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Introduction to Chromium Contamination

Throughout the World industrial activities (including steel, pigments, wood preservatives,
electroplating, metal finishing, dyes, leather tanning, textiles and chemical manufacture) have
led to widespread chromium (Cr) contamination in the environment. Although Cr is an essential
element for humans, in the hexavalent form is Cr is toxic, mutagenic and carcinogenic.
Consequently, the presence of this form of Cr in the environment poses a serious threat to
human and animal welfare. In respect to land contaminated with hexavalent Cr, to date much of
the thinking concerning the treatment of hexavalent Cr (VI) has consisted of converting the
hexavalent Cr to its less toxic oxidation state of trivalent Cr (lll).

It's generally understood that hexavalent Cr has a high solubility in soils and groundwater and,
as a consequence, tends to be mobile in the environment. In contrast, the more reduced form of
chromium, trivalent Cr, has limited hydroxide solubility and forms strong complexes with soil
minerals. While trivalent Cr is relatively innocuous and immobile, hexavalent Cr is actively
transported into cells by the sulfate transport system where it is capable of causing damage to
DNA as well as indirectly generating oxygen radicals. On this basis much of the emphasis for
remediation has been towards the reduction of Cr (VI) to Cr (lll) as a means by which the
harmful effects of this toxin are mitigated. In principle this process forms the fundamental basis
of a large number of technologies currently being tested for remediation of chromium-
contaminated soils.

Here in the UK, although disturbed throughout the UK, it's the South East Quarter of Glasgow
which is sin ominous with hexavalent Cr contamination, where there has been widespread
disposal of chromium ore processing residue (COPR) waste, where it is estimated that
approximately 2.5 million tonnes of COPR, produced by a ‘high lime process’ have been used
as fill at a network of sites in and around Glasgow. The COPR is derived from a former
chromium works at Rutherglen, which operated between 1830 and 1968. Large areas are
heavily contaminated with alkaline (up to pH 12.3) waste, often of granular appearance
containing hexavalent Cr.

Cr is a transition metal of Group VIB of the Periodic Table; there are three common oxidation
states of Cr, these being the 0, the trivalent state and hexavalent state. Elemental Cr does not
occur naturally, both the trivalent and hexavalent forms exist in the environment, the latter being
largely anthropogenic (as result of human activities as opposed to naturally occurring) in origin.
Generally the relatively insoluble and less mobile trivalent Cr predominates in the form of
hydroxides and oxides and is adsorbed onto clay particles, soil organic matter, metal
oxyhydroxides and other negatively charged surfaces. Hexavalent Cr is often found as
chromate (CrO4*), although often in pH-dependent equilibrium with other forms including
dichromate (Cr.07%), both highly soluble and mobile. Although not readily adsorbed to most
mineral surfaces, hexavalent Cr is adsorbed by clay minerals that possess exposed inorganic
hydroxyl groups, such as iron and aluminium oxides (more on this latter).
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On the basis of its toxicity, the occurrence of hexavalent Cr as a contaminant in soil, surface
water and groundwater may therefore represent an issue of potential concern.

The Contaminated Land Exposure Assessment (CLEA) guidelines set out Soil Guideline Values
(SGVs) for the assessment of risks posed to human health by the presence of contamination in
soils. Guideline values have been developed for Cr contamination according to end use.

The following table is based on total Cr concentration in soil with the assumption that all Cr
present is Cr (VI).

Table 1 - Soil Guideline Values for total Cr.

Soil Guideline Values for total Cr for different land uses | Soil Guideline Value (mg/kg dry
(DEFRA, 2002b) Standard land use weight)

Residential with plant uptake 130

Residential without plant uptake 200

Allotments 130
Commercial/industrial 5,000

Remediation Techniques

As outlined above most research to date has focused on the general principle of the relatively
low toxicity of the trivalent form, therefore the overall objective of most forms of treatment of
hexavalent Cr has been that of chemical reduction. The majority of trivalent Cr salts are also of
low solubility, so provided that the pH of the medium is neutral to alkaline, the trivalent Cr may
also be expected to be of low mobility in the environment.

There are a number of chemical mechanisms, including some mediated by microbiological
action by which chemical reduction of hexavalent Cr to trivalent Cr will take place and these
have been employed in treatment processes. These have to date been grouped into are three
main categories;-

¢ Reduced sulphur compounds such as hydrogen sulphide, iron sulphide, sodium sulphite,
sodium metabisulphite and sodium dithionite;

e Iron based compounds such as zero valent iron, dissolved ferrous iron (Fe2+) or iron-
containing minerals hematite, magnetite and biotite;

e Various organic compounds, including constituents of soil organic matter.

There is much field based experience to suggest that some or all the above techniques can
work, however all rely on the basis that once reduction has taken place, that the Cr is essentially
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stable on the basis that the trivalent to the hexavalent form requires highly oxidizing conditions
further attenuated by the presence of manganese.

It is a general assumption that if the hexavalent Cr can be converted to the trivalent form it is
therefore likely to be both stable and of relatively low mobility under neutral to alkaline
conditions. The treatment strategy therefore becomes one of minimising total concentrations of
Cr in the aqueous or potentially leachable phase in addition to simple chemical reduction.

Obviously there is no certainty with this methodology and is encumbered with the added
possibility that aquifer plugging may occur due to the precipitation of Cr compounds. Added to
this the toxic and hazardous nature of some of the chemicals which are put into the aquifer at
generally high concentrations, which themselves carry a certain element of risk.

In terms of physical remediation methodologies, these contain both treatment and containment
systems

o Electrokinetic treatment is based on the principle that when a low voltage direct current is
passed through contaminated soil, ions such as heavy metals will migrate to a place where
they can be collected and removed. This technology has been researched by Brighton
University.

e Soil washing separates the pollutants from the soil matrix. Soil washing is a volume
reduction technique, but consideration should be given to the fact that whilst some of the
more granular material may be treated appropriately for use as subsequent backfill, there
can be a significant proportion of fines, in which the contaminants have been concentrated,
that requires off-site disposal.

e Containment systems include both horizontal systems (i.e. capping) alone or in combination
with vertical systems to limit contaminated groundwater flow. The latter may be engineered
to form funnel and gate systems whereby a permeable reactive barrier can be used to
effect treatment of the groundwater within the gate (as discussed above, using zero valent
iron).

e Pump and treat schemes can be designed with various above ground treatment systems to
address a range of chemicals for which groundwater remediation can be applied, including
Cr.

Based on the limitations of many of the above techniques, Envirotreat refined their range of E-
Clay formulations to specifically address the problem of hexavalent Cr in all its forms and
ground conditions where it's likely to be found. Traditionally this technology fell under the
general E-Clay banner technology, only recently has this form of E-Clay been promoted as a
standalone treatment strategy specifically for hexavalent Cr. This product is ChromeSorb.
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ChromeSorb Technology

E-Clays are a range of modified clays developed and commercialised for the treatment of
waste, specifically contaminated land. The technology was originally developed for the
stabilisation of organic pollutants. This technology has been adapted to treat a wide range of
organic, inorganic and heavy metal pollutants. Specifically in respect to chromium contamination
an E-clay was developed which could address both the trivalent Cr and hexavalent Cr. Both the
cationic and ionic forms are found at contaminated sites. To be successful the modified clay
must be able to absorb and react with both these forms. To understand how this can be
achieved, we need understand the basic principle of the chemistry involved

The basis for an E-Clay is a clay modified with the addition of pillars of alumina or ferrous
species between the structural sheets of the clay matrix. This creates adequate interlamellar
spacing to accommodate the passage of water and pollutants through the mineral structure.
The pillars abridge the sheets to prevent them from shrinkage under dehydration conditions.
Pollutants are bonded to the reactive species intercalated within the clay, or by cation exchange
processes onto the aluminium pillars. This pillaring action produces an open structure and
accounts for its overall permeability.

The reactive species added to the base clay provide an inorganophilic medium to encourage
removal of both cationic (trivalent Cr) and anionic (hexavalent Cr) toxic heavy metal pollutants,
producing an inorganoclay. This clay is either partially or fully modified with the resultant E-
Clay varying in terms of the chemical environment it produces. For example, full modification
generates an inorganoclay capable of treating primarily anionic (hexavalent Cr) species,
whereas partial modification produces clay that is capable of treating higher proportions of
cationic (trivalent Cr and other heavy metal contaminants) species in addition to anions.
Therefore the clay formulation can be modified to suit the relative makeup of the contamination
profile of the site

Schematic representations of modified clay (figures 1) and modified clay reacting with
hexavalent and trivalent Cr contaminant species (figures 2) are shown below.
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Figure 1 - Partially pillared modified clay showing interlayer cations prior to exchange

Ferrous

Ferrous
or or
a:;::::?: alqmina

pillars

Na* Na* Na*

Page 5 of 12



S |CHROMESorb

Figure 2 — Partially modified clay showing inclusion of cationic (trivalent Cr & other metals) and
anionic (hexavalent Cr) heavy metals
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The above example shows the complex attractions occurring between the pillaring compounds
and hexavalent Cr species. Naturally present cations within the clay (sodium) have been ion
exchanged for heavy metal cation (including trivalent Cr) species. These reactions prevent
leaching of these compounds.

These clays can be further modified to improve the clays inherent ability to complex with organic
compounds as well as the trivalent and hexavalent Cr. By the partial substitution of naturally
occurring cations within the clay with hydrophilic compounds results in the clay acting as a non-
ionic surfactant with a solid base which can adsorb low polarity organic compounds. The
quaternary ammonium compound contains quaternary amine cations that intercalate on the clay
surface via ion-exchange of the positively charged nitrogen cation with sodium and calcium
cations on the clay surface. This exchange then provides an organophilic material capable of
reacting with aliphatic hydrocarbon chains of varying length and polarity depending on the type
and amount of quaternary ammonium compound substitution within the clay. During the ion-
exchange of quaternary ammonium compound with sodium and calcium cations on the clay
surface, only a fraction of the available ions is exchanged. The remainder are still present and
enable the clay to also sorb inorganic metal cations such as chrome (lll), copper, iron, lead,
manganese, mercury and zinc. The potential for covalent bonding (Lewis / Bronsted reactions)
can be enhanced by the introduction of iron or ferric salts to the clay structure. This increases
the reactivity of E-Clay towards chlorinated hydrocarbons and other substituted organic groups.
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Commercially available organoclays have been shown to be less effective in treating pure
hydrocarbons such as benzene due to limited reactivity. To avoid this issue Envirotreat E-Clays
also contain a transition metal compound in order to increase the reactivity of the inorgano-
organo clays towards pollutants such as poly-nuclear aromatic hydrocarbons. The use of
reactive chemical reagents to modify the smectite clay structure enable E-Clay to function using
multiple chemical bonding reactions (i.e. Van Der Waals attraction forces / dipole-dipole effects,
ionic bonding to full covalent bonding and / or molecular alteration) for the treatment of mixed
waste materials.

This overall modification can result in a very versatile product for the treatment of complex
contamination issues.

Treatability Work.

Initial works involved reviewing the sorptive capability of suitably modified clay against other
clays and substrates (flyash, sand, slag and activated carbon). The findings were that the
modified clay outperformed the other clays by many orders magnitude, whereby the others had
minimal sorptive capability.

Further work focused on the treatment of hexavalent and trivalent groundwater and leachate.

Table 2 outlines the findings from the work.

Contaminant Groundwater Sample Soil Leachate Sample
Sample A Sample A Sample B Sample B
untreated treated (mg/L) untreated treated

(mg/L)

Cr (1D 144.1 4.5 8.5 0.2

Cr (VI) 17.9 5.8 54.5 0.6

Total Cr 162.0 10.3 63 0.8

% reduction Cr (I11) 97 >98

% reduction Cr (VI) 67 >98

Sample A represented contaminated groundwater from an actual site whereby trivalent Cr was
the contaminant of concern; further analysis indicated that other ionic species were present
competing with the hexavalent chrome for available sites in the E-Clay. The modified clay was
able to reduce both the hexavalent and trivalent forms of chrome. The hexavalent Cr removal
was lower than expected due to the believed presence of high anionic species within the
groundwater. This removal rate could be increased by increasing the stoichiometric ratio of
pillaring agent; this exemplifies the important of treatability work (see below).
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Sample B, was sample produced by leaching a COPR waste, as expected the majority of the
contamination is associated with the hexavalent Cr species. The modified clay was able to
reduce both the hexavalent and trivalent forms of chrome to a very high degree.

More recent laboratory trials were undertaken to support and compliment the original works
undertaken several years ago. The two key finding of the work were as follows.

As intimated above, in the original work slightly disappointing results were obtained from the
groundwater treatment of trivalent and hexavalent Cr were obtained (67% reduction in the
overall hexavalent Cr in the treated groundwater). At the time this was not investigated further,
more recent trials have been undertaken to demonstrate the reaction (and subsequent removal
from solution) of hexavalent Cr within the clay matrix with varying pillaring on the clay.

Chart 1 Effects of clay pillaring on hexavalent Cr reduction
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The chart clearly the positive effect on hexavalent Cr level with stoichoimentric increase in
pillaring of the base clay.

Further work involved similar trials involving the use of a dry ChromSorb product (as opposed to
slurry manufactured on site). The purpose being to develop a product which could be sold direct
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to the marketplace. Initial concerns with this approach were the resultant effects of drying this
material on its overall efficacy. The trials undertaken were very encouraging whereby similar
results (in terms of hexavelent Cr reduction) were observed with both the slurry and dried
formulations. Therefore this goes to demonstrate that with higher addition rates of pillaring
agent, there is no loss of performance as a result of damage to pillars during the drying/crushing
manufacturing process.

Applications

ChromeSorb can be applied as an additive in a stabilisation approach to control leachate,
alternatively can be incorporated into a reactive groundwater barrier to treat contaminated
groundwater. In both instances the treatment is a one step treatment operation.

Stabilisation

Stabilisation & solidification is a remediation technology that relies on the reaction between a
reagent and soil to reduce the mobility of contaminants. Immobilisation is achieved by reaction
of contaminants with reagents to promote sorption, precipitation or incorporation into crystal
lattices, and/or by physically encapsulating the contaminants

The key benefits associated with Envirotreat advanced stabilisation are:-

¢ Maximise re-use of material on site, in practise it is feasible to effectively stabilise all
identified contamination.

e As a consequence, off-site disposal of contaminated soils is minimised and associated
import of clean fill.

¢ Advanced stabilisation can easily incorporated into the overall remediation strategy for the
site, treatment areas are small and utilise readily available plant, likely to be on site at the
time.

¢ No problematic waste streams associated with the process.

e Low mobilisation costs.

e Cost effective in comparison to alternative approaches.

e Ability to scale operation up / down easily to suit requirements.

This technology is implemented in one of two ways.

Ex-Situ on generally large sites, where contamination is limited to top few materials and
excavation is not perceived an issue. Contaminated material is first excavated prior to mixing
with slurry of ChromeSorb.

In-Situ on generally smaller sites, where excavation is difficult or contamination is at depth.
Contaminated material is mixed with slurry of ChromeSorb beneath the ground without the need
for excavation; this is achieved by using modified piling technology.
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Reactive Ground Water barriers

In its simplest form, the Envirotreat advanced permeable reactive barrier consists of a reactive
partition placed to intercept the flow of contaminated groundwater flow. The barrier is unique in
that it consists of the reactive material (ChromeSorb) mixed in-situ with the soils present. As the
groundwater passes through the treatment barrier, the contaminants react with the media and
are removed resulting in compliant groundwater.

The key benefits associated with Envirotreat advanced stabilisation are:-

e The barrier can be designed to effectively treat a wide range of inorganic / organic
contaminants;

o Because there are no aboveground installed structures, the affected property can be put to
productive use while it is being cleaned up;

e Once installed the barrier requires no maintenance, the barrier is designed to last the
lifetime of the contamination source and sufficient capacity to affectively treat all
contamination;

o The barrier is designed to intercept the natural flow of groundwater and therefore minimise
impact on the overall groundwater regime;

e There is no pumping or aboveground treatment required;

o The implementation is relatively straightforward, there is no need to excavate and therefore
dispose of potentially contaminated material;

e Additions of modified clays are small, less than 4% and mixed with the original soils this
results in minimal effects of permeability;

o The contaminated water naturally moves through the barrier;
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COPR Treatment

COPR waste is unique in terms of its physical and chemical characteristics. Physically the
waste is often granular in nature and this therefore makes remediation difficult on the basis of
accessing the bulk of the hexavalent Cr waste.

Figure 3 Granular looking COPR

Bulk sample 612931 Site 2
(<5.6 mm)

Chemically in relation to Glasgow the waste has been that the Cr is present in at least five
distinct phases, namely chromite, brownmillerite, etrringite, hydrocalumite and hydrogarnet.
Along with other crystalline phases in COPR these were rationalized into three;

e Un-reacted chromite ore,

o High temperature phases mainly brownmillerite and periclase produced during the high lime
roasting process,

o Low temperature phases, including brucite, calcite, aragonite, ettringite, hydrocalumite and
hydrogarnet all produced by hydration and carbonation among other reactions of the COPR
over the protracted period that it has been exposed to ambient conditions and to leaching at
the disposal sites.

In COPR it was found that hydrocalumite is an important host for approximately half of its
hexavalent Cr content, held in an exchangeable anionic form. Hydrocalumite belongs to a group
of phases known in the cement literature as AFm. The basic structure of these phases consists
of layers of composition [Ca2(Al,Fe)(OH)6 20]+ the positive charge from which is balanced by
interlayer anions; and they may occur in a range of hydration states. The most abundant
crystalline phase in the COPR from Glasgow, however, is hydrogarnet (20 to 30 wt. %) and it
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was speculated that most of the remaining hexavalent Cr was structurally incorporated in
hydrogarnet. Although hydrogarnet is the most stable calcium aluminate phase at the high pH of
COPR, itis likely to dissolve and release chromium if pH is lowered.

[Source Motorways and the Mineralogy of Chromium Contaminated Land - Stephen Hillier,
Macaulay Institute, Aberdeen]

Figure 4 Typical COPR contamination.

Early trials on COPR waste by Envirotreat had only limited success on the basis of lack of
understanding of the nature and structure of COPR waste as outlined above. The complex
structure and physical nature of the waste prevented the modified clay accessing the core of the
matrix structure, thereby leading to lower than expected reduction rates for hexavalent Cr. Now
a key requisite of any treatment strategy involves the reduction in aggregate size, this is
essential to allow the modified clays to access to the core of the fused matter and therefore
maximise stabilisation. Equally there may be a need for a certain element of pH control to
ensure the hydrogarnet releases the hexavalent Cr.
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