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Abstract

The investigation and remediation of land contaminated with metals tcOpper, nickel,
lead and zinc) was investigated. Calcium, iron and manganese levels within the soils
studied were also investigated. Several soils were used to assess the three-stage BCR
sequential extraction procedure and recent recommended modifications to this
procedure. In general the modifications to the procedure were found to increase

levels of copper, lead and iron extracted by the reductant used in the procedure.

The modified BCR sequential extraction procedure was then used to assess the
success of remediation strategies. Column leaching experiments, with EDTA, were
set up to simulate soil-flushing technologies. Soil was extracted using the BCR
procedure both before and after treatment. The experiments highlighted the need to
consider the soil characteristics when determining a remediation strategy. The
technique was shown to be successful for the leaching of the more mobile forms of

copper, lead and zinc from the soils studied.

Phytoremediation and chelate assisted phytoremediation were also investigated using
the BCR sequential extraction procedure. Taraxacum officianale (dandelion) was
grown in soil contaminated with zinc. The experiment was designed to study the
ability of the plant to accumulate metals and also to study the effect of the addition of
the chelator EDTA and the effect of the addition of a fertiliser. These methods were
shown to remove significant proportions of zinc, copper and lead from the soil
studied, however the time frame for remediation based on such techniques may be

considerably longer than that for conventional methods.
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Chapter 1 Introduction

Contaminated land in the UK may be defined as “land which, because of its former uses,
now contains substances that give rise to the principal hazards likely to affect the
proposed form of development and which requires an assessment to decide whether the
chosen development may proceed safely, or whether it requires some form of remedial
action, which may include changing the layout and form of development™. In Scotland
alone there exist 14,100 hectares of brownfield sites (vacant and derelict land), many of
which are contaminated with toxic chemicals due to their industrial past’. The country
has an estimated 200,000 hectares of land affected by natural or industral
contamination >. Local councils are now required to identify areas of contaminated land
and enforce the polluter or land owner to pay for the cleanup of the land. It is therefore
of great import;nce that methods of assessing and solving contaminated land probiems
are investigated. Prior to these investigations it is important to understand the chemistry

of soil and the behaviour of metals within the soil.
1.1 Soil

Soil is the product of the weathering of crustal rocks, combined with water (both ground
water and atmospheric i.e. rain etc.,), air and organic matter produced by living

organisms within the soil. Each of these components are important in the behaviour of

metal contaminants within the soil.



Crustal rocks have different structures and different characteristics depending upon how
they were formed. Igneous rocks are formed by the solidification of the molten material
in the Earth’s mantle. Sedimentary rocks, which include sandstone and limestone, are
formed by the accumulation and compaction of minerals and rock fragments. The third
class of crustal rocks is the metamorphic rocks, such as marble and slate which are
formed by the action of pressure and/or temperature on igneous or sedimentary rocks.

The physical and chemical processes linking the three types are summarised in the rock

cycle, shown in figure 1.1.

1.1.1 Soil minerals

Some of the most important soil minerals are the silicates, such as quartz (Si0;). These
have a wide variety of structures dependent upon the temperatures and pressures under
which they were formed. For example, high formation temperatures favour simple
silicates, rich in iron and magnesium, such as olivine (Mg, Fe),;Si0s. Other important
minerals are the feldspars, such as orthoclase (KAISi;O3). Feldspars consist of linked
units of SiO; and AlOy tetrahedra, with cavities in which cations such as Ca®*", Na*, K*
or Ba®" are held to maintain electroneutrality. Rocks are usually formed from a mixture
of several different minerals. Primary minerals are formed at high temperatures and
pressures and so are unstable at the Earth’s surface. They therefore undergo weathering
to produce secondary minerals via processes such as oxidation and hydrolysis. The ease
with which weathering occurs is dependent upon the lattice energy of the mineral, and a

weathering sequence of the minerals can be built up, table 1.1. The sequence of



weathering illustrates that simple salts (with larger surface area available to attack by

weathering than frameworks) are less stable than the stable frameworks such as anatase.
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Figure 1.1 The rock cycle®



Table 1.1 Weathering Sequence for fine-grained minerals in soils’

Position® Minerals Comments

] Gypsum, halite, other simple salts Simple salts

2 Calcite, dolomite, apatite, aragonite

3 Olivine, pyroxenes, diopside, Orthosilicates, chain silicates
hornblende etc.

4 Biotite, glauconite, magnesium Layer silicates

chlorite, antigorite, nontrite

5 Albite, anorthite, stilbite microcline,  Hard, feldspar framework silicates
orthoclase, etc.

6 Quartz, crytobalite, etc. S10 frameworks

7 Muscovite, etc. Layers bound together by potassium

i0ns

8 Interstratified 2:1 layer silicatesand  Secondary clay minerals
vermiculite

9 Montmorillonite, beidellite, saponite, Varieties of montmorillonite
etc.

10 Kaolinite, halloysite, etc.

11 Gibbsite, boehmite, allophane, etc. Hydrated aluminium oxides, etc.

12 Hematite, goethite, limonite, etc. Hydrated iron oxides, etc.

13 Anatase, zircon, rutile, limenite Stable oxide frameworks

corundum, etc.

1, least inert; 13, most inert

Silicates structures range from simple SiOy tetrahedra to complex frameworks. The
simplest silicates consist of separate SiO4* bound to divalent cations (e.g. Mgz"', Fe',
Mn**, Ca®*, etc.) giving M,SiOs. These minerals are classed as olivines. Chain silicates
such as pyroxenes and amphiboles, consist of linked SiO4 tetrahedra. Even more

complex structures can be formed when the tetrahedra extend in three dimensions



producing frameworks such as feldspars. In these frameworks atoms of a similar size,
such as Al, can replace Siatoms. This leaves a net negative charge on the structural unit
that must be balanced by appropriately charged cations such as Na*, K, Ca?t, Ba®', etc.
Other sheet structures such as gibbsite and brucite can be formed from the octahedral

Al(OH); and Mg(OH); units respectively.

Mineral sheets can be sandwiched together to form layered structures known as 2:1 and
1:1 type minerals. A typical 2:1 mineral such as pyrophyllite contains a gibbsite sheet
between two silicon tetrahedral sheets. Replacement of the gibbsite hydroxyls with
silicate oxygen atoms can lead to the requiremerit for additional cations, to balance net
negative charges formed. An example of this is muscovite, in which potassium ions
(balancing cation) hold adjacent layers together. Clay minerals such as kaolinite are 1:1
minerals containing, for example, 1 gibbsite sheet and 1 silicate sheet. Another clay
mineral, montmorillonite is a 2:1 mineral, however this differs from other 2:1 minerals

in that water is readily absorbed into the interlayer spacing expanding the clay.

Also important are oxides and hydroxides of iron, manganese and aluminium. Oxides
(the general term in environmental chemistry for metal hydroxides, oxyhydroxides and

hydrous oxides) may be present in soils in many forms: discrete crystals, coatings on

silicate sheets and humic substances, and as mixed gels.

Iron oxides are formed from a basic octahedron of iron surrounded by six oxygens or

both O* and OH jons. The octahedrons may then be linked to form crystalline



structures, such as geothite (double bands of FeO(OH) octahedra sharing edges and
corers). As well as crystalline and semicrystalline forms of iron oxides, amorphous
forms also exist. AI’, Mn’* and Cr'* can replace Fe** by isomorphous substitution.
Other cations such as Ni**, Cu**, and Zn** may also be found within the iron oxide
structure. The charges present on soils are of two types; permanent charges due to
isomorphous substitution of cations by other cations of lower charge, and pH dependent
charges on the edges of clay minerals, on humus polymers and oxides. Hydrous oxide
minerals have a net charge of zero only at specific pH values. This pH is called the PZC
(point of zero charge). If the soil pH is greater than the PZC the oxide surfaces become
negatively charged, and therefore act as a sink for cations such as Cu, Mn, Ni, and Zn,
PZC values for Fe and Al oxides range from 7-10 and 8-9.4 respectively when in the

pure form. Generally these are mixed with clays which reduces the PZC value®.

1.1.2  Soil Organic Matter

Although soil organic matter has been the subject of many studies, the structure and
chemistry is still not well understood. Soil organic matter (SOM) includes decomposing
residues (of plants, animals and microbes), living soil biota and resistant organic matter.
SOM plays several important roles in soil chemistry due to its high reactivity, its ability
to improve soil structure, and its provision of both micro- and macro-nutrients. The high

specific surface area and cation exchange capacity (CEC) of SOM makes it an important

sink for both inorganic and organic pollutants.



SOM is composed of both humic and non-humic substances. Non-humic substances
consisting of carbohydrates, proteins, peptides, amino acids, fats, waxes and low
molecular weight acids, are attacked easily by soil micro-organisms and therefore exist
in the soil for a short time only. SOM is usually estimated by “loss on ignition” i.e. the
weight loss which occurs when a sample is heated at approximately 550 °C. The

components of SOM can be classed according to their solubility in strong acid and base

as shown in figure 1.2.

Humic and fulvic acids are mixtures of compounds and therefore only average
molecular weights can be calculated. Humic substances have high buffering ability,
which maintains pH within the soil. Oxygen may be present as carboxyls, phenolic and
alcoholic hydroxyls and carboxylic esters and ethers in humic acids. Nitrogen may be
present as heterocyclic structures and as nitriles. Humic substances can chelate metal
lons in various modes due to the large numbers of functional groups present. The
immobile humin and humic acids act as stationary cation exchange media, whereas the

mobile fulvic acids play an important role in keeping biologically important metals in

solution.

1.1.3 Soil Air

Soil air differs in composition from atmospheric air due to intense microbial activity that

decomposes organic matter, reducing the oxygen content and increasing the carbon



dioxide content compared to the atmosphere. Carbon dioxide is also added to the soil air

by the respiration of roots.

humus
humin M extract with base
e.2. NaOH
soluble
humic and fulvic
acids
insoluble l

humic acid ¢—— aciify e.g. HCI

soluble

fulvic acid

Figure 1.2 Fractionation of SOM components

1.1.4 Soil Solution

The soil solution provides a medium of transport of important nutrients from the soil
particles to roots. It usually exists as a thin film on particles or between the layers of
expanding clays, The composition of the soil solution is dependent upon the
physicochemical characteristics of the soil particles, solute composition, biological

activity within the soil matrix and, its contact time with the soil.
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1.2 Soil Properties

Soil properties play a major role in controlling the transport of metals within the soil.

Cation exchange capacity (CEC), pH and particle size distribution can strongly influence

the movement of metals in the soil.

1.2.1 Cation Exchange Capacity

As discussed earlier, cations in several mineral structures can be substituted by cations
of a similar size, but with lower charge. This leads to the particles possessing a net
negative charge. Further cations are then attracted to the negatively charged surface. In
clays such as montmorillonite, the layers are held together by cations, but expand when
wet and contract when dry. This means that the interlayer cations can be readily
replaced by other cations, ie. they are exchangeable. Organic matter within soil is also
able to readily exchange cations due to the many chelation sites available, through
dissociation of phenolic and carboxylic groups. Under conditions where the soil pH is
greater then the PZC for oxides and oxyhydroxides (as discussed in 1.1.1), the surfaces

of these minerals become negatively charged and are also able to exchange cations.

The capacity of the soil to take up exchangeable cations can be measured by replacing
the cations present in the soil with ammonium (which rapidly displaces other cations).

Any non-adsorbed ammonium is washed out of the soil, and the remaining ammonium is

11



then displaced with a solution such as weakly acidified sodium chloride. Measurement

of the displaced ammonium gives a measure of the cation exchange capacity, CEC.

1.2.2 pH

pH is defined as the negative logarithm to the base 10 of the hydrogen ion activity. Soil
pH is an important factor in controlling the solubility of many metal contaminants and
therefore should be measured when assessing contaminated land. For example, copper
and zinc tend to be more soluble in acidic soils and can therefore be washed out of these
soils into ground water. However, accumulation of organic matter within the soil leads
to complexation of copper and zinc reducing their availability to plants. The availability

of copper and zinc then decreases as pH increases.

Measurement of soil pH is complicated by the cation exchange properties of the soil.’
The cation exchange properties of clays can lead to an increase in the concentration of
ions around the clay particles, compared to the concentration of ions in the bulk soil
solution. H" ions can be adsorbed onto cation exchange sites, however are readily
displaced from these sites by any other cations present in the solution. When adding
water to a soil in order to measure the pH, the solution must be allowed to equilibrate in
order for any soluble salts in the soil to dissolve and displace the H" ions. This pH value

can be 1 — 1.5 pH units higher than the pH at the soil surface due to diffusion. A dilute

calcium chloride solution can be used when measuring soil pH in order to reduce the

12



dilution effect. Another factor affecting pH measurement is the production of carbonic

acid (formed by dissolution of the bacterial respiration product, carbon dioxide).

1.2.3 Particle Size Distribution

Particle size distribution can also affect the metals absorbed onto the soil. At the
surfaces or edges of crystals and soil organic matter, surplus charge is available for
binding metals. The charge available for interaction with cations‘ in the soil increases
with increasing surface area, which is dependent on particle size. Thus if a soil has a

high proportion of small particles it follows that it will have a higher capacity for cation

exchange.

1.3 Metals of Interest®’

Trace elements may be either essential or toxic to plants and animals, depending upon
their concentration. It is therefore important to know at what levels metals occur. It is
also important to know the source of a potentially toxic element, the target organism,
and also the route of intake of the toxic element by the target organism. For example,
waste from a chemical plant using a Hg" catalyst was discharged into Minimata Bay,
Japan, 1950’s. Bacteria in the sediments of the bay then methylated the mercury, which
was bioaccumulated by fish to give levels of approximately 100 pg organomercury g

fish. The fish were caught and consumed by villagers on the shores of the bay, whose

13



main diet was fish. Subsequently hundreds died and many more were poisoned and
suffered severe brain damage®. In this case, the target organisms were the human
population living by the bay and the route of intake was by ingestion of the fish. An
understanding of the behaviour and sources of heavy metals in the environment is

needed before their impact on the environment as pollutants can be properly assessed.

1.3.1 Calcium

Calcium is of interest as it is one of the major soil cations, and the amount and form
present within soils may therefore effect the mobility of other metals of interest.
Calcium is the fifth most abundant element in the earth’s crust, occurring mainly as
deposits of calcium carbonate. The mineral deposits of calcium carbonate include
limestone, marble and chalk. In soils of high pH, calcium carbonate precipitates
protecting plants from damage by accumulation of soluble calcium salts. Calcium 1is
also present in the earth’s crust as gypsum (CaSQ0;.H,0), anydrite (CaSQ,), fluorite
(CaF3) and apatite [Cas(PO4)3F]. Calcium is present in soils at 0.1 — 1.2 % (m/m) on

average and at 1% in plants (taken up as Ca** or CaOH")’,

1.3.2 Copper

Copper has been one of the most important metals known to man since 3000 BC when

the addition of tin heralded the beginning of the Bronze Age. The major ores of copper

14



are copper pyrite, CuFeS;; copper glance, Cu,S; cuprite, Cu;O, and malachite,
Cu,CO3(0OH);. Copper can be present in soils at levels of 1-80 mg kg"l and between
2-20 mg I'' in plants’. The major use of copper is as an electrical conductor, but it is
also used in production of alloys such as bronze (Cu plus 7-10 % Sn), brass (Cu-Zn) and

Monel (Ni-Cu). Copper is an essential trace element, the human body containing

', Copper

approximately 100 mg and requiring an intake of approximately 2 mg day
acts as an electron transfer agent in many metabolic reactions (e.g. energy metabolism,
nitrogen metabolism) in both plants and animals. There are many routes by which
copper may be discharged into the environment, such as combustion of wood products
and fossil fuels, waste incineration, agricultural application of sewage sludges, smelters
and some fungicidal spays. Copper tends to be adsorbed on specific sites in soils and is

therefore one of the least mobile and least plant available trace metals, which may cause

deficiency problems in some areas.

1.3.3 Iron

Iron has been known since prehistoric times and has played a major role in man’s
history. It is thought to be the main constituent of the Earth’s core and is the second
most abundant metal. Iron is generally present in soils at levels between 0.7 and 42 %
(m/m)’. Iron is widely distributed as oxides and carbonates: haematite, (FeyOs);
magnetite, (Fe304); limonite, (~2Fe,03.3H,0), and siderite, (FeCO;). The main use of
iron is in the steel industry where the addition of other metals to the steel to form steel

alloys give a wide and varied range of properties. Iron is also an essential element, vital
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to both plants and animals. Although iron is usually abundant in soils it must be mobile
in order for plants to use it. In areas of high alkalinity iron is often inaccessible to
plants, which require iron for chlorophyll synthesis. Iron is taken up by plants as Fe*’
and Fe(OH),". The adult human contains approximately 4 g of iron, mainly in the form
of haemoglobin, but also as other proteins for electron transport and oxygen transport

and storage.

1.34 Lead

Lead is one of the oldest metals known to man and was used as early as 7000 BC by the
Egyptians. The Romans used lead extensively for plumbing and water pipes. Lead is
the most abundant of the heavy metals, primarily due to the fact that three of the four
stable isotopes (206, 207 and 208) are the end products of the natural radioactive series.
Only Pb 204 is non-radiogenic in origin. The most important lead ore is galena, PbS.
Examples of other mineral ores known are anglsite, (PbSQ,); cerussite, (PbCO3);
pyromorphite, (Pbs(PO4);Cl), and mimetisite, (Pbs(AsO4):Cl). All lead ores contain
Pb", Almost half of lead produced is used for storage batteries, and the remainder is
used for a variety of alloys (e.g. solders, fusible alloys and bearing metals) and
chemicals (e.g. pigments and plastic stabilisers). Prior to the introduction of catalytic
converters and unleaded petrol, on of the major uses of lead was as an anti-knock agent
in petrol. Although this usage has declined, leaded petrol is still available in the UK and

other countries. Lead levels in soils have been found to range between
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0.1 ~200 mg kg™ and 0.1 =5 mg kg™ in plants.’ Lead is generally taken up by plants as
PbCO; and can be toxic at levels of 3 mg I"'.’ The main problem with lead as an
environmental contaminant is that it tends to accumulate in the surface horizons of soil
due to its low solubility and relative freedom from microbial degradation as opposed to
many organic contaminants which can be microbially degraded. The direct ingestion by
children of surface soil containing lead is therefore of great concern. Lead is a heavy
metal poison, which acts by complexing with oxo-groups in enzymes, affecting haecme
synthesis and porphyrin metabolism. It also inhibits many other enzymes and also
protein synthesis. Typical symptoms of lead poisoning include cholic, anaemia,
headaches, convulsions, chronic nephritis of the kidneys, brain damage, and central

nervous system disorders.

1.3.5 Manganese

Manganese has been used since the time of the Pharaohs when it was used in
glassmaking. It is the twelfth most abundant element and the third most abundant
transition metal. As described previously manganese occurs in primary silicate minerals
and the products of their weathering, such as pyrolusite (MnQ,), hausmannite (Mn304)
and rhodochrosite (MnCO3). Manganese levels can be found to range from 20 ~3000
mg kg™ in soils and 1-700 mg kg’ in plants®. All steels contain manganese, which
improves the quality by forming MnS and preventing FeS formation, which would
produce brittle steel, and also by scavenging oxygen which would create bubbles in the

steel. Manganese dioxide is also used in the production of dry cell batteries, to provide
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red to brown and grey tints in the brick industry, as a decolouriser in the glass industry,
and in the production of dyes and paints. Manganese is an essential element and 1s
involved in the activation of enzymes, synthesis of glycoproteins and many other roles
in mammals. Plants require manganese for the photolysis of water during
photosynthesis reactions and tor the stabilization of chloroplasts. Manganese can occur
in many oxidation states, but the most biologically important state is Mn". Plants take
up both Mn and Mn" and so factors that affect manganese supply for nutrition are those

that have greatest influence on reduction of manganese from high oxidation states.

1.3.6 Nickel

Nickel is a much more recently exploited metal than copper, although an alloy was
known in China over 2000 years ago. Nickel is the seventh most abundant transition
metal, its most commercially important ores being laterites, which are oxide/silicate ores
such as garnierite, (Ni,Mg)sSi4010(OH)s, and sulfides such as pentlandite, (Ni,Fe)eSs.
The major uses of nickel are in the production of both ferrous (e.g. stainless steel) and
non-ferrous alloys (e.g. cupro-nickels for “silver coinage”). Nickel is generally present
in soil in the range 2-50 mg kg™ and 0.4-4 mg kg™ in plants®. The most important factor
in determining the distribution of nickel within soil is pH. Nickel mobility increases as
pH and CEC decrease®. Nickel is an essential trace element for higher plants and some
micro-organisms, but its role as an essential trace element in humans in as yet unclear.

Nickel can however replace other essential trace metals in metalloenzymes and cause

disruption of metabolic pathways.
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1.3.7 Zinc

The most important zinc ores are the sulfides as, when the Earth’s crust solidified, zinc
separated out in the sulfide phase. As rocks are weathered, zinc is leached out and
precipitated as the carbonate, silicate, or phosphate. The major ores of zinc are zinc
blende (ZnS), and calamine (ZnCO3). There are many uses for zinc, although 35-40 %
of the total output is as an anti-corrosion coating (by immersion in molten zinc,
electrolytic deposition, spraying with liquid metal etc.). Zinc is also used in a number of
alloys, in the manufacture of dry batteries, and as a stabiliser in plastics. Zinc is
generally present in soils at levels ranging from 3-300 mg kg™ and 15-150 mg kg™ in
plants’. Uptake in plants can be as Zn**, ZnOH" and ZnCO;. Zinc is an essential
element used in chlorophyll formation in plants and as a catalytic or structural
component In numerous enzymes in energy metabolism and in transcription and
translation in the human body. The adult human body contains about 2 g and requires a

dietary intake of approximately 15 mg day™.

1.4 Contaminated Land

Contaminated land studies involve the identification of a source of contamination, which
by means of a pathway has a detrimental affect on a target. The source may be for

example a fossil fuel burning power station which may release heavy metals into the

atmosphere which can then travel and be deposited in areas surrounding the power

station and affect the local population and wildlife. Land may be contaminated by both
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natural and anthropogenic sources. Natural sources include weathering of minerals,
volcanic activity and forest fires. Anthropogenic sources have been accelerated by the
Industrial Revolution and include mining and smelting activities etc. Regulation has
been able to reduce anthropogenic input in developed countries e.g. by control of sewage

sludge disposal, combustion of fossil fuels etc.

The Environmental Protection Act 1990: Part ITA Contaminated Land was inserted into
the Environment Act in 1995 gives guidance on the identification and control of
contaminated Land in the UK'. The new guidelines and regulations were brought into
effect from 1% April 2000. Responsibility for implementing the Part IIA rests with the
Scottish Executive: Rural Affairs Department in Scotland and is controlled by the
Scottish local authorities. In England and Wales responsibility lies with the Department

of Environment, Food and Rural Affairs (DEFRA) and the National Assembly for Wales

respectively’.

Contaminated land is assessed on a “suitable for use” approach, based on the uses to
which the land is likely to be put'. The harm caused by the pollution must also be
assessed. Only harm, such as death, serious injury, cancer or other disease, genetic
mutation, birth defects in humans, is regarded as significant. Only organisms with
statutory protection in ecological systems are covered and the harm must result in

serious changes to the ecological system. Once contaminated land has been identified

for remediation, the local authority must also identify responsible person/s. The
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remediation required must be decided upon after consultation with the appropriate

person, the landowner and Scottish Environmental Protection Agency (SEPA).

Many countries have set remediation levels for trace elements in soil'l,  German
research has related reference, tolerable and remediation values of trace elements in soil

to land use. This is illustrated in figure 1.3.

Remediation
Remediate Acceptor-dependent toxic range value (Rem. V)
Safety distance
Gt
¢
: Tolerated val
H : : olerated value
% E Tolerate Site- and endpoint-related land use Industrial (Tol. V)
g .8 Parks and sites
‘a I= Backyards | recreational
H. arcas
g Children’s |Sport ground
g § playgrounds
Reference
Non-limited multifunctional use value (Ref. V)
‘Reference values: maximum soil concentration of a specific contaminant that allows non-limited

multifunctional use of the land, It can be assimilated to baseline level,

Tolerated values: maximum soil concentration of a specific contaminant in relation to specific site- and
endpoint-related land use. Above this value remediation is not immediately required but monitoring or
changing the land use is demanded,

Remediation values: threshold values, related to land use, above which risk assessment and
subsequent remediation are necessary.’

Figure 1.3 Conceptual description of the threshold limits in Germany'’
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Threshold values for some metals, based on the total concentration of trace elements in

soil are shown in tablel.2.

Table 1.2 Land use and endpoint-related orientation value (mg kg™) for trace elements

in soils from German guidelines'’

s
Multifunctional land use

Children’s playgrounds

Sports grounds

Parks and recreational area; unconsolidated,

wn Uh

250 {200 | 1000 | 2000

50 80 |300 {300

200 | 200 2000 ;600

100 100 {200 300
350 1250 ]1000 {2000

200 100 | 500 1000

non-vegetated soils

600 2 2000 | 3000
2

50

300 |200 {1000 |1000
1000 3000
50 100 | 500 300
200 1000 | 600
50 100 {1000 | 300

¥ definitions of Ref. V, Tol. V and Rem V. are illustrated in figure 1.3

Industrial sites and staple (non-paved)

Agricultural soils

Non-agricultural ecosystems
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Dutch intervention values are dependent on soil type and must be adjusted accordingly.
Factors taken into concentration are % organic matter, % clay and the compound being
assessed. Another set of guidelines, the Kelly guidelines for classification of
contaminated soils classifies the extent to which soils are contaminated (typical values
for uncontaminated soils, slight contamination, contamination, heavy contamination and
unusually heavy contamination)'”. Guidelines commonly used in the UK are the
Interdepartmental Committee for the Redevelopment of Contaminated Land (ICRCL)
tentative “trigger concentrations” for selected inorganic contaminants'’.  These
guidelines concern both total levels in soils and bioavailable levels, and take into
account the planned land use. Table 1.3 gives tentative “trigger concentrations” for

some metals of interest.

The values given in table 1.3 are dependent on certain environmental factors, which
must be taken into consideration when assessing contaminated land. Values for copper,
nickel and zinc assume a soil pH of about 6.5. If pH falls, the toxic effects and the
uptake of these elements can be increased. Grass tends to be more resistant to
phytotoxic effects than most other plants and its growth may not be adversely affected at
the concentrations given. Values for these metals are total concentrations extracted with
HNO3/HCIO4 and are the ‘worst case’ figures. Phytotoxic effects are not likely at the
threshold levels in neutral or alkaline soils. The possible action values were based on
the mean of similar values from several other countries. Actual values used should take

into consideration soil type, proposed end use and sensitivity of recognised targets.
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Table 1.3 UK ICRCL Trigger Concentrations for metals®?

Contaminants Planned Uses Trigger Concentrations

(mg ke air-dried soil)

Group A: Contaminants which may pose hazards to
health

Lead Domestic gardens, allotment.
-
Group B: Contaminants which are phytotoxnc but not -
i
L
-

Duncan, A.L. recommends a protocol for the assessment of heavy metal contaminated

Parks, playing fields open

space

normally hazards to health

Any uses where plants are to

be grown

Any uses where plants are to

be grown

1665

Any uses where plants are to

be grown

sites'*, The approach recommended is that:
e detailed reports are gathered on previous land use to identify possible contaminants

o sampling areas should be planned, possibly using screening techniques
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e samples should be taken at various depths

e aqua regia soluble metal contents rather than “true” totals should be determined

e sequential extraction should be used to identify potentially mobile contaminants

o column leaching experiments should be performed to provide information on readily
mobile metals

e metal sorption experiments should provide information on the influence of the soil
material on the retention of heavy metals

o all data gathered should be used to assess the requirement for remediation and the

suitability of remediation methods available.

There are many extraction procedures mentioned in the literature. These procedures
may be to define species according to their role (e.g. 0.05 mol 1" EDTA extraction of
Cu, Ni, Pb and Zn to determine availability to arable crops), to define the species

according to the procedure used in its isolation (e.g. soluble species defined by those

which will pass through a 0.45 pum pore-size filter), or to define specific chemical

species (e.g. Cr'"

(essential trace element)/Cr'" (highly toxic)). Sequential extraction
procedures use a series of reagents designed to extract metals by different processes e.g.
oxidation of organic matter within the soil. Many of these procedures exist in the
literature making comparison of results between laboratories difficult. The Community
Bureau of Reference (BCR) of the Commission of the European Communities therefore

prepared a series of reference materials certified for contents of species extracted by

agreed validated procedures'®. One such reference material was Certified Reference
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Material 601 for the sequential extraction of Cd, Cr, Ni, Pb and Zn'®. The BCR
developed a sequential extraction procedure in an attempt to harmonise sequential
extraction. Much work has gone into developing'* and assessing the procedure. The
method developed uses dilute acetic acid to extract exchangeable metals and those
bound to carbonates within the soil. The second step uses hydroxylammonium chloride
solution to extract metals bound to reducible fractions, and the third step uses hydrogen
peroxide an ammonium acetate solution to break down organic soil components and
extract metals associated with them. The original procedure developed proved to be
irreproducible in particular with regard to the second step (reducible step). A certified
reference material was therefore used to assess the sources of uncertainty within the
protocol. Sahuquillo et al.'’ investigated the effect of varying the pH of the
hydroxylammonium chloride, the method of pH adjustment, the concentration of
hydroxylammonium cloride used, temperature and duration of the experiment. A
revised protocol was therefore produced from the results of Sahuquillo’s'’ investigation.
The revised procedure was tested using inter-laboratory trial and the improved results

given by Rauret ez al.'’. Sequential extraction procedures, and in particular the BCR

sequential extraction procedure, will be discussed in detail in chapter 4.

Industry must play a large role in the clean up of contaminated land. Sheahan and
Gilliland identify industry objectives as compliance with legal requirements, protection
of human health and the environment, and to manage liability issues’. Strategic

approaches should include plans for preventing on-going contamination, a systematic
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approach to managing historic contamination and a strategy to ensure the availability of

the appropriate remediation technology.

1.5 Remediation options

There are generally four ways in which land can be remediated once contamination has

been identified:

] removal from the site and disposal at a licensed waste disposal site
2 retention and isolation on site
3 physical, chemical or biological treatment, either in- or ex-situ, to

eliminate or immobilise contaminants

4 dilution of contaminated material with clean material

1.5.1 Containment

Containment techniques include lining, capping, cover systems and occasionally vertical

barrier systems. Materials used in containment systems depend upon the physical and
chemical properties required of the containment layer and can include'”;

e natural clays, sub-soils and soils

e amended soils incorporating materials like pulverized fuel ash, lime and sludges

o waste materials such as fly ash, slags, dredgings, sewage sludges

e synthetic membranes and geotextiles
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e concrete, asphalt efc.

Requirements can include low permeability, specific drainage characteristics, filtering

abilities and the ability to support vegetation.

The advantages of containment systems are that a wide range of contaminants can be
isolated and they can be economical where large volumes of materials are involved.
However contaminants remain on site, and there is limited understanding of the long-

term integrity of containment systems and long term monitoring is often necessary.

1.5.2 Physical processes

Physical processes involve making use of the physical characteristics of the contaminant
and the soil; e.g. the majority of inorganic contaminants are often present in the fine

fraction of the soil, so the soil can be sieved in order to remove the contaminants.

Soil washing transfers the contaminant from solid to aqueous phase, which can then be
treated as wastewater. Soils are firstly sieved and each fraction analyzed as each
fraction will require remediation to a different extent. The oversize fraction (> 5 mm) is
removed mechanically and sands are removed using hydrocyclone combinations (63 pm
<x <3 mm) followed by treatment (e.g. by froth flotation) before being returned to site.

The fines (< 63 pm) are then subjected to further treatment, thickened and pressed into
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45-55 % dry solids filter cake, which should contain the target contaminants and is

therefore disposed of off-site, depending on regulations. Several case studies are

provided along with an in depth description of this process by Mann®.

Other physical techniques used in the removal of contaminants from soils include High
Intensity Magnetic Separation (HIMS)*!, in situ electrodes, from which metals can be

recovered, and extraction of volatile gas phase components by use of vacuum'’.

1.5.3 Chemical Processes

Chemical processes involve the addition of chemical reagents to the soil that will either
remove the contaminant, immobilise it, convert it to a less harmful form or in the case of
some organic compounds destroy the compound completely. Chemical treatment is

based on a variety of processes'’:

e Oxidation-reduction; redox reactions may be applied in order to achieve a reduction
in toxicity or a change in solubility. Oxidizing agents include oxygen, ozone, ozone

and ultraviolet light, hydrogen peroxide, chlorine gas and various chlorine
compounds. Reducing agents such as aluminium, sodium, and zinc metals, alkaline
polyethylene glycols and some specific iron compounds may be used.

¢ Dechlorination; volatile halogenated hydrocarbons, polychlorinated biphenyls and

organochlorine pesticides can be treated with reducing agents to remove chlorine and

leave less hazardous compounds.
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e pH adjustment; a weakly basic or acidic material may be applied to the soil to adjust
the pH to acceptable levels. pH adjustment can also be used to affect the mobility or
availability of the contaminant, for example, increasing pH from acidic to more
alkaline levels will tend to make most metals less mobile.

o Chelant extraction; chelating agents may be used in soil flushing technologies to aid
in the removal of metals. There are many examples of the use of leaching solutions.
These techniques rely on increasing the solubilty of the metal by complexation with
a ligand. The complexes can then be flushed from the soil, and ideally, recovered
from the solution. Many groups have investigated the use of chelating agents to
extract metals from soils. The most cornmoniy used agent studied in the literature is
EDTA, which has been used to extract lead”****** copper”, zinc®* and
cadmium®!** from soil. However, before a process using EDTA as a chelating agent
can be introduced a recovery process must be developed to reclaim the spent EDTA,

in order to make the process economically feasible®®. Chelate assisted extraction

will be discussed further in Chapter 5.

Chemical remediation of land may also involve immobilisation or stabilisation of
metals. Groundcover can then be restored due to the lowered toxicity of the soil to
plants. Boisson et al.”” concentrated on the immobilisation of metals by application of
hydroxyapatite (HA) to soils. Addition of HA to the soils studied resulted in a decrease
in the exchangeable Zn, Pb, Cu and Cd recovered from the soils. Growth of maize and

bean was improved with the best growth responses after addition of 1 % HA. However,
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immobilisation of heavy metal contaminants was also accompanied by immobilisation
of nutrients such as Mn, and deficiencies were observed. Arsenic uptake was increased
after HA application. This is likely to be due to the similarity between AsO;* and POS,

leading to competition for the sorption sites on the soil.

Brown coal has also been suggested as a sorbent for heavy metals in polluted sotls.
Karczewska et al.® used soil columns to estimate the sorption capacity of brown coal
and to investigate its protective effects. When mixed with limestone, brown coal was
shown to be effective in immobilizing Pb and Cu from their nitrate solutions and it was
concluded that a layer of brown coal mixed with limestone would provide protection for

a soil likely to be subject to Pb and Cu contamination.

Ma and Rao® investigated Florida phosphate rocks as immobilizing agents. Phosphate
rocks were found to be capable of immobilizing Pb from 13 contaminated soils.
However, effectiveness was dependant upon soil pH and the extent of the Pb

contamination. The following mechanisms were suggested:

Dissolution

Cay.s(PO4)sCO;FOH + 10H" — 9.5Ca?* + SH,PQ, + CO,* +F + OH'

Precipitation

9.5Pb** + SH,PO4 + CO;* + F +OH" — Pby s(PO,)sCO;FOH + 10H"
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Pierzynski’® gives examples of several methods of remediation e.g. P amendment for in
situ remediation of Pb and Cd contaminated soils, lime addition to reduce Zn
phytoavailability, fixing of Cd and Pb using hydrous Fe and Mn oxides. Since the main
exposure pathway of concern for Pb is consumption of soil dust by the human child,
reduction in soil bioavailability to the child is necessary. Calculation of bioavailability
reduction was illustrated through digestive studies.

Although immobilisation by use of pyromorphite has been suggested, Sayer et al.’'
showed that certain species of fungi are capable of solubilising pyromorphite
(Pbs(PO4);Cl). Aspergillus niger (A. niger) was shown to be able to solubilise
pyromorphite, producing lead oxalate dihydrate and anhydrous lead oxalate. They
suggest that lead oxalate would be thermodynamically unstable in many soils.
Conversion of PbOx to pyromorphite and back again is possible over a wide pH range.
In the natural environment fungi may preferentially solubilise other phosphate minerals.
However, solubilisation of pyromorphite by A. niger, as shown by the authors, suggests
that pyromorphite may not be as effective at immobilising Pb as previously suggested.
In fact, rye grass was shown to be able to take up Pb from soils treated with

pyromorphite.

Chemical treatment of soil generally occurs by either soil washing or soil flushing. Soil

washing involves removing the soil and mixing it with the reagent. The soil is then

separated from the aqueous phase, which can be treated as wastewater. Soil flushing,
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however involves applying a flushing fluid to the soil, which will mobilise metals.
These can then be recovered by pumping the flushing fluid to the surface, where it can

be treated. A typical soil flushing system is shown in figure 1.4.

--‘ f-. ._\ ’_‘
Ny \ 7

O pump [ Groundwater pump

\\y
| O Ao 1 e
.. § " AN - [l o Ok

Figure 1.4 Typical soil flushing system (surface sprinklers)
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1.5.4 Biological Processes

Biological processes are more frequently used in cases where the contaminants are
organic compounds. Bacteria can be used to break down complexes to water and carbon
dioxide. Some complex inorganic complexes can also be broken down into cartbon
dioxide, water and simple inorganic compounds. It is important in these cases to be able
to optimise conditions in order that a microbial population can survive within the soil.
Although these techniques may often be cost effective, they can be limited by the

presence of pesticides and heavy metals.

Remediation using plants (phytoremediation) is becoming increasingly popular. These
methods tend to decrease the cost of remediation and can be carried out on-site with less
disturbance of the contamination than physical and chemical methods.

Phytoremediation will be discussed further in chapter 6.

1.6 Aims of project

The overall aims of the project were to assess various remediation methods with respect
to heavy metal contaminated land. In order to do this the modified BCR sequential
extration scheme was assessed in order that the effect of remediation on the mobility of

metals within the soil could be investigated. The project therefore involved:

e The comparison of the original and modified BCR sequential extraction procedures
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o The investigation of the effect of EDTA soil flushing as a remediation technique

e The investigation of phytoremediationa and chelate assisted phytoremediation

Chapter 3 describes in detail the samples analysed throughout the project. Several soils
were subjected to the original and modified BCR sequential extraction schemes in order
to assess any differences or improvements caused by the modifications suggested to the
BCR scheme. This work is detailed in chapter 4. Chapter 5 describes the effect of
column leaching with EDTA on the soil and the mobility of the metals. The use of
dandelions to accumulate metals from the soil was investigated in chapter 6. The use of

EDTA to aid this accumulation was also investigated in this chapter.
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Chapter 2 Instrumentation and general methodology

The main analytical technique used in the analysis of sample extracts and digests was
inductively coupled plasma atomic emission spectrometry. Due to its low detection

limits and variety of excitation sources available, atomic emission spectroscopy

(AES) is the most universally used method for multi-element analysis. The sample
may be in the form of a solid, liquid or gas, which is subjected to some form of
excitation. The emitted radiation is then dispersed and detected after which the data
can be processed to give analytical results. A plasma is often used due to its high
temperature, which can excite many atom and ion lines simultaneously, enabling

multi-element analysis with few chemical interferences.

2.1 Theory of inductively coupled plasma atomic emission spectroscopy (ICP AES)

A solid sample may first be digested to produce a liquid sample, which can be
mtroduced to the instrument by nebulisation, forming an aerosol, which is then
desolvated to form particles. Alternatively the solid sample may be introduced to the
plasma directly by several means, e.g. laser ablation, vaporisation of microsamples
from a graphite furnace, slurry introduction. The particles are then vaporised to form
molecules, which are dissociated and the subsequent atoms may be excited or
lonised. The excited atoms or ions then relax emitting photons of characteristic
wavelengths, which are selected using a grating or prism and detected by the

photomultiplier tube or photo-diode array. A summary of the processes involved in

AES is shown in figure 2.1.
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Figure 2.1 Summary of the processes involved in AES'

Sample — Emitted Dispersion .. | Data Analytical
Semple introduction radiation | (Spectrometer) Detection results

/N

Nebulizer Flame Prism
Electrode MIP Diffraction grating
: ICP Photomultiplier tube
Hydride |
generation Laser Photo-diode array

Inductively Coupled Plasma Atomic Emission Spectroscopy (ICPAES) uses a high

temperature plasma to vaporise and excite the determinant particles.

2.1.1 Atomic Emission

The electrons in an atom may be excited in a high temperature environment to higher
energy levels. Excitation mechanisms involve mainly collisional processes.
Electron collisions (e;) transfer the kinetic energy of the electron to the atom (A)
releasing another electron (e;). Collisions with molecules (XY') transfer their
rotational or vibrational energy to the atom, and collision with metastable species

(Arn , usually a triplet state which cannot relax to ground state by emission of

radiation), transfers energy from the species enabling it to relax to ground state.

A+e; & 4 +e;
A+ XY & 4" +XY

A+ Ar, & A +e” + Ar
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Further levels in the excited A" are then populated by cascade effect. Other
excitation mechanisms involve transfer of energy produced by chemical (mainly
found in flame excitation processes) and excitation by absorption of radiation (i.e.

the reverse of the emission process).

The excited electrons then relax to a lwer energy. This relaxation is accompanied by
emission of electromagnetic radiation of characteristic wavelength. The radiation

emitted by atoms is related to the difference between energy levels.

AE=hv=££
A

Where AE is the difference between energy levels, h is Plancks constant, ¢ is the

speed of light and A the wavelength of emitted light. The power emitted, P (J), is

dependent on the volume of the excitation source, V (m?), and the population of the

upper energy level, N> (m'a)-

P=N,4,Cy
A
Where A2 (s’!) is the transition probability. V is dependent on the instrument design

and N; is dependent on the energy of the system. If a source is in thermal

equilibrium the partitioning of energy across different species can be described by

the Maxwell-Boltzmann equation:

42



N, g kT

Where £ is the Boltzmann constant and g; and g, are statistical weighting factors. If
local thermal equilibrium does not apply to a system (as in a plasma, which is
suprathermal), different values of temperature exist for different energy partitioning,

Kinetic temperature (Tkis) determines the kinetic energy distribution for atoms, ions

and molecules. The electron temperature (T,.) determines the kinetic distribution for
electrons. Electronic excitation temperature (Texi) determines the population of
energy levels and ionisation temperature (Tj,,) describes the degree of ionisation of
an atom or ion. The radiation temperature (Tyaq) relates the distribution of intensity
at different wavelengths for a black body radiator at a given temperature. In the

plasma system Texcit > Tkin. When systems are in local thermal equilibrium Ty;=Te..

=Texcit™ Tion=T rad.
2.1.2 Nebulisation

Generally the sample to be introduced to the ICP AES is in a liquid form. The liquid
is introduced to the plasma as an aecrosol and therefore must be nebulised before
introduction. Several nebulisers are available as sample introduction devices. The
most common nebulisers are pneumatic. Three examples of pneumatic nebulisers
include the Babington-type v-groove nebuliser (figure 2.2), concentric nebuliser and
the cross-flow nebuliser. The Babington-type nebuliser works on the principal of
passing the sample over a narrow v-groove. The nebuliser gas enters the groove

perpendicular to the direction of sample flow, rupturing the film of sample and
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forming an acrosol. The major advantage of this type of nebuliser is that there 1s
little possibility of the nebuliser becoming blocked due to salting-up, when solutions
with high dissolved solids are nebulised, as the solution is not required to pass

though a narrow aperture.

Sample introduction tube

Gas exit port

V groove in base

Figure 2.2 Babington-type nebuliser?

Concentric nebulisers use a high gas velocity at the end of a fine capillary tube to
produce a fine reproducible spray. The cross-flow nebuliser combines the gas flow
and sample at right angles to form the aerosol. Ultrasonic nebulisers use vibrations
at ultrasonic frequencies (50 kHz - 4 MHz) to break up sample droplets into smaller
particles, which are transported to the plasma. The ultrasonic nebuliser can often be
useful where increased sensitivity is necessary. Detection limits obtained by
ultrasonic nebulisation can be increased by a factor of 10 relative to those using
pneumatic nebulisation, due to the high efficiency of fine droplet generation. The

acrosol from the nebuliser passes into the spray chamber where larger droplets are



drained away and only fine aerosols pass into the plasma. This is important to ensure

that the liquid does not extinguish the plasma and that atoms are properly desolvated.

2.1.3 Inductively Coupled Plasma (ICP)

The ICP torch consists of three concentric quartz tubes, encircled by an induction
coil. The central tube carries the nebuliser gas and sample and the outer tube carries
the plasma gas which is also used to cool the walls of the torch. The auxiliary gas is
carried through the remaining tube and is used to control the height of the plasma
above the torch. Argon gas flows through the torch and radio frequency energy is
applied to the induction coil. A magnetic field develops around the coil, due to the
radio frequency energy. A spark creates seed electrons and ions, which flow in a
circular path perpendicular to the magnetic field, as shown in figure 2.2. The argon
lons are accelerated and produce more ions and electrons by further collisions. This
process and also the recombination of argon ions with each other and with electrons,

produces intense heat and light, and the plasma is formed.

Magpnetic field

Figure 2.2 The RF coil around the ICP torch’
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Collisional processes in the plasma, chemical reaction, or absorption of radiation

excite determininant atoms. The torch and plasma are shown in figure 2.3.

NAAAAN

'
4

Plasma gas flow (tangential flow)

Nebuliser gas flow ———T L Auxillary gas flow

Figure 2.3  The RF coil around the ICP torch*
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2.1.4 Spectrometers™®

In order to identify elements present in the sample it is necessary to split the light
from the plasma into its component wavelengths. The intensity of light at each
wavelength detected can then be related to the concentration of an element present.

Spectrometers most commonly use prisms or gratings in order to resolve the light



from the plasma. Light is then detected by photomultiplier tubes (PMTs),

photodiode arrays (PDAs), or charge coupled devices (CCDs).

Light passing through a prism is refracted from its original path. Higher frequency
radiation is refracted to a greater extent than low frequencies, resulting in separation

of the beam of light to form the spectrum.

A diffraction grating separates polychromatic radiation by diffracting light of

different wavelengths at different angles, resulting in a spectrum. The diffraction
angle (B, ©) is dependent on the diffraction order (m, an integer), the distance
between the grooves in the grating (d, mm), the angle of incidence (o, ©), and the

wavelength (A, nm). The above are related by the following equation:

mA=d(sina + sinf)

The photomultiplier tube consists of a photocathode, several dynodes and an anode.
When light strikes the surface of the photocathode electrons are released. Each
electron ejected from the photocathode passes to the next electrode releasing two or
more electrons that pass on to further electrodes and are eventually collected by the

anode. The result is the amplification of the original signal.

Diode array detectors are similar to PMTs, however, they are much smaller and not

as expensive. These are often used in simultaneous spectrometers where arrays of

detectors are used to collect the spectrum.
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CCD:s are solid state detectors in two dimensions consisting of arrays of pixels. Each
pixel discharges a current proportional to the energy striking it. The two dimensional
array makes the CCD detector ideal for simultaneous multielement analysis, as the

wavelengths are not pre-defined.

Prisms and gratings can be combined with detectors to form either sequential or
simultaneous spectrometers. Sequential spectrometers can rotate the prism or grating
to detect radiation of different wavelengths. The wavelengths detected are therefore
dependent on the step size of the motor used to rotate the prism or grating.
Simultaneous instruments use the prism or graﬁng with either an array of PMTs or
photodiodes, or with a CCD. Wavelengths detected by PMTs or PDAs are restricted

to the number of detectors available, however with CCD’s the entire spectrum can be

imaged simultaneously.

2.1.5 Interferences in ICP AES systems

Due to the intense heat produced by the plasma very few chemical interferences are
present. However, many lines are produced by the plasma and the user must take
care to avoid spectral interferences. For example spectral interference of magnesium

309.300 nm may occur on the determinant aluminium when using the aluminium line

at 309.284 nm’.
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Coetzee et al. suspected spectral interferences on some ICP AES lines used during an
evaluation of sequential extraction procedures. In order to minimise interferences by
iron, aluminium and calcium, which could typically be present in the sample extracts
they checked for these interferences with 1000 mg I solutions of Specpure
(supplier) standards®. However, negligible interferences were observed at the

wavelengths selected, shown in table 2.1.

Table 2.1 Interferences suspected in ICP AES measurements of zinc, lead and
copper

Interferences may either enhance or diminish the intensity of the determininant
signal. Diréct spectral overlap or partial overlap of spectral lines at similar
wavelengths will enhance the determininant signal, however some elements emit
continuum radiation over a wide wavelength range. In this case the observed
background will appear higher than the background without interference, and the
observed peak will be diminished in comparison to the same peak free from

interference.

2.2 Instrumental Conditions

Two instruments were used for the work carried out in this thesis. A Perkin Elmer
Plasma II emission spectrometer (Perkin Elmer, Norwalk, Conneticut, USA) was

used for determination of metals in the samples described in chapter 3, with the
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exception of White Cart A and C and Great Billing A and C samples. The nebuliser

used was a cross-flow type, the monochromator was of the Ebert design (1 m focal
length) and was equipped with a grating with a surface area of 84 x 84 mm and 1800
line/mm. This gave a wavelength range of 160 800 nm and a resolution of less than

0.018 nm. The photomultiplier used was a Hamahtsu R787.

An RF power of 1.2 kW was used for the PE Plasma II. Nebuliser, auxillary and
plasma gas flows were 1.10 1 min™, 1.0 1 min™ and 15 1 min™ respectively. The
sample was pumped at a rate of 1.3 ml min"' and an equilibrium time of 40 s was

allowed. The following wavelengths were used in the analysis of samples with the

PE Plasma II ICP AES.

Table 2.2 Specific element conditions for ICP AES

" Tloment | Wavelongth (um) | Viewing height (mm)
T | wmosss@ | 15

(I) = atom lines, (IT) = ion lines

After failure of the PE Plasma II the remaining work was carried out using a Varian

Liberty 220 ICP AES (Varian Techtron Pty, Limited, Mulgrave, Victoria, Australia).
A schematic of the Liberty is shown in figure 2.4. The Liberty employs a v-groove
nebuliser and an inert double pass Sturman-Masters spraychamber. A solid state

crystal controlled 40.68 MHz generator was used to provide the RF power. The

spectrometer was a sequential scanning spectrometer, using a 0.75 m focal length
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Czerny-Turner monochromator with a holographic grating (1800 grooves/mm) and
two PMTs. An R166 UH solar-blind PMT was used below 300 nm, rejecting stray
light and improving detection at lower wavelengths. Above 300 nm an R928 trialkyl
wide range PMT was used. Typical ranges and resolution for grating orders are

given in table 2.2.

Czerny-Turner monochromator

Transfer optics

O O
Plasma
torch _ Interface and PC
photomultiplier
Ar
Ar

¢ Ar
Spray chamber -
nebuliser Peristaltic pump
Sample introduction

Figure2.4  Schematic representation of Varian Liberty’
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Table 2.3 Typical spectrometer wavelength ranges and resolution’

Range (nm) Typical resolution (nm)

160 - 900 0.018

160 —- 450 0.009

160 - 300 0.007

160 — 225 0.006

In order to detect any likely spectral interference present two emission lines were
measured for each element, for the first experiments. If no significant matrix effects
were noted any differences between the results from the two lines would suggest a
spectral interference. Measurement of a third line or addition of a spike to the
sample could be used to further investigate the interference. Analysis conditions are
given in table 2.4. After preliminary experiments, only one line was used for each
clement. The line used is shown in bold in the table and was selected based on

sensitivity and lack of interference observed in the spectra.

Table 2.4 ICP AES conditions used for the Varian Liberty

PMT
voltage (V'
550/750*
750
750
750
700/750*
750
750

Line 1 (nm) Line 2 (nm)
Ca
Cu
Fe

396.847
324.754
259.940 (1

422.673 (I
327.296
261.187 (11
61.418 (I
60.569 (11

S

257.610 (1
1 221,647 (11
n 206.200 (11
(I) = atom lines, (II) = ion lines
* The PMT voltage was reduced for samples with high Ca content to reduce
sensitivity, so that the detector was not overloaded.

N1

213.856 (1 3



Due to the range of atom and ion lines measured intermediate plasma operating
conditions were used i.e. the power used was 1.00 kW. Plasma and auxiliary argon
were supplied at 15.0 and 1.50 L min™, respectively. Nebuliser gas was supplied at
150 kPa. A viewing height of 5 mm was used for all lines, with an integration time
of 3 s for each of 3 replicates. Dynamic background correction was used for all

lines. The PMT voltage for Ca 396.847 nm and Mn 257.610 nm was decreased in

order to decrease the sensitivity of the measurement for these elements.

2.3 Calibration and Validation

Ore replicate of each sample type was analysed against a single point calibration in
order to determine the calibration range to prepare. Five matrix-matched, multi-
element standards were then prepared by serial dilution of 1000 mg I Spectrosol
standards (Merck, Poole, UK) for the PE Plasma II work, or 1000 mg 1! Romil
Primdg metal reference solutions (Romil, Waterbeach, Cambridge, UK) for the
Liberty work. The matrix matched standards were then used to calibrate the ICP
AES instrument. Calibration standards were also used to check for wavelength drift
throughout each analysis. The sensitivity and limits of detection of the lines are
shown in tables 2.5 and 2.6 for the PE Plasma II and the Varian Liberty. Sensitivity
is defined as the slope of the calibration curve and the limits of detection (LoD) as
three times the standard deviation of the blank (n=10) divided by the sensitivity.
Variations in sensitivity of the lines are likely to be due to salt content of the matrix,

and physical characteristics of the matrix (e.g. viscosity). Sensitivity (and therefore
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LoD) can also change with time due to, for example salt deposits building up on the

torch.

Some samples contained exceptionally high levels of metal (e.g. calcium and iron)

and overloaded the PMT. These samples were diluted and the high concentration

elements determined separately.

Table 2.5 Sensitivity and LoD (mg I'') for elements in matrices used for PE

Plasma II ICP AES
e
Step 1

Step2 A

Bl Wl ol Ml Bl
il

Step 2 B/C’°

e T e
il il il

Step 3

Ml ol el i
il Ml Il Il il M
Aqua Regia

el el el il
Ol G G
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Table 2.6 Sensitivity and LoD (mg I™") for elements in matrices used for Varian

LibertyICP AES
N
Step 1

L e o o o
Wl il il il
Step 2
L e e e e
o [ o e e [ e [
Step 3
S il il Bl il
B Ol i
Aqua Regia
e e
i
1% HNO;
il N B
il I N

0.05M EDTA

Sensitivity 42600 ﬂ 84000 | 2980 | 241000 - 7510
LoD 0.018 {0.00089 [ 0.045 | 0.0010 -m

Calcium and iron levels in step 3 and aqua regia samples were greater than the PMT
fletector range and so were diluted in 1 % HNO;. Nickel levels were not determined
in the 0.05M EDTA, as they were too low to be of interest.
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Spikes approximately equivalent to the metal concentration present in the sample
were added to four samples from each run in order to check for interferences due to
matrix effects. Examples of the recoveries achieved from the analysis of spiked
samples are given in table 2.7. In general spike results were in the range 95 — 105 %

and results were not corrected for interferences.

Table 2.7 Examples of recoveries from spiked samples in the extract matrices

Step 1 Step 2 Step 3 Step 4

88 101

94

101 94 97 103

97

93 92 100

101 88 100

EEEEEER

* Iron was present at high levels in these samples, which were diluted. This would

also dilute any interference from other elements present in the samples.
Step 1 = extracts in 0.11 M acetic acid

Step 2 = extracts in 0.10 M or 0.50 M hydroxyammonium chloride
Step 3 = extracts in 1.0 M ammonium acetate
Step 4 = extracts in 20 % aqua regia
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Chapter 3 Substrates Investigated

3.1 Introduction

Eight different substrates were used in the course of the study: one sewage-sludge
amended soil; one freshwater (riverine) sediment; one intertidal sediment; three distinct
layers of industrial made ground obtained from a trial pit, and two further top soils taken
from an industrial location. Of these, the first six were obtained by previous workers

whilst the latter two were sampled during the course of the current project. All samples

were coned and quartered prior to use.

3.2  Great Billing

Sewage sludge amended soil was collected from Great Billing sewage farm in

Northamptonshire, UK. The soil was to be studied as a BCR candidate reference

material. Later, a separate portion of this became BCR CRM 143R. The sample was air

dried and sieved, using a 1 mm mesh nylon sieve.

3.3  White Cart

Samples of sediment were obtained from the White Cart, a tributary of the River Clyde,

close to Glasgow, UK. The sampling site was approximately 2 km downstream from

Paisley sewage treatment works'., Samples were air dried and sieved as described above.
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Chadwick reported the water content and loss on ignition (LOI) to be 1.81 and 3.12 %

respectively'.

Chadwick also carried out particle size distribution on samples obtained during a later

sampling trip’. The particle size distribution is given in table 3.1.

Table 3.1 Particle size distribution in White Cart sediment

B ——
S
T

3.4  Whitehaven

Sediment samples were obtained from the inter-tidal zone of Whitehaven Harbour,
Cumbria, UK, near a phosphate ore processing plant (Albright and Wilson). Once again
the soil was air dried and sieved (< 2 mm) prior to any analysis. The sample was

originally found to contain 6.4 % moisture?.
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3.5 1G 18-28,1G 35-45 and IG 47-50

Industrial made ground was sampled from three, visually distinct, layers in a trial pit, at
a former industrial site in NW England. The layers were obtained from 18-28 cm depth,
35-45 cm depth and 47-50 cm depth. The portions of the samples that were used in the

current project had been stored in field moist conditions at room temperature.

3.5.1 Sample description

IG 18-28 was a well defined, dark grey matrix with yellow and grey pockets, suspected
to be ash. The material was observed to be mainly composed of clinker and fine ash.
Layer 35-45 was observed to have a much coarser texture than other layers in the trial
pit, due to the higher proportion of clinker found in this layer. The 47-50 cm sample was
found to be almost clinker free and contained largely fine ash. The material was thought

to be sufficiently compact to prevent downward percolation of water (Duncan”).

3.5.2 Physical properties
Previous workers originally determined soil characteristics. Organics, pH and particle
size distribution were determined and are illustrated in table 3.2 for layers 18-28, 35-45

and 47-50 cm of the trial pit. The industrial ground samples were found to have much

higher fractions of larger particles than the White Cart sample,
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Table 3.2 Physical characteristics of industrial ground

o

B
L
N

Layer (cm) Organics

(%)

18-28

47-30

3.6 Ardeer Location 1

Samples of soil from an industrial site at Ardeer were taken on 15™ November 2000.
The samples were stored as field moist soils. Soil was coned and quartered prior to

sequential extraction, column and plant experiments. The soil was air dried and sieved.

3.6.1 Sample description

A layer of approximately 10 cm of soil (70 cm by 70 cm) was removed from site 1. No
vegetation was found growing on the soil, which consisted of S distinct layers. The first
and third layers were black and weathered. The second layer consisted of a fine red

material, The fourth layer was a mixture of yellow and grey ash like material, and the

final layer was composed of ash and clinker. The sample site is shown in figure 3.1.
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Figure 3.1 Ardeer location 1

3.7 Ardeer Location 2

Another sample of soil from the industrial site at Ardeer was taken. The sample was

again stored in field moist condition prior to use or analysis, but was air dried and sieved

when necessary. Figure 3.2 shows location 2.

3.7.1 Sample description

Two samples approximately 20 cm deep (50 cm by 50 cm) were combined to make the

second Ardeer sample. Both samples areas were covered in vegetation with abundant
roots throughout the soil. The presence of earthworms was noted in these sites. Figure

3.2 shows one of the Ardeer location 2 sample sites.
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Figure 3.2 Ardeer location 2

3.7.2 Physical properties
The Ardeer soils were characterised by colleagues at MLURI®. Soil pH in water was

found to be 6.2 and in 0.01 M calcium chloride to be 5.3.

The exchangeable cations were also determined at MLURI and are given in table 3.3.

The limit of detection was 0.01 meq/100 g for all elements.

Table 3.3 Exchangeable cations (meq/100 g)




3.8  Moisture content and loss on ignition

The moisture content and loss on ignition value (LOI) of air-dried sample of all the
substrates studies were measured, by drying at 105 °C and 500 °C respectively, until

constant weight was obtained.

Moisture content = weight loss at 105 °C/sample weight (moist) x 100 %

LOI = weight loss at 500 °C/sample weight (dry) x 100 %

Results are presented in Table 3.4. Moisture content and LOI were determined on air-
dried samples of Great Billing, White Cart, Whitehaven and IG layers. Ardeer samples

were more recent samples and moisture and LOI was determined on field moist sotl.

Table 3.4 Moisture content and LOI of substrates studied

Ardeer 1

Ardeer 2

I i
e
e

I &
II
|l
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As expected, based on observations, the second Ardeer site contained much higher

organic matter content than site 1.

Great Billing, Whitehaven, White Cart and samples from two layers (IG 18-28 and 47-
50) of a trial pit in an industrially contaminated site were used to assess the original and
the modified BCR sequential extraction procedure. Another layer of the trial pit (IG 35-
45) and the two Ardeer samples were used to investigate column leaching with EDTA as
a remediation technique. Ardeer sample 2 was also used to investigate phytoremediation

and chelate assisted phytoremediation.

Storage conditions of the soils must be considered when studying metal behavior.

Bartlett and James®

note that drying of soils can cause many changes to the
characteristics of the soil. This can include decreasing the soil pH and solubilizing
organic matter. Remoistening soils can require long periods of time to reach field moist

conditions. Freezing also causes changes to the soil organic matter. Bartlett and James

recommend that soils are stored moist and at 4 °C for long time periods. However in

order to take representative samples for the current work soils were required to be dried

and sieved. This could therefore effect the results of determinations made.
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Chapter 4 — Comparison of BCR Sequential Extraction Procedures

4.1 Introduction

Detailed assessment of contaminated land is necessary before remediation of the land
can be carried out, in order to decide upon the most appropriate remediation
technique. Various methods of assessment have been discussed in chapter 1.
Sequential extraction of metals will be concentrated upon in this chapter. Sequential
extraction techniques can aid in the assessment of the likely mobility of a metal
under varied conditions. Sequential extraction may also be defined as operational

speciation as the process used to isolate the species defines them.

4.1.1 Sequential Extraction

Several sequential extraction schemes have been documented. McLaren and
Crawford' devised the first sequential extraction scheme in 1973; however the
scheme, which is probably used most frequently, was devised by Tessier et al. in
1979%. In order to harmonize extraction procedures the Community Bureau of
Reference (BCR, now Standard, Measurements and Testing Programme) of the

European Commission developed a scheme, which has lately been revised as

discussed below”.

The most frequently used Tessier scheme® extracts metals associated with five

different fractions.
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Fraction 1. Exchangeable — changes in water ionic composition are likely to affect
sorption-desorption processes.

Fraction 2. Bound to Carbonates — changes in pH may affect metals bound to
carbonates in sediments and soils.

Fraction 3. Bound to Iron and Manganese Oxides — these oxides can be broken down
under reducing conditions to release trace metals.

Fraction 4. Bound to Organic Matter — such as living organisms, detritus, humic and
fulvic acids, can be broken down under oxidising conditions to release trace metals.
Fraction 5. Residual — metals in this fraction would not normally be released into the

environment under conditions encountered in nature.

Some examples of other sequential extraction schemes and the references that

describe them are given in table 4.1,

4.1.2 BCR Sequential Extraction Scheme

There are many sequential extraction schemes which all give varying results for the
amounts of metals bound to each fraction, due to the ways in which they each attack
the different phases. In order for laboratories to be able to compare results with

those of other workers, the BCR recommended a harmonization of sequential

6

extraction schemes®. Trials run by the BCR produced a simple 3-step extraction

procedure, evolved from that of Salomons and Férstner’, summarised in fig. 4.1.
Two round-robin exercises were set up using the finalised version of the sequential

extraction procedure, the results of which showed that the method was satisfactorily
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reproducible between laboratories. These results are presented in a paper by
Quevauviller e al.®. Many aspects of the protocol have been evaluated by Coetzee et
al, including total recovery, selectivity of extractants, reproducibility and
redistribution of metals’. Recoveries of copper, chromium, cadmium, zinc, nickel
and lead were found to be close to 100% with reproducibilities of approximately 3%.
The selectivity of the reagents was shown to be insufficient in providing definitive
information on the specific phase from which the metal was extracted.
Redistribution of lead and copper was found to occur in the presence of humic acid.
Lead adsorbed onto quartzite was released in step 1 of the extraction but was then

available for re-adsorption, possibly by humic acid.

Davidson et al® evaluated the application of the BCR sequential extraction
procedure to a freshwater sediment collected from the River, Clyde, Lanarkshire,
UK. They found the method to be both reproducible and repeatable. However,
standard addition procedures were required to overcome interferences in the sample

extracts, for analysis by ET AAS.

Once the three-step procedure was set up it was important for the BCR and
collaborating laboratories to produce soil and sediment reference materials for
certification. Fiedler et al.” and Thomas et al.® have investigated the possibilities of
producing a stable sediment reference material that would provide repeatable results

using the BCR method. They found the BCR scheme sufficiently repeatable for the

sediment studied, although care must be taken to ensure that potential matrix
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!—-——— sample

‘ dototal lg
;g.’?’_"”f’ oLe HOAcO.11 mol I
etermination 16 hrshaking at room temp.
Vim=40ml/g
HNO, + HCl e i T 4101 B
residue

pseudatotal

content NH,OHHCI0.1 mol 1" pH=2
16 hr shaking at room temp.
V/im =40 ml/g

e ————— fraction 2

residue

H202 8.8 mol l'l

near dryness at 85 °C
V/im=20mlg
NH,OAc1.0mol ! pH=2
16 hr shaking at room temp.
Vim=50mlg

residual

Figure 4.1  Schematic summary of the BCR sequential extraction procedure
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interference effects are compensated for. The requirements of certified reference
materials are very strict and much care must be taken when preparing them.

Quevauviller presented guidelines on the quality control aspects of CRM preparation

in 1996'2,

Only one certified reference material exists at present for the BCR sequential
extraction scheme (another 1s at present being studied). CRM 601 is certified for the
extractable contents of cadmium, chromium, nickel, lead and zinc, following the
standardised BCR procedure. The long-term stability of lake sediment, CRM 601,
certified for extractable contents of trace metals using the BCR procedure has been

1‘13

investigated by Lopez-Sanchez et al.””. They concluded that the extractable contents

of the certified metals are stable on a long-term basis (over one year) in the CRM.

Several authors have compared the BCR scheme with other sequential extraction

l 14

schemes. Pérez-Cid et al.”” compared the BCR method and Tessier scheme for the

determination of extractable copper, chromium, lead, nickel and zinc in sewage
sludges. Mester ef al. compared the BCR method with a modified Forstner 5-step
procedure”. No differences were observed between the two methods for zinc and
cadmium, but significant differences were observed for lead, chromium, nickel, and

copper, particularly in the oxidisable fraction (most likely due to redistribution of

these metals between phases).
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4.1.3 Criticisms of the BCR sequential extraction scheme

There are several pitfalls of sequential extraction'®; for instance the method cannot
determine unequivocally the amount of a metal bound to a particular phase as
redistribution of that metal may occur during the sequential extraction. The user
must therefore be careful to remember that sequential extraction is an operationally
defined technique, and the results obtained are dependant upon the method used to

obtain them, not necessarily upon the phase that is being attacked.

Whalley and Grant investigated the phase selectivity of the BCR sequential

extraction reagents in response to criticisms that included inaccuracy in releasing

17

metal from specific phases’’. The geochemical specificity was shown to be of

varying quality, especially when examining the humic acid phase, which tended to
release metals earlier in the procedure than expected. Ferrihydrite, an amorphous
iron oxide, also released metal earlier, into the acetic acid step rather than the
hydroxylammonium chloride step. This may be due to a large number of adsorptive
sites on the amorphous iron oxide. Most metal was removed from feldspar and
kaolinite as expected in the first step; however the hydroxylammonium chloride was
found to release most metal from montmorillonite (acetic acid was expected to

release most metal from this substrate). This emphasises the need for care in the use

of the results obtained by sequential extractions such as the BCR scheme.

Several workers have noted the redistribution of lead during sequential extraction

schemes. Ho and Evans used the BCR sequential extraction procedure on two
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standard reference materials (SRMs), (2710 and 2711, Montana soil), and compared

their results to those of previous workers, using other schemes'®. Results for

cadmium, copper and zinc were found to agree with more from the Tessier method
for these SRMs, but differences in the lead values were obtained. These differences
were attributed to redistribution of lead during the sequential extraction.
Raksasataya et al. also found that lead was subject to substantial redistribution during
the BCR and Tessier scheme. The different results obtained by the two procedures
were attributed to the different reagent and conditions used in the reducing step of
the methods. Using both natural and synthetic model soils, they found redistribution
to be dominated by the organic matter and the iron/manganese oxide fractions of the

natural soils.

Coetzee et al.” also investigated the redistribution of elements when the BCR SE
scheme was used. Model sediments consisting of humic acid, kaolin, quartzite and
ochre were used to evaluate redistribution and selectivity of extractants. Lead and
copper were found to be redistributed in the presence of humic acid. The selectivity

of reagents proved to be insufficient to interpret results in terms of specific origin of

a metal in a particular phase.

4.14 Proposal for the improvement of the BCR sequential extraction procedure

Previous work during certification of CRM 601 showed a wide spread of results for
some stages of the sequential extraction procedure. This prompted Sahuquillo et

al® to investigate sources of uncertainty within the procedure. The pH of the
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extractant used in step 2 of the procedure proved to be the major source of variation,
and a number of recommendations were made by the authors to improve the
reproducibility of the BCR procedure. Cr, Cu and Pb were found to show a decrease
in extractability and reproducibility as pH increased. The pH adjustment was shown
to be critical in improving the variance and therefore the method of adjustment was
investigated. It was shown that pH adjustment by a fixed volume of dilute nitric acid
(rather than relying on a pH meter to determine the pH) proved more precise.
Hydroxylammonium chloride concentration was also studied, at 0.1, 0.5 and 1.0
mol I, At 0.5 mol I, higher levels of determinants were extracted than at 0.1
mol I"', however it was thought that at 1.0 mol I"' the more refractory, crystalline

oxyhydroxides were also attacked. Both highér concentration extractants provided

19 also

lower % coefficient of variance (CV) values than 0.1 mol I”'. Sahuquillo et a
investigated the effect of extraction temperature, extraction time, inert atmosphere,
method used to isolate the solid and liquid phases after extraction and the use of
alternative reagents. These either had little effect on the precision of the extraction
or were detrimental to the procedure. The modifications proposed were that step 2
should be performed using 0.5 mol I'' hydroxylamine hydrochloride adjusted to pH

1.5 by the addition of a fixed volume of dilute nitric acid. Increasing the speed of

centrifugation from 1500 g to 3000 g was also found to improve reproducibility.

] 20

Sahuquillo et al.” investigated sources of uncertainty in the BCR SE procedure for

only CRM 601. The present work used a variety of substrates to investigate the

effect of modification of the BCR procedure on the extraction of heavy metals.
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4.2 Experimental

A comparison was made between the original BCR procedure as set out by Davidson
et al.’ and the revised procedure described by Rauret et al.>. There are two major
differences between the two schemes. In the revised procedure the reductant
concentration is increased from 0.10 to 0.50 mol I"' hydroxylammonium chloride,
and the pH is reduced from pH 2 to approximately pH 1.5 (by addition of a fixed
volume of dilute nitric acid). In order to investigate the influence of the alterations
the effect of changing the concentration of the extractant in the reducible step of the
procedure was first investigated. In addition, the effect of altering the pH was then

studied. A summary of the reagents used for each procedure is given in Table 4.2.

Table 4.2 Reagents used at each stage of the sequential extraction procedures

investigated

Targeted Original BCR Modified BCR

Soluble / 0.11 M acetic acid | 0.11 M acetic acid
hydroxylammonium | hydroxylammonium | hydroxylammonium

chloride (~ pH 2 chloride (~ pH 2 chloride (~ pH 1.5

Oxidisable hydrogen peroxide | hydrogen peroxide | hydrogen peroxide
followed by 1.0M | followedby 1.0 M | followed by 1.0 M
ammonium acetate | ammonium acetate | ammonium acetate

~pH 2 ~pH 2
Residual aqua regia aqua regia aquaregia
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4.2.1 Apparatus

All laboratory ware used was made from glass, polyethylene or polypropylene and
was cleaned by soaking in approximately 5 % nitric acid (v/v) overnight or for a

longer period. Laboratory ware was then rinsed thoroughly with distilled water

before use.

The mechanical shaker used during the sequential extraction procedure was of the
end-over-end variety, provided by GFL. GmbH, Burgwedel, Germany. A MSE
Mistral 1000 bench top centrifuge was used to separate the extracts from the samples

during the sequential extraction procedure.

Microwave assisted digestion was used to obtain pseudototal metal contents and
residual metal contents of the samples. Microwave digestion provides a much faster
method of pseudototal digestions than con;rentional methods such as refluxing with
acids. Traditional methods also require close attention to prevent samples from
boiling dry, and temperatures are also limited to the atmospheric boiling point of acid
mixtures used. Microwave digestion involves placing the samples in microwave
transparent vessels with a polar liquid or ionic solution (usually an acid).
Compounds such as water and other polar liquids absorb microwave energy rapidly
subjecting the sample solution to rapid heating and increased pressure, which causes
the sample to be digested or dissolved in a much shorter time than conventional
methods. The microwave system used was a CEM Corporation digestion system

(MDS) 2000, supplied by CEM Corporation, Matthews, North Carolina, USA. The
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MDS 2000 delivers approximately 630 watts of microwave energy at a frequency of
2450 MHz at full power. The power was adjusted depending upon the number of
vessels in the microwave. For every vessel missing from the turntable (which holds

12 vessels) the applied power was reduced by 5 %.

4.2.2 Reagents

Hydroxylammonium chloride, AnalaR grade, was provided by Merck, Poole, UK, as
were AnalaR nitric (69 %, sp. gr. 1.42), hydrochloric (sp. gr. 1.18) and acetic
(glacial, 100 %) acids. Hydrogen peroxide (30 %) was obtained from Fluka, Dorset,

UK and ammonium acetate from Prolabo, Ménchester, UK. Calibration solutions
were prepared from 1000 pg ml™" Spectrosol standards (Merck, Dorset, UK) or

Romil Prim4g metal reference solutions (Romil, Waterbeach, Cambridge, UK). All

reagent solutions were diluted with distilled water.

4.2.3 Preparation of 0.11 M acetic acid

6.4 ml of acetic acid was added to distilled water in a 1 1 volumetric flask and made

up to volume.
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4.2.4 Preparation of 0.10 M hydroxylammonium chloride (~ pH 2), Reductant A

6.95 g of hydroxylammonium chloride was dissolved in distilled water and
transferred to a 1 1 volumetric flask. 0.4 ml of concentrated nitric acid was added

and the solution made up to volume.

4.2.5 Preparation of 0.50 M hydroxylammonium chloride (~ pH 2), Reductant B

34,75 g of hydroxylammonium chloride was dissolved in distilled water and

transferred to a 1 1 volumetric flask. 400 pl of concentrated nitric acid was added

and the solution made up to volume,
4.2.6 Preparation of 0.50 M hydroxylammonium chloride (~ pH 1.5), Reductant C
34,75 g of hydroxylammonium chloride was dissolved in distilled water and

transferred to a 1 1 volumetric flask. 2.20 m! of concentrated nitric acid was added

and the solution made up to volume.
4.2.7 Preparation of 1.0 M ammonium acetate (~ pH 2)

77.08 g of ammonium acetate was dissolved in distilled water and transferred toa 1 1

volumetric flask. 63 ml of concentrated nitric acid was added and the solution made

up to volume.
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4.3 Sequential extraction procedures

The three steps of the sequential extraction procedures used are described in the
following sections. The extraction of the metals from the residual and pseudototal

samples is also described.

4.3.1 Exchangeable fraction

Approximately 1 g of sample was weighed accurately into a polypropylene
centrifuge tube. 40 ml of 0.11 mol I"' acetic acid was added to the sample and the
centrifuge tube sealed. The sample was shaken for 16 hours at 40 rpm on the end
over end shaker at room temperature and centrifuged at 1500 g for 10 minutes before
decanting the supernatant into a plastic bottle. The sample was then washed. 20 ml
of distilled water was added to the soil/sediment and the mixture shaken using the
end over end shaker for 15 minutes. The sample was then centrifuged for 10 minutes

at 1500 g and the water discarded.
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4.3.2 Reducible fraction

40 ml of hydroxylammonium chloride (concentration and pH determined by which
procedure was being followed, A, B or C) was added to the sample from the previous
step and shaken for 16 hours. The sample was centrifuged at 1500 g for 10 minutes

and the supernatant decanted into a plastic bottle. The sample was washed as before.

4.3.3 Oxidisable fraction

10 ml of hydrogen peroxide was added to the sample and left at room temperature for
1 hour. The centrifuge tube was then covered and samples digested at 85 °C using a
water bath, for 1 hour. The cover was removed from the centrifuge tube and the
solution allowed to evaporate to near dryness. 10 ml of hydrogen peroxide was
added to the sample and the centrifuge tube covered once more. The samples were
further digested at 85 °C for 1 hour and then the covers removed to allow
evaporation to near dryness. 50 ml of 1 mol I ammonium acetate adjusted to
approximately pH 2 was added to the sample and shaken for 16 hours. The sample

was centrifuged at 1500 g and the supernatant removed for analysis as before, and

sample washed.
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43.4 Residual content

The residual metal content was determined in order to perform a mass balance by
comparing the sum of the three fractions and the residual fraction with the

pseudototal metal content of a separate 1 g sample.

20 ml of aqua regia (3:1 ratio of HCI:HNQ;) was added to the residue remaining
from the oxidisable step of the procedure and the slurry transferred to a microwave
digestion vessel. The sample was then digested using a two stage program, taking
the pressure in the vessels first to a maximum of 60 psi for 20 minutes. If the
pressure was reached before the time had elapsed the samples were held at 60 psi for
5 minutes. The pressure was then allowed to increase up to a maximum of 120 psi
for 30 minutes or, as before, held at 120 psi for 20 minutes if pressure was reached
before the 30 minutes had elapsed. The pressure in the microwave vessel was
allowed to decrease to close to atmospheric levels, before the vessel was opened and
the contents filtered (Whatman 50 filter paper) into 100 ml graduated flasks. The

resulting solution was made up to 100 ml with distilled water and transferred to a

plastic bottle for storage.

Pseudototal metal extraction of the separate 1 g sample was performed exactly as

described above.

Extracts and aqua regia digests, were stored in bottles at 4 °C prior to analysis by

ICP AES as discussed in Chapter 2.
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4.4 Results and Discussion

In order to validate the analysis a certified reference material was extracted and metal
content determined each time that samples were extracted. BCR CRM 601 is a lake
sediment, certified for metals extractable by the original BCR sequential extraction
scheme". Literature since the certification of the reference material has suggested
modifications to the extraction scheme and indicative values based on the modified
procedure have been published’. Figures 2.5 — 2.11 illustrate the certified values for
the original procedure (cert.), the indicative values for the modified procedure (ind.)
and the values found throughout this work (1-7, i.e. 7 separate batches of SE). The
values obtained in this work are presented in aﬁpendix 4.1. The differences between
the certified values (obtained by the original BCR sequential extraction method) and
the indicative values (obtained by the modified BCR sequential extraction method)
follow similar trends to results obtained for soils and sediments when comparing the
original and modified procedures. The main differences between the literature
values for the original and modified procedure are that greater amounts of copper and
lead are released into the reducible extractant and less released by the oxidisable
extractant, in the modified procedure. Hypotheses for the reasons for these
differences will be discussed later in this chapter. The values shown in this chapter
were obtained by the modified BCR method and should therefore be compared to the
ind. values. It can be seen that the means and relative standard deviations obtained in
this work compare reasonably well. The main differences between the literature
values and the experimental values occur for copper, where the metal bound to the

reducible phases is consistently less than the literature value and the metal bound to
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the oxidisable phase‘is greater than the literature value. Values obtained throughout
the experimental work were found to be consistent with typical RSDs of less than 5
%. The exchangeable lead RSD obtained experimentally was found to be high, but
this is likely to be due to the low levels of lead extracted in this step, which would
approach the detection limits. A high RSD was also obtained in the literature for this
step. Exchangeable iron also produced a high RSD, however it is unclear as to the

reason for the lack of stability in these results.

Between-batch variation during the experimental work was investigated by
comparing the results obtained by extraction using method A, on two separate
occasions. The effects of increasing reagent concentration (method B) were
investigated by comparing results obtained by extraction using method A and method
B simultaneously. The effect of increasing reagent concentration and decreasing pH
was shown by comparing results from method A’ and method C’ (carried out
simultaneously). Method A and A’ are identical apart from the dates on which they

were carried out.

Two sample t-tests were used to compare sets of results®. For all results n = 5,
unless otherwise stated. Some results contained less than 5 replicates due to loss of
sample during preparation or due to exclusion of outliers from the results. Outliers
were rejected on the basis of Dixon’s Q test”. Samples were tested for variance

prior to using t-tests and the appropriate t-test used depending whether the two sets

of results had equal or unequal variances,
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Figure 4.2 Ca released by BCR sequential extraction from BCR CRM 601
(cert. = certified value, ind. = indicative value)
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Figure 4.3 Cu released by BCR sequential extraction from BCR CRM 601
(cert. = certified value, ind. = indicative value)
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Figure 4.4 Fe released by BCR sequential extraction from BCR CRM 601
(cert. = certified value, ind. = indicative value)
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Figure 4.5 Pb released by BCR sequential extraction from BCR CRM 601
(cert. = certified value, ind. = indicative value)
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Figure 4.6 Mn released by BCR sequential extraction from BCR CRM 601
(cert. = certified value, ind. = indicative value)
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