 
overlap resulted in greater spoil generation.  Nevertheless a total of seven 
overlapping columns were successfully completed as shown in Figure 22. 
 
 
The overall volume increase was measured at the end of the second day; this was 
found to be approximately 1m3 i.e. 6.5%.  This was considered to be a satisfactory 
result taking into account the significant overlap and when compared to other 
reported volume increases of á20% using similar in-situ techniques.  It should also 
be noted that the overall % column overlap with barrier systems is unlikely to 
exceed 20-25% thereby further reducing the potential for spoil generation.   
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4.4 Sample Collection 
 
 
Following the site trial, the treated area was left to cure in-situ.  Column centres 
were clearly identified by peg markers.  It was originally intended to obtain core 
samples after in-situ curing of 28 and 56 days respectively, however due to 
logistical problems with the coring equipment the first set of samples were not 
taken were not taken until 44 days after completion of the site trial.  There was also 
a minor delay with the second sample coring resulting in samples being taken after 
57 days.  Every effort was made to obtain clearly defined soil-grout samples by the 
careful selection of coring points.  All of the samples collected were wrapped in 
moist rags, placed in sealed bags and then transported to the University of 
Birmingham where they were kept in the humidity room prior to testing.  It was only 
possible to collect one batch of core samples for durability and permeability testing, 
these being taken after 57 days. 
 
 
4.5 Evaluation of In -Situ Treatment 
 
 
A series of tests were carried out on the core samples obtained to assess the 
effectiveness of the in-situ treatment; these tests included unconfined compressive 
strength, pH, leachability, durability and permeability.  The results of each test are 
presented and discussed separately.  The core samples taken after 44 and 57 
days curing are distinguished by the addition of 1 (44 days) or 2 (57 days) after the 
mix symbol (e.g. C1 and C2 respectively).  The total curing time for each batch was 
in fact 50 and 70 days respectively, allowing for additional preparation time at the 
University prior to testing. 
 
 
Unconfined Compressive Strength Testing 
 
 
Samples from both curing periods were tested for UCS using the ASTM test 
method and the results are as shown in Table 12.  It was decided to adhere to a 
similar height (H) to diameter (D) ratio giving ratios of 0.5 – 2.07 depending on the 
core length extracted.  N.B.  In some cases, it was difficult to extract long core 
lengths due to the presence of boulders and bricks etc. which severely weakened 
the core integrity; this problem was largely overcome by taking cores of a greater 
diameter.  The results clearly indicate that all the UCS values were much greater 
than the target value of 350kPa. 
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Significantly, the UCS values for the in-situ treatment were greater than those 
obtained during the laboratory treatability studies.  This phenomenon was 
particularly evident with mixes containing quicklime, which exhibited poor UCS 
values in the laboratory.  The in-situ UCS values indicated that homogenous 
mixing had taken place and that the soil-grout mix had developed an integral 
structure during the in-situ curing process. 
 
 
Leachability and pH Testing  
 
 
Samples from both curing periods were leached using the TCLP test procedure 
and the results are as shown in Table 12.  PAH’s were extracted from the leachate 
samples using dichloromethane (DCM) as detailed in Appendix B.  Heavy metal 
analysis was carried out on randomly selected leachates (A1; A2; C1 & D2 
respectively) following DCM extraction. 
 
 
All of the mixes satisfied the pH criterion range of 7 – 11.  It was noted that the pH 
values were predominantly closer to the 11 value (i.e. more alkaline) which was 
advantageous bearing in mind the reported natural tendency of such cementitious 
mixes to become more acidic with long term exposure to air (Sabry & Parcher9). 
 
 
The total concentrations of the six WHO PAH’s in the TCLP leachates as shown in 
Table 12 are all below 2µg/l.  The < sign indicates that the concentrations of some 
of the PAH’s in each leachate were below the 0.02µg/l detection limit of the HPLC 
equipment used in the University of Birmingham School of Chemistry.  The 
individual leachate values for Benzo (a) Pyrene were also within target values     
i.e. < 0.5µg/l. 
 
 
The heavy metal analysis was initially carried out by conventional Flame Atomic 
Absorption Spectrometry (AAS).  The results indicated that all of the selected 
metals had leachate concentrations below the limit of detection for this method.  
Consequently, the leachate samples were further analysed by Inductively Coupled 
Plasma Optical Emission Spectrometry (ICP OES).  The results obtained are as 
shown in Table 13.  The heavy metal concentrations in the leachates were well 
below UK drinking water standards.  A – sign in five of the table boxes indicates 
`below detectable level`.  Empirical remediation factors were calculated for known 
values as shown in Table 13. 
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The results obtained for both PAH’s and heavy metals were well within the target 
criteria and it was concluded that the treatment approach had been successful. 
 
 
Durability Testing 
 
 
Following the unsatisfactory freeze-thaw test results in the laboratory treatment 
trials using a specified freeze temperature of -20°C, it was decided to pursue this 
aspect of the development work with a perceived more realistic temperature 
parameter of 0°C (see page 18).  This temperature was used for the first six cycles 
during which the samples remained fairly intact.  It was then decided to reduce the 
temperature parameter to -10°C for the remaining six cycles to assess whether this 
temperature resulted in any noticeable deterioration.  The samples remained 
relatively intact which appeared to be a satisfactory outcome. 
 
 
The % dry mass loss data as shown in Table 12 confirmed that the samples had 
survived freeze-thaw testing on the above criteria basis.  A negative sign indicates 
that the test samples outperformed the controls.  The maximum % dry mass loss 
was 1.83 which was well within the target criterion of 30%. 
 
 
The wet-dry testing produced satisfactory results as shown in Table 12.  As with 
the freeze-thaw testing, a negative sign indicates that the test samples 
outperformed the controls.  The maximum % dry mass loss was 2.55 and was well 
within the target criterion of 30%. 
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Permeability Testing 
 
 
The permeability test was carried out in a standard triaxial cell using the flow pump 
method. Two samples from each mix were tested and the results are as shown in 
Table 12. Only mix F2 fully satisfied the target criterion of < 1x10-9m/s; this was 
almost certainly due to the presence of natural Bentonite in the mix which is 
commonly used in physical containment systems. Other mixes satisfied the 
criterion in part however the majority of samples taken from mixes not containing 
bentonite did exhibit greater permeability levels (↑max. of 6.92x10-9m/s). It was 
concluded that natural bentonite should be added to the grout mix where 
permeability values of <1x10-9m/s are commonly specified (e.g. landfill liners in UK) 
however this would not apply in the Active Containment System approach where 
the barrier is being constructed as a positive filter medium with implicit higher 
permeability values. The natural bentonite material appeared to be compatible with 
the modified clays. 
 
 
4.6 Subsequent Testing of Phenols 
 
 
It was decided to investigate the potential reactivity of phenolics with grout mixes 
containing two representative clays, these being clay 6 as used in the site trial and 
clay 5, an inorgano aluminium pillared transition metal exchanged clay. 1-Naphthol 
was used as an example of a phenolic compound which is relatively recalcitrant. 
Soil-grout mixes were prepared as previously described containing these clays and 
the treated samples were evaluated by the TCLP leaching procedure. The results 
are as shown in Table 14. Satisfactory results were achieved with leachate 
concentrations of <5µg/l. This value satisfied the 50x drinking water standards 
criterion for phenolics (<25µg/l). 
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5. ADSORPTION ISOTHERMS FOR SELECTED POLLUTANTS 
 
 
The seven modified clays as described on Page 10 were used to evaluate the 
adsorption of selected priority pollutants from aqueous media. The three pollutants 
chosen were (i) Benzene, (ii) Chlorobenzene and (iii) Pyridine. Benzene was 
selected to represent PCB’s and similar molecules; Pyridine was selected to 
represent heterocyclic molecules. It must be noted that other chemicals within 
these groups may behave differently to the chemicals chosen as representatives; 
however the results obtained do give a general indication of the adsorption that 
occurs in the presence of specific clays. 
 
 
The experimental procedure for the testing of each of the selected priority 
pollutants is as described in Appendix C. 
 
 
The adsorption isotherms for Benzene, Chlorobenzene and Pyridine are as shown 
in Tables 15, 16 and 17. Satisfactory results were achieved for both Benzene and 
Chlorobenzene for all of the clays tested. Optimum results were obtained for 
Benzene with all clay formations, apart from clays 3 and 6, both of which were 
formulated with a Benzyl QAS salt. Optimum results were obtained for 
Chlorobenzene with clay formulations containing transition metal aluminium 
pillared clays. 
 
 
The results for pyridine were enlightening, as they clearly show that for more water 
soluble organics, the inorganoclays are potentially more reactive. The greatest 
adsorption occurred with clay 5 i.e. a aluminium pillared transition metal exchanged 
clay and the least adsorption occurs with clay 7, which was an inorgano-organo 
clay and relatively hydrophobic. 
 
 
The adsorption isotherm results support the rationale behind the development of a 
range of clays to address specific organic groups with widely varying physical and 
chemical properties. It was therefore concluded that it would be necessary to deal 
with a broad contamination base or when dealing with specific contaminants in 
ground water for example. 
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6. MEDIUM TERM PERFORMANCE 
 
 
Cored samples taken during the site trial were allowed to cure under laboratory 
conditions for a period of 12 months to investigate the effect on physical properties 
previously evaluated. 
 
 
The site core were wrapped in wet cloth and kept in a humidity room until tested.  
The core samples had diameters ranging from 75mm to 150mm and a maximum 
length of 400mm.  Testing was carried out as previously specified for Unconfined 
Compressive Strength (UCS), Durability and Permeability. 
 
 
The results for UCS showed considerable increases in strength values for all mix 
samples evaluated.  Permeability values decreased as expected due to ongoing 
cement hydration processes.  Wet-dry durability testing gave similar results after 
12 months and freeze-thaw testing was largely inconclusive (all samples failed at 
very low temperatures as previously experienced – see comments on page 18   
vis-à-vis unrealistic testing parameters).  The results for UCS and Permeability are 
as shown in Table 18. 
 
 
In general the results obtained indicated that physical properties of the treated soil 
improved with ageing.  These observations are of importance, both in terms of 
assessing the environmental performance and also the potential and scope for 
redeve lopment. 
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7. POTENTIAL APPLICATIONS 
 
 
The modified clays can be applied using in-situ and ex-situ techniques.  They can 
also be applied directly to the treatment of groundwater, either as a stand-alone 
technology or in conjunction with other treatment media e.g. activated carbon 
and/or zeolites. 
 
 
The in-situ treatment process using modified auger technology is described in this 
paper.  Other injection and mixing technologies can be utilised where appropriate.  
Potential applications of the in-situ remediation process are described in the 
following section.  For ex-situ remediation, the clays would be applied using 
conventional above ground mixing equipment. 
 
 
7.1 Potential Applications of the In-Situ Remediation Process 
 
 
The in-situ remediation process can be used (i) to treat areas of contaminated land 
by forming blocks of overlapping columns in conjunction with the cementitious 
materials and/or (ii) to treat contaminated sites by the formation of reactive 
treatment walls using primarily modified pillared clays. 
 
 
7.2 Application of Modified Pillared Clays in Active Containment Systems  

(Reactive / Permeable Treatment Walls). 
 
 
Modified pillared clays can be applied in active containment technologies.  The 
pillaring effect facilitates passage of polluted groundwater through the clay 
structure wherein the pollutants can be removed by interaction with the intercalated 
reactive species.  The modified clays have the capability to treat both organic and 
inorganic/heavy metal pollutants. 
 
 
Permeable treatment walls can be constructed in-situ using auger drilling 
techniques.  Other in-situ applications methods are available or under 
development; WCI Umwelttechnik GmbH have developed a patented permeable 
treatment bed where the treatment material are contained within a prefabricated 
double wall (Burmeier 10). 
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The treatment wall can either completely surround the site or form part of a 
combined physical and active containment system (depending on specific site 
remediation requirements and hydrogeology etc.).  This in-situ treatment process 
provides a cost effective and practical solution to remediation of sites with complex 
contamination problems. 
 
 
The Active Containment System can be applied as described below: 
 
 
1. As a permeable treatment wall surrounding the periphery of the site 

(Figure 23). 
 
 
2. As a treatment wall combined with a conventional physical           

containment approach.  This can either take the form of a treatment         
wall as shown in Figure 23 only partially surrounding the site (the remainder 
of the wall being constructed as a physical containment barrier) or as an 
internal treatment wall to provide a safeguard should the external 
containment wall fail (Figure 24). 

 
 
3. In a funnel and gate approach using pillared clays in bulk form (Figure 25). 
 
 
4. In combination with ‘hot-spot’ treatment utilising the in-situ process 

described in the paper (Figure 26 illustrates treatment wall with ‘hot-spot’ 
treatment). 

 
 
The treatment adopted will depend to a large extent on the site hydrogeology and 
logistical considerations and will vary from site to site. 
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8. INFORMATION REQUIREMNTS 
 
 
Irrespective of the approach adopted, the required information must include 
detailed site analysis/evaluation of the nature and chemical composition of 
contaminated soil and groundwater.  This is essential to establish the basis for 
selection of an appropriate modified clay formulation and the necessary 
addition/treatment rate and costing.  The remediation strategy can then be 
developed which will either comprise of using  the clays as a stand alone treatment 
process or more usually, in conjunction with conventional stabilisation materials 
(usually cementitious) and/or other treatment technologies. 
 
 
Site hydrogeology is another important consideration, particularly in situations 
where active containment systems are being considered.  It is also important to 
obtain relevant information on site geology to establish for example, position of 
aquicludes and nature of soil constituents. 
 
 
In situations where an active containment system is being considered, it is prudent 
to carry out site sampling which reflects the approach (i.e. additional samples 
should be taken from the peripheral areas). 
 
 
9. LIMITATIONS 
 
 
Whilst the modified clays have the inherent capability to treat a broad range of 
contamination problems, they may not be cost-effective in treating high 
concentrations of readily biodegradable materials (e.g. hydrocarbons) which can 
be more cost-effectively treated by bioremediation processes.  The optimum 
approach should be established in each case.  With complex organic 
contamination problems for example, which may entail dealing with high 
concentrations of hydrocarbon contamination and lesser concentrations of 
recalcitrant and highly toxic organics e.g. 4-5 ring PAH’s and PCB’s, the optimum 
scenario would be to use bioremediation to treat the core contamination and utilise 
the modified clays to treat the residual recalcitrant pollutants. 
 
 
Other limitations would relate to site specific problems which need to be addressed 
as appropriate.  There are no technical reasons for precluding the technology from 
the initial evaluation process. 
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APPENDIX A 
 
 

EXPERIMENTAL TEST PROCEDURES 
 
 
In all the tests detailed below soil and grout mixes were placed in the required size 
moulds and cured in a humidity room for 28 days at the required temperature and 
humidity.  The samples were removed from the moulds when they gained sufficient 
strength to stand unsupported, which was usually within the first few days of 
curing. 
 
 
Unconfined Compressive Strength Test (ASTM D1633) 
  
 
As specified in the test method, the soil-grout mixtures were placed in moulds, 
71mm in diameter and 142mm high.  No compaction was applied to the mixtures 
as their moisture content was relatively high.  However, the method of placement 
ensured that there  was no trapped air bubbles within the mix.  Four samples of 
each mix were made which were then left to cure in a humidity room at 23°C ± 
1.7°C and 98% humidity for 28 days.  At the end of the curing period, the ends of 
each sample were capped using gypsum plaster to ensure horizontal loading 
surfaces and then left to cure for four hours.  The samples were then immersed in 
water for a further four hours.  Following that each sample was placed in a 
standard triaxial testing machine and a vertical load was applied to the sample at a 
rate of 1mm/minute up to failure. 
 
 
TCLP Leaching Test (Federal Register 1986) 
 
 
At 28 days curing, a 25g sample of each stabilised / solidified soil-grout mix was 
crushed and passed through a 9.5mm sieve and then added to 500mL of an 
extraction fluid in a glass bottle.  This produced a liquid:solid ratio by weight of 
20:1.  The extraction fluid used was sodium acetate solution with a pH of 4.9 ± 0.2 
as specified in the test procedure.  The bottle was then agitated for 17 hours at 
30rpm.  At the end of the leaching period, the contents of the bottle were filtered 
under vacuum pressure through a 0.7µm filter paper to separate the TCLP 
leachate solution from the solids.  The pH of the leachate was measured and the 
leachate sent to the School of Chemistry for concentration analysis. 



 

Wet-Dry and Freeze-Thaw Durability tests (ASTM D4843 & D4842) 
 
 
As specified in the test procedures, the soil-grout mixes were placed in moulds, 
4mm in diameter and 74mm high.  These samples were cured in a humidity room 
at 20°C ± 3°C and relative humidity of 95% for 28 days.  Seven samples were 
made for each test.  One sample was used for moisture content determination; 
three were used as the test samples and three as control samples.  The control 
samples were placed in the humidity room for 24 hours.  The test samples were 
weighed and placed, covered in an oven maintained at a temperature of 60°C ± 
30°C in the wet/dry test and in a freezing cabinet at a temperature of -20°C ± 3°C 
in the freeze/thaw test in both cases for 24 hours.  The samples were then 
removed from the oven, freezer cabinet and humidity room and allowed to return to 
room temperature for 1 hour.  Water at room temperature of 20°C ± 3°C was then 
added to the beakers containing the samples to cover them completely.  The 
beakers were then covered and placed in the humidity room for 23 hours.  
Samples were then removed from the water using tongs; any loosely attached 
particulates were removed from the samples by spraying distilled water from a 
wash bottle to the surface of the samples.  The samples were then inspected 
visually for physical deterioration including, cracking, fracturing, integrity and 
surface roughness.  The loss in the mass of each sample was then determined by 
the dried solid content lost from the sample.  The average relative mass loss from 
the samples was then corrected using the relative average mass loss of the control 
samples.  The above procedure was then repeated for a total of 12 cycles and the 
cumulative relative average dry mass loss of the test samples in relation to the 
controlled samples was calculated.  However, the test was terminated if the 
corrected cumulative mass loss of any of the samples exceeded 30% which 
defined failure.  Each cycle required 21/2 days to comple te and hence the full test 
took around 6 weeks. 



 

Permeability Test (ASTM D2434) 
 
 
The permeability test was performed using a standard triaxial cell.  The samples 
used for the test were 38mm in diameter and 76mm high.  The stabilised/solidified 
mixes were placed in the moulds and cured in the humidity room at 23°C ± 1.7°C 
and 98% humidity for 28 days before testing.  Porous disks were placed at both 
ends of the sample.  A cell pressure of 300kPa was applied and the sample was 
left to reach equilibrium for 24 hours before the drainage taps were opened and the 
sample was left to consolidate for a further 24 hours.  The applied cell pressure 
ensured that the membrane did not separate from the sample.  A constant flow rate 
was then introduced at the base of the sample using a flow pump thereby 
producing an upward vertical flow through the sample.  A pore pressure transducer 
was placed at the inflow position to read the pore water pressure which was not 
allowed to rise above 20% of the cell pressure.  To provide a meaningful 
comparison between the permeability values of the various mixes, a similar 
hydraulic gradient was used in all the tests.  Once the pore water pressure reached 
equilibrium, the vertical permeability k was calculated using Darcy’s law: 
 
k =  QγL 
 A∆u 
 
Where, Q is the quantity of water discharged per unit time, γ is the unit weight of 
water, L is the height of the sample, A is the cross-sectional area of the sample 
and ∆u is the pore water pressure at the inflow position. 



 

APPENDIX B 
 
 

DETERMINATION OF PAH’S IN LEACHATES FROM 
 WEST DRAYTON SITE TRIAL 

 
 
Extraction of PAH’s from Leachates 
 
Following the TCLP leaching procedure, the leachates samples were immediately 
refrigerated in the dark to help prevent any bio or photodegradation of the PAH’s.  
The leachates were poured into a 250mL measuring cylinder, which had been pre-
washed and rinsed with re -distilled dichloromethane (2 x 5 mL).  After the total 
volume had been measured the leachate was then transferred to a separating 
funnel (1L).  The measuring cylinder and original glass bottle containing the 
leachate were then rinsed with dichloromethane, (1 x 5 and 2 x 5 mL respectively).  
The combined dichloromethane washings were added to the leachate in the 
separating funnel and shaken for two minutes to extract the leachate.  A further two 
extractions of the leachate with re-distilled dichloromethane were carried out (10 
and 5 mL).  The cumulative dichloromethane washings were then dried over 
anhydrous Na2SO4 (2.0g, AR grade), contained in a Whatman No.1 7cm filter 
paper.  The Na2SO4 was then washed with dichloromethane (5mL).  All 
dichloromethane extracts were made up to 25 mL in a volumetric flask and were 
refrigerated within 1 hour of being extracted.  The aqueous portion of the leachates 
was then poured back into the original bottle and stored, to await determination of 
heavy metal concentrations. 
 
 
Solvent Exchange of Dichloromethane Extracts into Acetonitrile  
 
The dichloromethane extracts were removed from the refrigerator and poured into 
a 50 mL Quickfit round-bottomed flask.  The 25 mL volumetric flask that contained 
the dichloromethane was rinsed with re-distilled dichloromethane (2 x 2 mL).  The 
two washings were also added to the 50 mL Quickfit flask.  Distillation apparatus 
was then attached to  the flask and a nitrogen line was inserted through a 
thermometer fitting.  The line was sealed in place using teflon tape.  The nitrogen 
gas used was ‘white spot’ and the pressure was maintained at ~0.2 psi.  The 
bottom of the flask containing the dichloromethane extracts was then immersed in 
an oil bath and heated to 50°C whilst stirring with a magnetic follower to maintain 
an even temperature.  Once all the dichloromethane had evaporated, the flask was 
removed from the oil bath and then allowed to cool, under a stream of nitrogen.  
The residues were then taken up in HPLC Grade acetonitrile (1mL), which was 
then syringed out of the flask using a Plastipak 2 mL syringe, fitted with a Whatman 
0.45µm PTFE filter.  The filtered acetonitrile was then injected into a clean sample 
vial and stored in a refrigerator until required for analysis. 



 

APPENDIX C 
 
 

CONSTRUCTION OF SINGLE POINT ADSORPTION PLOTS FOR THE  
SEVEN MODIFIED CLAYS WITH SELECTED PRIORITY POLLUTANTS 

 
 
Each of the clays was accurately weighed (50mg) into plastic screw-top containers 
(50mL). 
 
 
Benzene 
 
 
A saturated solution of Benzene was made by the addition of Benzene 
(approximately 2.5g) to distilled water (1 L).  The solution was shaken at regular 
intervals and left to stand for a further 48 hours.  The undissolved Benzene was 
separated by centrifuging at 12,000 revolutions per minute for one hour.  Aliquots 
of this solution were then added to the clay, which had been pre-weighed (50mg) 
into plastic screw-top containers.  An aliquot of Benzene solution was also added 
to an empty container to determine the concentration of the saturated solution.  
The procedure described in the Pyridine experimental procedure was undertaken 
to remove the clay from suspension by centrifuging.  The clay suspension was then 
suction filtered through a Whatman No.1 7cm filter paper into a Buchner funnel to 
remove any clay particulates.  The equilibrium solution was then transferred into a 
separating funnel (100 mL) and extracted with dichloromethane (2 x 5 mL).  The 
combined dichloromethane washings were then dried over anhydrous Na 2SO4 and 
made up to 10 mL in a volumetric flask.  The equilibrium concentration of Benzene 
was the determined by gas chromatography-flame ionisation (GC-FID).  The 
injector, oven and detector temperatures were 100°C, 85°C and 250°C 
respectively.  The nitrogen carrier was set at a pressure of ~1 psi.  The column was 
an SE-30, 30 m long, with an internal diameter of 0.54 mm.  The retention time of 
Benzene on the column was 1.3 minutes under the operating conditions used. 
 
 
Chlorobenzene 
 
 
The procedure for determining the adsorption isotherm for Chlorobenzene was 
identical to that given above for the adsorption of Benzene.  The GC-FID was set 
at the same conditions, giving a retention time of 2.4 minutes for Chlorobenzene. 
 
 



 

Pyridine 
 
 
All of the work with Pyridine was carried out from a stock solution of 20 ppm.  The 
aqueous Pyridine solution was added (50 mL) to the container, which was then 
sealed and placed on a motor driven carousel for 48 hours.  The solutions were 
then poured into plastic centrifuge bottles and centrifuged for one hour at 12,000 
revolutions per minute.  The amount of Pyridine left in the equilibrium solution was 
determined by UV/visible spectrophotometry.  Standards were made by 
appropriate dilutions of 20 ppm stock solution. 
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Structure of Smectite Clay 
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Structure of Organically Modified Smectite Clay 
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Examples of Chemical Bonding Processes 
(i) Reaction of Transition Metals with Aromatic Compounds 

  

Ferrocene Dibenzenechromium 

Figure 3. 



 

Examples of Chemical Bonding Processes 
(ii) Reaction with Pyridine 
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Chemical Bonding Processes / Multireactivity 
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Diagrammatic Representation of 
Modified Clays 

Figure 6. 
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MODIFIED CLAY (POSITIVE) 
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ORGANIC GROUPS 
(1) PCB'S; DIOXINS; CHLORINATED HYDROCARBONS 

(2) POLYCYCLIC AROMATIC HYDROCARBONS (PAH'S) 

(3) BENZENE; ARYL COMPOUNDS; BENZENE DERIVATIVES 

(4) HETEROCYCLIC; ORGANOPHOSPHORUS / SULPHUROUS COMPOUNDS 

(5) POLAR COMPOUNDS; PHENOLICS 

Figure 8. 



 

1.  PCB'S, DIOXINS,  CHLORINATED HYDROCARBONS 

  

2, 3, 7, 8- TETRACHLORODIBENZO (P) DIOXIN 

  
Figure 9. 



 

2. POLYCYCLIC AROMATIC HYDROCARBONS (PAH'S) 

SUBSTITUTED PAH'S CAN REACT IN NUMEROUS 
WAYS WITH REACTIVE GROUPS IN THE MODIFIED CLAY STRUCTURE 

Figure 10. 



3.  BENZENE, ARYL COMPOUNDS, BENZENE DERIVATIVES 

  
Figure 11. 



4. HETEROCYCLIC, ORGANOPHOSPHORUS /     
SULPHUROUS COMPOUNDS  

  

  
Figure 12. 



 

5. POLAR COMPOUNDS, PHENOLICS 

Figure 13. 



 

Absorption Isotherms for Pillared Clays 
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Hexavalent Chromium 
Absorption Isotherm for E-clays 

Figure 15. 



 

Six WHO - listed PAH's 

Figure 16. 



 

Standards for Drinking Water Quality 

Figure 17. 



 

 

Figure 18. 

PILLARED WITH Al, SPIKED WITH Fe2+, TREATED WITH BENZYL QAS, AIR DRIED. 



 

 

Figure 19. 

PILLARED WITH Al, SPIKED WITH Fe2+ TREATED WITH BENZYL QAS, DRIED AT 100ºC 



 

                   Figure 20 (a).                                                     Figure 20 (b). 

The UCS results for the contaminated soil-grout mixes at 28 days curing for 

(a) made ground model soil and  

(b) sand & gravel model soil. 
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Figure 21(a). 



 

 

Figure 21(b). 



 

  

Plan of the soil-grout overlapping columns in the treated area showing 
the mix used in each column. 

 

Figure 22. 



 

TTRREEAATTMMEENNTT  PPRROOCCEESSSS  

Figure 23. 
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Figure 24. 



 

Figure 25. 
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TTRREEAATTMMEENNTT  PPRROOCCEESSSS  

Figure 26. 



 

Table 1. 









 

 

Table 3.3. 

DETERMINATION OF W.H.O. STIPULATED PAH’S IN WEST DRAYTON SOIL BY HPLC 



 Table 3.4. 





  

Table 7.1. 



  

Table 7.2. 





WEST DRAYTON SITE TRIAL      MIX OPTIONS 
 

OPTIONS 
 

A B C D E F 

Weight of PFA (kg) 80 80 80 80 80 - 

Weight of Cement (kg) 30 30 25 25 20 80 

Weight of Lime (kg) - 1 4 4 - - 

Weight of Bentonite (kg) - - - - - 8 

Clean Water 26 26 26 30 23 110 

Clay Solution 20 20 20 16 17 30 
Volume of 

Water (litres) 

TOTAL 46 46 46 46 40 140 

Soil:Grout (solids+water)  
Ratio by Weight 5:1 5:1 5:1 3:5:1 5:1 5:1 

Grout (solids only): Soil Ratio 14% 14% 13.5% 20% 14% 8% 

 

OPTIONS 
 

A B C D E F D* 

Weight of Soil/Column (kg) 1200 1200 1200 1200 1200 1200 1200 

Total weight of Dry 
Grout/Column (kg) 240 240 240 340 240 240 340 

Weight of PFA in  
Grout Column (kg) 125 120 125 175 140 - 175 

Weight of Cement in  
Grout Column (kg) 46 46 40 55 35 85 55 

Weight of Lime in  
Gout Column (kg) 

- 1.5 6 10 - - 10 

Weight of Bentonite in 
Grout Column (kg) 

- - - - - 85 - 

Clean Water 40 40 40 70 40 120 40 

Clay Solution 30 30 30 30 30 30 30 
Volume of 

Water in Grout 
Column (litres) 

TOTAL 70 70 70 100 70 150 70 

 

1. The density of the soil is taken to be 1700kg/m3 
2. The column is 0.6m in diameter and 2.5m high 
3. The concentration of the modified clay in the clay solution is 1kg of clay/50 litres of solution  

Table 11. 



  

 

Table 12. 



  

 

Table 13. 
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